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1
Polymer Blends: State of the Art, New Challenges,
and Opportunities
Jyotishkumar Parameswaranpillai, Sabu Thomas, and Yves Grohens

1.1
Introduction

A polymer blend is a mixture of two or more polymers that have been blended
together to create a new material with different physical properties. Generally,
there are ﬁve main types of polymer blend: thermoplastic–thermoplastic blends;
thermoplastic–rubber blends; thermoplastic–thermosetting blends; rubber–
thermosetting blends; and polymer–ﬁller blends, all of which have been extensively studied. Polymer blending has attracted much attention as an easy and
cost-effective method of developing polymeric materials that have versatility for
commercial applications. In other words, the properties of the blends can be
manipulated according to their end use by correct selection of the component
polymers [1]. Today, the market pressure is so high that producers of plastics need
to provide better and more economic materials with superior combinations
of properties as a replacement for the traditional metals and polymers. Although,
plastic raw materials are more costly than metals in terms of weight, they are more
economical in terms of the product cost. Moreover, polymers are corrosion-resistant, possess a light weight with good toughness (which is important for good fuel
economy in automobiles and aerospace applications), and are used for creating a
wide range of goods that include household plastic products, automotive interior
and exterior components, biomedical devices, and aerospace applications [2].
The development and commercialization of new polymer usually requires many
years and is also extremely costly. However, by employing a polymer blending process – which is also very cheap to operate – it is often possible to reduce the time
to commercialization to perhaps two to three years [2]. As part of the replacement
of traditional polymers, the production of polymer blends represents half of all
plastics produced in 2010. Today, the polymer industry is becoming increasingly
sophisticated, with ultra-high-performance injection molding machines and
extruders available that allow phase-separations and viscosity changes to be effectively detected or manipulated during the processing stages [3]. Whilst this modern blending technology can also greatly extend the performance capabilities of
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polymer blends, increasing market pressure now determines that, for speciﬁc
applications, polymer blends must perform under some speciﬁc conditions (e.g.,
mechanical, chemical, thermal, electrical). This presents a major challenge as the
materials must often function at the limit of the properties that can be achieved;
consequently, in-depth studies of the properties and performance of polymer
blends are essential.

1.2
Miscible and Immiscible Polymer Blends

Generally, polymer blends are classiﬁed into either homogeneous (miscible on a
molecular level) or heterogeneous (immiscible) blends. For example, poly(styrene)
(PS)–poly(phenylene oxide) (PPO) and poly(styrene-acrylonitrile) (SAN)–poly
(methyl methacrylate) (PMMA) are miscible blends, while poly(propylene) (PP)–
PS and poly(propylene)–poly(ethylene) (PE) are immiscible blends. Miscible (singlephase) blends are usually optically transparent and are homogeneous to the polymer
segmental level. Single-phase blends also undergo phase separation that is usually
brought about by variations in temperature, pressure, or in the composition of the
mixture.
Since, ultimately, the properties of a polymer blend will depend on the ﬁnal morphology, various research groups have recently undertaken extensive studies of the
miscibility and phase behavior of polymer blends. In practice, the physical properties of interest are found either by miscible pairs or by a heterogeneous system,
depending on the type of application. Generally, polymer blends can be completely
miscible, partially miscible or immiscible, depending on the value of DGm [4].
The free energy of mixing is given by
DGm ¼ DHm  TDSm

ð1:1Þ

For miscibility (binary blend), the following two conditions must be satisﬁed:
the ﬁrst condition DGm < 0; and the second condition
 2

@ ðDGm Þ
>0
ð1:2Þ
@w2i
T;p
where DGm is the Gibbs energy of mixing, w is the composition, where w is usually taken as the volume fraction of one of the components.
DSm is the entropy factor and is a measure of disorder or randomness, is always
positive and, therefore, is favorable for mixing or miscibility especially for lowmolecular-weight solutions. In contrast, polymer solutions have monomers with a
high molecular weight and hence the enthalpy of mixing (DHm) is also a deciding
factor for miscibility. DHm is the heat that is either consumed (endothermic) or
generated (exothermic) during mixing. If the mixing is exothermic then the
system is driven towards miscibility. The mixing is exothermic only when
strong speciﬁc interactions occur between the blend components. The most
common speciﬁc interactions found in polymer blends are hydrogen bonding,

1.4 Topics Covered in this Book

dipole–dipole, and ionic interactions. Several techniques that can be used to
understand the speciﬁc interaction in polymers, such as Fourier transform infrared (FTIR) spectroscopy, small-angle neutron scattering, ellipsometry, neutron
reﬂectivity, and nuclear magnetic resonance (NMR) spectroscopy.
Experimentally observed phase diagrams in polymer blend systems may be
lower critical solution temperature (LCST), upper critical solution temperature
(UCST), combined UCST and LCST, hourglass-, and/or closed-loop-shaped. The
most commonly observed phase diagrams are LCST (phase separation of a miscible blend during heating) and UCST (phase separation of a miscible blend during
cooling). Phase separation in polymer solutions may proceed either by nucleation
and growth (NG) or by spinodal decomposition (SD), or by the combination of
both [5]. Experimentally, phase separation can be followed by a number of experimental techniques that include light scattering, neutron scattering, ellipsometry,
and rheology. The generated morphology can be characterized using scanning
electron microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy (TEM) ﬂuorescence microscopy, infrared, near-infrared and
Raman imaging, and confocal microscopy.
1.3
Compatibility in Polymer Blends

In general, the compatibility between the polymer phases decides the properties of
a heterogeneous polymer blend [6,7]. The interface between the polymer phases in
a polymer system is characterized by the interfacial tension which, when
approaching zero, causes the blend to become miscible. In other words, if there
are strong interactions between the phases then the polymer blend will be miscible in nature. Large interfacial tensions lead to phase separation, with the phaseseparated particles perhaps undergoing coalescence; this will result in an
increased particle size and, in turn, decreased mechanical properties. The interfacial tension can be reduced by the addition of interfacial agents known as compatabilizers [8]; these are generally molecules with hydrophobic and hydrophilic
regions that can be aligned along the interfaces between the two polymer phases,
causing the interfacial tension to be reduced and the compatibility of the polymer
blends to be increased. Compatibility results in a reduction of the dispersed particle size, an enhanced phase stability, and increased mechanical properties [8]. The
physical properties of miscible, compatabilized and uncompatabilized blends can
be characterized using techniques such as thermogravimetric analysis, dynamic
mechanical thermal analysis, and universal testing machines.
1.4
Topics Covered in this Book

The following chapters in this book provide a comprehensive overview on the miscibility, phase separation, morphology and other fundamental properties of
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polymer blends, using a wide range of state-of-the-art techniques. For example,
Chapter 2 relates to the miscibility of polymer blends, and provides an overview
of the theory behind the phase separation of polymer blends, with speciﬁc examples. Chapter 3 describes the compatibility of polymer blends and discusses the
inﬂuence of compatabilizers on phase morphology and structural properties.
Chapter 4 provides a comprehensive review of the rheological properties of thermosetting blends and composites, while Chapter 5 provides details of the light
scattering of polymer blends and outlines the theory and applications of lightscattering techniques for studying the phase behavior of polymer blends. In Chapter 6, a survey is provided of the characterization of polymer blends, using X-ray
scattering techniques, while Chapter 7 details the basis for using neutron scattering when studying the phase behavior of polymer blends and block copolymer
systems. In Chapter 8, the applications of ultrasound on polymer blends are
reviewed; these include the characterization of polymer blends, polymer modiﬁcation, property enhancement and the monitoring of polymer processing. The theories and applications of ellipsometry on polymer blends are discussed in Chapter
9, applications include phase separation, morphology, nanoporosity, adhesive and
adsorption properties. Chapter 10 discusses the theories and applications of
inverse gas chromatography on polymer blend systems; the advantages and drawbacks of inverse gas chromatography are also discussed in detail. In Chapter 11,
the thermal stability of polymer blends is discussed, outlining the changes in thermal stability by blending, together with some speciﬁc examples. The application of
dynamic mechanical thermal analysis (DMTA) for the study of polymer blends is
described in Chapter 12, together with details of the theoretical bases underlying
viscoelastic theory, the study of segmental dynamics, free volume and dynamic
fragility, and the study of miscibility or the effect of adding plasticizers and chemical or physical crosslinkers. An overview of the thermomechanical properties of
polymer blends is provided in Chapter 13, where the importance of particle size
on polymer toughening is stressed. Chapter 14 provides a comprehensive review
on water sorption and solvent sorption behavior that can be expected from miscible or immiscible but compatible polymer blends. The authors of this chapter concluded that miscibility depends on the molecular structures of the both polymers,
morphologies and blend composition, as well as the processes of the blends.
Numerical simulation models and methods for polymer blends are covered in
Chapter 15, while Chapter 16 deals with the latest microscopic techniques that
have the capability to observe the three-dimensional structural details in polymer
blend ﬁlms. In Chapter 17, the morphologies of different types of polymer blends
investigated by various microscopic techniques are discussed, with special reference to sample preparation and comparison among SEM, TEM and AFM. In
Chapter 18, the most sensitive surface technique, namely secondary ion mass
spectrometry (SIMS), is described, which allows molecular and highly spatially
resolved lateral information to be obtained. In Chapter 19, the authors discuss the
morphology of different types of polymer blends, using ﬂuorescence microscopy
to determine the quantitative spatial distribution and molecular information of
the polymer components. In Chapter 20, the potential of FTIR techniques for
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determining the properties of polymers blends both quantitatively and qualitatively is highlighted, while in Chapter 21 hydrogen-bonding interactions between
the polymer components, determined using NMR spectroscopy, are discussed.
Chapter 22 provides details of the phase morphology of polymer blends using
infrared, near-infrared and Raman imaging, while in Chapter 23 the application
of, and recent advances in, the characterization of polymer blends using electron
spin resonance (ESR) spectroscopy and forward recoil spectroscopy, are discussed.
In Chapter 24, attention is focused on the optical properties of polymer blends, in
both ultraviolet and visible ranges of light, to investigate the miscibility of polymer
blends, while Chapter 25 focuses on the driving forces that produce miscibility in
polymer blends, using ﬂuorescence spectroscopy. Chapter 26 provides a comprehensive overview of recent developments and progress in the molecular dynamics,
miscibility, nature of interaction, crystallization behavior, and curing kinetics of
representative examples of polymer blends using dielectric relaxation spectroscopy
(DRS) and thermally stimulated depolarization current (TSDC) techniques.
Finally, in Chapter 27 attention is focused on the miscibility of polymer blends,
using positron annihilation spectroscopy.
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Miscible Blends Based on Biodegradable Polymers
Emilio Meaurio, Natalia Hernandez-Montero, Ester Zuza, and Jose-Ramon Sarasua

2.1
Introduction

This review reports the advances in the ﬁeld of biodegradable polymer blends
with both natural and synthetic polymers. These materials have attracted
industrial and academic attention because they can be tailored to improve certain properties, such as biocompatibility and biodegradability, to the speciﬁc
requirements of the different applications in the biomedical, pharmaceutical
and packaging ﬁelds. In addition, they can be produced using simple techniques. The present chapter is divided in two main sections following this
brief introduction. The ﬁrst section provides the necessary theoretical knowledge to understand the overall miscibility behaviors observed in real polymer
blends. The thermodynamic theory presented here is based on the simple but
highly ﬂexible Flory–Huggins theory, incorporating the regular solution theory
to account for the enthalpic contribution. This simple theoretical model is
extended here with the appropriate approaches to systems presenting speciﬁc
interactions, providing an overall general picture of the miscibility behavior of
polymer blends. The second section reviews the structure, preparation, miscibility and properties of different biodegradable polymer blends investigated
up to now. Particularly, the biodegradable blends based on polylactides have
been thoroughly revisited and discussed in great detail. In addition, the miscibility behavior of other commercially available biopolymers of great interest
such as poly(e-caprolactone) (PCL), poly(3-hydroxybutyrate) (PHB), poly(pdioxanone) (PPDO) and polyglycolide (PGA) is also brieﬂy reviewed. Finally,
Appendix 2.A shows a short outline of the research works used to develop
the miscibility study presented here, recapping the chemical structures of the
polymers, their solubility parameters and brief comments summarizing the
research works.

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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2.2
Thermodynamic Approach to the Miscibility of Polymer Blends
2.2.1
Introduction

Both in case of low-molecular-weight mixtures or polymer blends, the equilibrium
phase behavior is determined by the free energy of mixing of the system, DGm:
DGm ¼ DHm  TDSm

ð2:1Þ

where DHm is the enthalpy of mixing, DSm is the entropy of mixing and T is the
temperature [1–3]. To observe a single-phase system, the following two conditions
must be fulﬁlled: ﬁrst DGm < 0 and second:
 2

@ ðDGm Þ
>0
ð2:2Þ
@w2i
T;p
where wi represents the volume fraction of component i. The last condition
assures a concave upward DGm versus wi curve at any composition, assuring the
stability of the system and preventing phase separation [1–3].
2.2.2
Molecular Size and Entropy

Historically, the simplest miscible system has been the mixture of ideal gases, consisting on noninteracting point particles. This system can be analyzed using simple arguments based on classical thermodynamics [1]. The enthalpy of mixing is
zero (DHm ¼ 0) and the entropy of mixing (DSm) is given by:
DSm ¼ Rðn1 ln x 1 þ n2 ln x 2 Þ

ð2:3Þ

where ni is the number of moles of the i-th component, xi is the molar fraction,
and R is the ideal gas constant [1].
Equation (2.3) also works properly for mixtures of nonpolar solvents of similar
molecular volume, and is considered the classical expression for the entropy of
mixing of ideal solutions [1]. These solutions present random molecular mixing,
and Eq. (2.3) can actually be derived from the statistical thermodynamic analysis
of a lattice model randomly ﬁlled with spheres of identical size [4,5]. In addition,
in an ideal solution the average strength of the intermolecular interactions
between the components of the mixture is identical to the average strength of the
interactions occurring between the pure components [1]. Therefore, the enthalpy
of mixing in these systems is zero (DHm ¼ 0) and miscibility arises from the
entropic contribution to the free energy of mixing (DGm ¼ TDSm).
Investigations dealing with the thermodynamic properties of polymer solutions
revealed that Eq. (2.3) underestimates DSm in these systems, and is not valid for
mixtures of compounds with grossly different molar volumes [6]. The statistical
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(a)

(b)

(c)

Figure 2.1 (a) Lattice with random mixing of two types of sphere (1030 possible combinations);

(b) Lattice with random mixing of polymer and solvent (1016 combinations); (c) Lattice with
random mixing of two types of polymer chain (103 combinations).

thermodynamic analysis of such solutions was carried out by Flory–Huggins,
using a simple lattice representation for the polymer solution and calculating the
total number of ways the lattice can be occupied by small molecules and by connected polymer segments, V (see Figure 2.1b) [2,6,7]. In this model, each lattice
site accounts for a solvent molecule or a polymer segment with the same volume
as the solvent molecule (not necessarily the repeat unit of the polymer). The
entropy of mixing and the total number of arrangements V are related according
to Boltzmann’s law:
DSm ¼ k ln V

ð2:4Þ

where k is the Boltzmann constant. The Flory–Huggins analysis assumes a random arrangement for the chain segments (equal probabilities for all the conﬁgurations). The ﬁnal expression for the entropy of mixing is [2,6]:
DSm ¼ Rðn1 ln w1 þ n2 ln w2 Þ

ð2:5Þ

Equation (2.5) is apparently very similar to the classical ideal Eq. (2.3). The only
difference is that volume fractions, wi, replace mole fractions, xi. This apparently
subtle change is actually crucial to account for the effect on the entropy of mixing
associated to the large difference of molecular size between the molecules of the
solvent and the polymer. This effect is best understood with the aid of examples
based on the lattice models in Figure 2.1. Figure 2.1a–c represent a mixture of
solvent molecules, a polymer solution, and a polymer blend respectively, in all
cases being w1 ¼ w2 ¼ 0.5. According to Eqs (2.4) and (2.5), in the Flory–Huggins
treatment the number of microstates for the lattice models in Figure 2.1 can be
obtained from lnV ¼ (N1lnw1 þ N2lnw2), where Ni is the number of molecules.
In case of the lattice representing the solvent mixture (Figure 2.1a), N1 ¼ N2 ¼ 50,
and V  1030. In case of the lattice representing the polymer solution
(Figure 2.1b), N1 ¼ 50, N2 ¼ 5; therefore, V  1016. The reduction in the number
of microstates is a consequence of reducing the total amount of molecules in the
system (DSm / Ni) as a consequence of introducing larger molecules. Note that if
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molar fractions (present in the “classical” Eq. (2.3)) were used instead of volume
fractions, the number of microstates calculated would be noticeably reduced
(x1 ¼ 50/55, x2 ¼ 5/55, V  107). The main reason for this discrepancy is that in
the lattice models of the Flory–Huggins theory, solvent molecules can be allocated
in a total of 100 lattice sites (even though only 50 sites are occupied at the same
time); the large number of cells available being due to the large size of the polymer molecules. In this respect, the “classical” calculation actually assumes that the
solvent molecules can only be distributed among a total of 55 sites. These simple
calculations indicate, in agreement with experimental measurements, that adding
solvent molecules to big molecules adds more entropy to the system than that
predicted by the “classical” model [6]. Finally, Figure 2.1c represents a polymer
blend with N1 ¼ N2 ¼ 5, therefore V  103. For this last system the number of
microstates is further reduced, and because the blend contains molecules of identical size, volume fractions and molar fractions are equivalent and the “classical”
and the Flory–Huggins models predict the same number of microstates. Hence,
the Flory–Huggins model predicts the same V for the system in Figure 2.1c as
the one predicted by the “classical” equation for one blend containing spherical
molecules of the same size as the polymer molecules. This implies that the Flory–
Huggins model does not account for any conformational contribution to the
entropy (arising from the different conformations accessible to the ﬂexible polymer chains in Figure 2.1c); it only accounts for the so-called combinatorial entropy
(also referred to as “translational entropy”), that is, the entropy resulting from all
the possible combinations for the centers of masses of the molecules.
2.2.3
The Regular Solution

In real solutions, the thermodynamic magnitudes DGm, DHm and DSm, deviate
from the ideal values, and the excess functions can be deﬁned as the difference between the real values and the ideal values. For example, the excess
enthalpy is [1]:
H E ¼ DHm;real  DH m;ideal

ð2:6Þ

A case of particular interest is the so-called regular solution, a mixture in which
the excess entropy and the excess volume are zero, but the average interactions in
the blend are different from those in the pure components. Since SE ¼ 0, the regular solution maintains the random molecular order of the ideal solution. In addition, VE ¼ 0 implies that the volume of mixing is also zero (DVm ¼ 0) and for a
mixing process at constant pressure enthalpies can be equated to internal energies; hence, the enthalpy of mixing, DHm, can be calculated according to:
DHm ¼ DE m ¼ E f  E o ¼ E m  E 1  E 2

ð2:7Þ

where DEm is the internal energy of mixing, Em is the internal energy of the mixture, and Ei are the internal energies of the pure components. Considering an
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isothermal process, the internal energy contributions associated to internal
motions (such as vibrational or rotational motions) can be excluded from the calculation as they should be unaffected by the mixing process [1]. The only relevant
contributions are therefore those associated to the intermolecular interactions.
For simplicity, consider the lattice in Figure 2.1a representing a mixture of lowmolecular-weight compounds [2–5]. In this lattice model, each solute segment is
surrounded on average by w1z neighbors of solvent molecules (where z is the
coordination number of the lattice and solvent is component-1), and by w2z neighbors of solute molecules (solute is component-2). Since the total number of sites
in the lattice is n0, the lattice contains n0w2 solute segments each interacting in
this manner, hence, the total number of 1–2 contacts is n0w2w1z and the total
number of 2–2 contacts is 1/2n0w2w2z (the factor 1/2 enters here to avoid counting each contact twice; one time per molecule participating in the 2–2 contact).
Similarly, the total number of 1–1 contacts is 1/2n0w1w1z. Regarding the initial
pure solutions, the lattice representing the pure solvent contains n0w1 molecules and 1/2n0w1z 1–1 contacts (the factor 1/2 avoids again counting each contact twice), while the lattice representing the pure solute contains similarly
1
/2n0w2z 2–2 contacts. Deﬁning w as the attractive energy corresponding to
each contact, DHm is therefore:
DHm ¼ n0 w1 w2 zw12 þ1=2 n0 w21 zw 11 þ1=2 n0 w22 zw 22 1=2 n0 w1 zw11 1=2 n0 w2 zw 22
ð2:8Þ

and recalling that w1 þ w2 ¼ 1, Eq. (2.8) can be simpliﬁed to:
1

1

DHm ¼ n0 w1 w2 zw12  =2 n0 w1 w2 zw 11  =2 n0 w1 w2 zw 22

ð2:9Þ

The simpliﬁcation step from Eq. (2.8) to Eq. 2.9 eliminates the contributions
due to the autoassociation contacts occurring in the mixture (second and third
terms in the right-hand side of Eq. (2.8)) with identical terms arising from the
pure components. Therefore, only the contacts that are actually modiﬁed (broken
or formed) contribute to DHm in Eq. (2.9); and the enthalpy of mixing is the energetic balance corresponding to the process of breaking identical amounts of 1–1
and 2–2 contacts and replacing them by 1–2 contacts [2–5].
According to Eq. (2.9), the formation of each 1–2 contact involves breaking half
1–1 and half 2–2 contacts on average. The interaction energy corresponding to the
formation of each 1–2 contact, Dw12, is deﬁned according to [2–5]:
Dw 12 ¼ w 12 1=2 w11 1=2 w22

ð2:10Þ

and the enthalpy of mixing corresponding to the regular solution is therefore:
DHm ¼ n0 zw1 w2 Dw12 ¼

V
zw w Dw 12
Vr 1 2

ð2:11Þ
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where n0 ¼ V/Vr (V is the total volume of the lattice and Vr is the molar volume of
the lattice sites) has been considered. All the constant terms in Eq. (2.11) can be
included in a new constant term, B:
B¼

zDw 12
Vr

ð2:12Þ

B is the product of the interaction energy corresponding to each 1–2 contact
(Dw12) by the density of contacts (the quotient z/Vr), and is termed the interaction energy density. B represents the interaction energy density achieved by the
solute lattice sites at inﬁnite dilution (when they are exclusively surrounded by
solvent molecules and can establish z 1–2 contact). It is therefore a property of
the system independent of the lattice parameters. This can be rationalized considering for example the case of n-alkanes in solution: choosing two methylene
) as reference instead of one (CH2) reduces the
units (CH 2CH2
density of lateral contacts by half, but the interaction energy of each contact is
doubled, and therefore B remains constant. In systems with dispersive interactions exclusively, and if the surface-to-volume ratios of the mixed molecules
are similar (as they usually are in many organic systems), B is nearly constant
with composition [8]. Finally, note that the product BVr represents the interaction energy per lattice site, and can be used to compare the strength of the dispersive interactions between different systems, as long as the same (arbitrarily
chosen) Vr value is used in all cases. The enthalpy of mixing, DHm, written in
terms of B is:
DHm ¼ BVw1 w2

ð2:13Þ

This form of equation for the enthalpy of mixing is known as van Laar-type
equation. In spite of being derived for a lattice ﬁlled with molecules of equal size,
Eq. (2.13) also works correctly for mixtures of molecules of different size. For
example, the enthalpy of mixing at inﬁnite dilution calculated per mole of solute
is DH1 ¼ BV02 (since Bw1  B and Vw2 ¼ V2 in Eq. (2.13); in addition V2 ¼ V02
considering one mole of solute), indicating that DH1 scales linearly with the
molar volume of the solute, V02. Following with the n-alkanes as an example, doubling the length of the solute doubles DH1, as expected.
Many nonelectrolyte solutions of small molecules obey approximately Eq. (2.13)
[8]. Experimental studies have shown that the regular solution model is appropriate for binary mixtures without speciﬁc interactions, including systems containing
polymer chains [8]. In general, speciﬁc interactions (hydrogen bond, charge transfer, etc.) modify molecular order and the free volume of the blend, affecting the
dependence of the excess enthalpy with composition ((randomness was assumed
in Eq. (2.13)), and modifying the excess entropy (no longer zero). Temperature
dependences are also modiﬁed, as they become governed by the evolution of the
interactions with temperature [8,9].
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2.2.4
The Flory–Huggins Model

This theoretical model adopts the Flory–Huggins treatment for the entropy of
mixing, Eq. (2.5), and the regular solution treatment for the enthalpy of mixing,
Eq. (2.13), leading to the following expression for the Gibbs free energy of mixing [2]:
DGm ¼ RT ðn1 ln w1 þ n2 ln w2 Þ þ BVw1 w2

ð2:14Þ

Equation (2.14) can be considered a general expression valid for regular solutions, regardless of the size of the components (solvents or polymers). Note that
the entropic term scales with the number of molecules, and the enthalpic term
with the volume of the system; hence, both terms scale differently with the size of
the system, and implicitly with the size of the molecules comprising the system.
To explore the effect of these size-related aspects on DGm, Eq. (2.14) is rewritten
as an intensive property, usually referenced to the volume corresponding to one
mole of lattice sites, Vr. The number of lattice sites occupied by component i is
given by its molar volume ratio, ri, deﬁned as:
ri ¼

Vi
Mi
mi M 0i mi V 0i
¼
¼
¼
¼ mi r 0i
V r ri V r
ri V r
Vr

ð2:15Þ

where Vi is the molar volume of component i, mi is the polymerization degree
(mi ¼ 1 in the case of a solvent), V0i is the molar volume of the repeat unit, M0i is
the molar mass of the repeat unit, and ri is the density in the amorphous state.
The total number of lattice cells occupied by the ni moles of component i is rini,
and its volume fraction is therefore:
wi ¼

r i ni
n0

ð2:16Þ

where n0 stands for the total number of lattice sites (n0 ¼ Srini). Using Eqs (2.15)
and (2.16), and recalling that n0 ¼ V/Vr, Eq. (2.14) can be rewritten as:


DGm
w
w
¼ RT 1 ln w1 þ 2 ln w2 þ BV r w1 w2
n0
r1
r2

ð2:17Þ

Equation (2.17) provides DGm per mole of lattice sites, or per Vr volume units of
mixture. It is valid for any type of regular solution, regardless of the difference in
size between the components of the mixture. In Eq. (2.17), the entropic term is
always negative (lnwi < 0, since wi < 1) and therefore favorable to the miscibility.
The plot of this term versus composition is concave upwards for any system at
any temperature. Miscibility depends therefore on the sign and magnitude of the
enthalpic term. If B < 0, the enthalpic term is also concave upwards and the plot
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of DGm versus composition maintains the same curvature, indicating complete
miscibility (one single phase at any composition). However, in systems with
B > 0, the enthalpic contribution is always positive and adopts a concave downwards curvature. As long as B is small enough, the curvature corresponding to
the entropic term still dominates and the plot of DGm versus w still indicates complete miscibility. However, when B exceeds a certain critical value, the plot of DGm
versus composition shows two minima, with one concave downwards central
region, where phase separation occurs.
Phase separation begins at the critical conditions, when the two minima of the
DGm versus w plot meet at the same point, and also meet the two inﬂection points
limiting the concavity regions. Therefore, the following conditions apply [1–5]:
@ 2 ðDGm Þ @ 3 ðDGm Þ
¼
¼0
@w2A
@w3A

ð2:18Þ

Applying Eqs (2.18) to (2.17), the following relationship is obtained for the critical conditions [2–5]:
RT
BV r ¼
2

1
1=2

r1

þ

1
1=2

r2

!2
ð2:19Þ

Equation (2.19) relates the critical interaction energy (BVr)c, the critical temperature, Tc, and the critical molecular sizes, ric ((related to the critical polymerization
degrees according to Eq. (2.15)). As can be seen, the critical interaction energy
decreases with increasing molecular size, and Eq. (2.19) can be used to compare
the ability of solvent solutions and polymer blends to form miscible systems.
Assuming, for simplicity, that Vr ¼ V01 ¼ V02, in case of a mixture of solvents at
room temperature r1 ¼ r2 ¼ 1 (since m1 ¼ m2 ¼ 1 in the case of solvents), and
(BVr)c ¼ 2RT  5 kJ mol1 according to Eq. (2.19). In the case of a solution of a
1=
high-molecular-weight polymer, m1 ¼ 1 and 1/(m2) 2  0, hence (BVr)c  (RT)/2 
1.2 kJ mol1. In this case, the unfavorable enthalpic contribution necessary to
begin the phase separation is smaller, which explains why the amount of solvents
available for high-molecular-weight polymers is reduced compared to lowmolecular-weight substances. Finally, for a blend of high-molecular-weight polymers of identical degrees of polymerization (m1 ¼ m2 ¼ m), Eq. (2.16) simpliﬁes to
(BVr)c ¼ (2RT)/m. Assuming a typical degree of polymerization of about 103, then
(BVr)c ¼ 0.005 kJ mol1, and hence phase separation at room temperature already
starts at extremely small repulsive interactions. Note that (BVr)c is reduced four
times on passing from a solvent mixture to a polymer solution, but on passing to
a polymer blend the critical interaction energy is reduced r times (103 in this
example). Hence, the occurrence of attractive speciﬁc interactions is usually considered a requirement to observe miscibility in polymer blends [8].
There is, however, another important difference between the low- and highmolecular-weight mixtures seldom discussed in the literature: according to the
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Figure 2.2 Gibbs free energies of mixing versus composition for systems of different interaction energies (BVr, kJ mol1) calculated using
the Flory–Huggins model (Eq. (2.17)).
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(a) Mixtures of low-molecular-weight solvents
of identical molar volume; (b) Blends of polymers of degree of polymerization m ¼ 103 and
identical repeat unit molar volume.

Flory–Huggins theory, partial miscibility is also very improbable in polymer
blends compared to low-molecular-weight mixtures. Figure 2.2 shows the Gibbs
free energy of mixing versus composition for mixtures of two solvents, A and B;
and for polymer blends with different interaction energies. As before, the systems
are assumed to consist of components of equal V0 values. As can be seen in
Figure 2.2a, solvent mixtures with BVr ¼ 6 kJ mol1 and solvent feed compositions
in the range 16–84 vol.% will phase separate in one A-rich phase containing about
84 vol.% A and in one B-rich phase containing about 16 vol.% A. However, if the
interaction energy increases to BVr ¼ 10 kJ mol1, then the amount of the minority
component in the two phases reduces to about 2 vol.%. There is a relatively wide
range of molar interaction energies (from 5 kJ mol1 to ca. 10 kJ mol1) for which
partial miscibility can be claimed, and a number of systems can be found with BVr
values within this range;, hence, partial miscibility is a rather frequent behavior.
However, in the case of polymer blends, and assuming again m1 ¼ m2 ¼ 103, partial
miscibility with phases containing the minority component in signiﬁcant amounts
can be observed only within a very narrow BVr range (see Figure 2.2b), from
BVr ¼ 0.005 kJ mol1 to about 0.010 kJ mol1. Increasing BVr from 0.010 kJ mol1 to
0.020 kJ mol1 reduces the volume fraction of the minority component in the separated phases from two-hundredths to below one- thousandth, where immiscibility
should be claimed. Therefore, according to the Flory–Huggins model, partial miscibility in polymer blends only occurs within an extremely narrow range of interaction
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upper graph shows low-molecular-weight mixtures; the lower graph shows polymer blends
regions according to the interaction energy
(BVr) intervals: miscible (red), partially miscible (see text for details).
(green) and immiscible (gray) systems. The
Figure 2.3 Classification of the miscibility

energies located next to the critical value (for the particular example considered here, BVr ranges from 0.005 to about 0.010 kJ mol1). Partial miscibility
is therefore also a very rare phenomenon in polymer blends compared to lowmolecular-weight compounds [10].
These ideas can be clariﬁed by using the simple graphs in Figure 2.3, that classify the miscibility behavior of both low-molecular-weight mixtures and polymer
blends according to their molar interaction energies (BVr). The red-colored
regions indicate miscible systems, green-colored regions indicate partial miscibility, while gray regions indicate phase-separated systems. The graph heights have
only qualitative validity, and are related to the probability of ﬁnding systems with
the BVr values in the abscissa (or to the number of systems actually possible). As
can be seen, similar distributions of BVr values have been assumed in both cases,
since both polymers and their low-molecular-weight analogs exhibit intermolecular interactions of similar strength. Negative BVr values can only be
observed when the systems contain speciﬁc chemical groups capable of establishing attractive interactions that overcome the ubiquitous dispersive interactions (of
repulsive nature) [8]. This is the principle of the so-called “complementary dissimilarity” [8], a fairly uncommon feature, and therefore the heights are small
when BVr < 0. Positive interaction energies will be observed in most cases. The
areas of the red and green regions are related (qualitatively) to the probability of
ﬁnding completely miscible and partially miscible systems, respectively. As can be
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seen, both regions are strongly reduced in case of blends of homopolymers of
high molecular weight (in this numeric example, to about one-thousandth). Therefore, not only miscibility but also partial miscibility can be considered the exception rather than the rule in the case of polymer blends [8,10].
Finally, in the Flory–Huggins treatment the strength of the interactions is frequently expressed in terms of the interaction parameter, x, deﬁned by Flory as the
ratio between the interaction energy and the thermal energy:
BV r
RT
The Flory–Huggins equation is therefore:
x¼

ð2:20Þ



DGm
w
w
¼ RT 1 ln w1 þ 2 ln w2 þ xw1 w2
n0
r1
r2

ð2:21Þ

Note that both the interaction energy, BVr, and the interaction parameter, x, are
proportional to the size of the system, or Vr. For example, for blends with polyethylene, Vr can be adopted as the molar volume of one methylene unit or as the
molar volume of one dimethylene unit. Doubling Vr implies doubling BVr and x.
To allow comparisons in the strength of the interactions between different systems, some authors prefer to work with an arbitrarily chosen constant value for
Vr, instead of changing its value from one system to another [11].
2.2.5
The Hildebrand Approach

This approach estimates the strength of the dispersive interactions in mixtures of
solvents, and is straightforwardly extended to mixtures involving polymers [8,9].
The cohesive energy, Ecoh, is deﬁned as the internal energy of vaporization (DEv)
from the liquid state to the ideal gas state (where intermolecular forces are suppressed). The energy necessary for this transformation is mainly spent pulling the
molecules apart, since other molecular contributions to the total internal energy
(such as vibrational energies, etc.) should remain unaffected because of the isothermal nature of the process. Therefore, Ecoh is a measure of the intermolecular
attractive energy, and for low-molecular-weight compounds it can be obtained
from the enthalpy of vaporization (DHv) according to:
E coh ¼ DE v ¼ DHv  pDV  DHv  RT

ð2:22Þ

Cohesive energies are therefore positive since DEv > 0. The cohesive energy
density (CED; Eq. (2.23)) is deﬁned as the cohesive energy per unit volume, and
measures the intermolecular attraction energy per unit volume in pure substances. In addition, the solubility parameter, d, is deﬁned as the square-root of
the cohesive energy density, (d ¼ (CED)1/2):
d2 ¼ CED ¼

E coh
V

ð2:23Þ
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Cohesive energy densities can be used to estimate the value of the interaction
energy density, B, using the Hildebrand approach [9]. The total number of contacts in a lattice containing n0 lattice sites is 1/2n0z (the factor 1/2 avoids counting
each contact twice), and the total attractive energy in the case of identical contacts
is 1/2n0zw. Therefore, the CED of a pure substance i is related to the lattice parameters as follows:
CEDi ¼

1=
1=
E coh
2 n0 zwii
2 zwii
¼
¼
V
n0 V r
Vr

ð2:24Þ

The negative sign is introduced because the interaction energies are negative
but the CEDs are positive (see Eq. (2.23)). As can be seen, the CED of a pure
component provides the energy density of the autoassociation contacts, terms
that already appeared when calculating the interaction energy density, B (see
Eq. (2.12)). Unfortunately, the energy density for the interassociation contacts cannot be measured since, in addition to the 1–2 contacts, real mixtures always contain 1–1 and 2–2 contacts. This issue is overcome using the Hildebrand approach,
assuming that the 1–2 attractive energy can be estimated as the geometric
1=
mean of the attractive energies of the pure components (w12 ¼ (w11w22) 2 ) [9].
Therefore, the CED that would be obtained from a hypothetical mixture containing exclusively 1–2 contacts (denoted as CED12) can be estimated according to:
CED12 ¼ 

=12 zw 12

Vr



1=
=12 zðw 11 w 22 Þ 2

Vr

=1

1=

¼ ðCED1 Þ 2 ðCED2 Þ 2

ð2:25Þ

Substituting the values of the attractive energy densities in terms of the CEDs
of the pure components in the deﬁnition of B (Eq. (2.12)), and recalling that
d2 ¼ CED:
1=

1=

B ¼ CED1 þ CED2  2ðCED1 Þ 2 ðCED2 Þ 2 ¼ ðd1  d2 Þ2

ð2:26Þ

Substituting in Eq. (2.13), the enthalpy of mixing can be estimated according to:
DHm
¼ w1 w2 ðd1  d2 Þ2
V

ð2:27Þ

This equation indicates that the contribution of the dispersive interactions
to the enthalpy of mixing is always positive, and therefore unfavorable to
miscibility [8,9].
Unfortunately, polymers are nonvolatile compounds, and solubility parameters
cannot be obtained directly from the enthalpies of vaporization. Several indirect
methods, such as swelling measurements, inverse gas chromatography and solubility testing, can be used to measure the d values [12]. In addition, different
group contribution methods have been developed to estimate their solubility
parameters [13]. Due to the wide range of methods available, and to the errors
associated with each method, values found in the literature usually extend over a
rather wide range [12]. Among the different experimental methods available to
obtain d values, solubility testing is usually considered the most reliable [14].
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2.2.6
Extension of the Flory–Huggins Model to Systems with Specific Interactions

In the Flory–Huggins model, randomness is assumed in the derivations of both
the entropic term and the Van Laar-type enthalpic term. However, in systems containing speciﬁc interactions (such as hydrogen bonding, dipole–dipole, charge
transfer, etc.) the number of speciﬁc contacts usually exceeds the value expected
when considering random mixing [8]. These systems are said to maximize the
number of speciﬁc interactions, and randomness is therefore lost. In addition, the
energetic contribution associated with the establishment of the speciﬁc contacts is
usually much larger than the energetic contribution associated with the establishment of the dispersive contacts, which means that even slight deviations
from randomness can be accompanied by dramatic changes in the dependence of
DGm with composition. Equation (2.17) is therefore no longer appropriate for
these systems.
The simplest approaches to extend the Flory–Huggins model to systems with
speciﬁc interactions seek the introduction of corrections to Eq. (2.17) that account
for the particularities of these systems [8]. Assuming a quasi-random mixture and
neglecting free-volume effects, the entropic term can be maintained and the product of volume fractions in the enthalpic term can be retained as a reasonable
approach to count the number of interassociating contacts. However, the interaction energy density, B, is no longer independent of the composition in systems with
speciﬁc interactions. This can be rationalized by considering a mixture of lowmolecular-weight compounds of identical molar volume in which the two components of the blend contain respectively one and two interacting groups. When the
compound at inﬁnite dilution is the one establishing double interactions, the lattice cells containing the dilute compound will interact with about double strength
than in the opposite case (when the compound at inﬁnite dilution is the one that
is only able to establish single contacts).
To account for the composition dependence, B can be modiﬁed by adding correction terms deﬁned in a parallel manner to the original dispersive term. At inﬁnite dilution of component-2 (when w1 ! 1), the correction term should be
the product of the density of speciﬁc contacts achieved by the dilute component,
z02/V02, (where z02 is the number of speciﬁc contacts per molecule, or per repeatunit-2 in the case of a polymer, and V02 is the molar volume of component-2, or of
the repeat-unit-2) by the interaction energy of the speciﬁc contacts, Dwsi. A similar
correction term can be proposed when w2 ! 1. At intermediate concentrations,
the rule of mixtures can be assumed. Hence, B can be redeﬁned according to:


zDw 12
z02
z01
B¼
þ w1
þ w2
ð2:28Þ
Dw si
Vr
V 02
V 01
Equation (2.28) has been written assuming the occurrence of only one type of
speciﬁc interaction in the system (characterized by Dwsi), but in the case of the
coexistence of different types of speciﬁc interaction it can be easily extended. In
addition, the dispersive part in Equation (2.28) (the ﬁrst term on the right-hand
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Figure 2.4 Values of the interaction parameter, x, obtained from MD simulations for PLLA/PVPh

blends of different composition. The continuous line is the fit of the calculated data to Eq. (2.29),
using the constants in Table 2.1 and Dwsi ¼ 1.7 kJ mol1.

side) can be estimated from (dd1  dd2)2, where ddi are the dispersive solubility
parameters, calculated using specially developed group contribution methods that
account only for the dispersive part of the interactions [8,15].
Testing Eq. (2.28) against real polymer blends is not a trivial task, however,
because there is no simple experimental procedure to measure B (or x) at different compositions in these systems. Molecular modeling techniques represent an
alternative approach to investigate the miscibility of polymer blends and to calculate the values of B or x as a function of composition (the fundamentals of this
procedure are brieﬂy discussed in Section 2.1.9 of this chapter) [16,17]. Molecular
Dynamics (MD) simulations of blends of poly(L-lactide) (PLLA) with poly(vinyl
phenol) (PVPh) were performed using the Materials Studio (v. 4.0) software package from Accelrys [17]. This software suite includes the COMPASS (Condensedphase Optimized Molecular Potentials for Atomistic Simulation Studies) forceﬁeld, specially optimized to provide an accurate condensed-phase equation of state
and cohesive properties for molecules containing a wide range of functional
groups. Figure 2.4 presents the values calculated for x using MD simulations [17].
For PLLA-rich systems, the calculated data are also in good agreement with the
value obtained from melting point depression measurements, x ¼ 0.4 (note,
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Table 2.1 Constant parameters used in Figure 2.4 to fit the values of x obtained from MD
simulations for the PLLA/PVPh system to Eq. (2.29).

Parameter

PLLA

PVPh

Comments

M0 (g mol1)
r (g cm3)
V0 (cm3 mol1)
=1
dd (cal cm3) 2
z0

72
1.247
57.7
10.1
1.0

120
1.25
96.0
10.6
1.0

Molar mass of the repeat unit
Exp. density of amorphous polymer [17]
Molar volume, calculated as V0 ¼ M0/r
Dispersive interaction parameters [8,15,18]
Number of speciﬁc contacts per repeat unit

however, that the experimental value is actually valid at the melting temperature of
PLLA, about 190  C, but MD calculations were performed at 25  C) [18]. The calculated data have been ﬁtted to Eq. (2.29), obtained from Eqs (2.28) and (2.20), letting Dwsi as the only ﬁtting parameter. The remaining constant parameters
present in Eq. (2.29) are listed in Table 2.1 [17]. As can be seen in Figure 2.4,
Eq. (2.29) ﬁts properly the calculated data using Dwsi, ¼ 1.7 kJ mol1. The interaction parameter is larger when PLLA is the dilute component because the interaction energy density is larger because of the smaller molar volume of PLLA:




Vr
z02
z01
x¼
ðdd1  dd2 Þ2 þ w1
þ w2
Dw si
ð2:29Þ
RT
V 02
V 01
A brief analysis of the Dwsi parameter can provide additional insight into the
nature of the speciﬁc interactions in the PLLA/PVPh system. The main speciﬁc
interactions present in this system and the corresponding hydrogen-bonding
enthalpies are hydroxyl–carbonyl interassociation (hA ¼ 3.8 kcal mol1) and
hydroxyl–hydroxyl autoassociation through dimer formation (h2 ¼ 5.6 kcal
mol1) and through multimer formation (hB ¼ 5.2 kcal mol1) [8]. Recalling that
interaction energies were deﬁned as the energy corresponding to the formation of
one interassociation bond at the expense of breaking half of the autoassociation
bond of each component, in a hypothetical scenario where pure PVPh was
assumed to be exclusively autoassociated through dimer formation, the interaction
energy would be Dwsi ¼ 3.8  1/2  (5.6) ¼ 1.0 kcal mol1 (¼ 4.0 kJ mol1).
This (actually unrealistic) scenario predicts a favorable contribution to miscibility
arising from speciﬁc interactions, even though the stronger OH  OH interactions are replaced by the weaker OH  O
C interactions. The actual reason
is that, in this hypothetical situation, the number of formed bonds doubles the
number of broken bonds. Nevertheless, this simple calculation explains that
weaker interactions can replace stronger interactions if the total number of speciﬁc contacts increases. In the infrared (IR) spectrum, this change should be
observed as a blue shift of the OH-stretching band [8]. A more realistic estimation
should consider that in actual polymer blends, interassociation peaks at about

O groups [8,19], and that in pure PVPh the per80% of the hydrogen-bonded C

centage of autoassociated OH groups is about 60%, mainly in the form of multimers [8,20,21], in which internal OH groups establish two hydrogen bonds (the
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coordination number is therefore 2 for the nonterminal hydroxyls, but should be
in the range of 1.5–2.0 on average [22]). With these assumptions, Dwsi ¼ 0.8 
(3.8)  1/2  1.75  (5.2) ¼ 0.31 kcal mol1 (¼ 1.3 kJ mol1) is obtained. This
more realistic calculation makes evident the complexity of the balance of interactions. Since increasing the hydroxyl density favors the formation of multimers
(and the autoassociation in general), a reduced miscibility can be anticipated for
polymers such as poly(vinyl alcohol) (PVA) compared to PVPh.
Finally, it is interesting to analyze how the introduction of speciﬁc interactions
modiﬁes the miscibility behavior in polymer blends. According to the simple treatment presented here, when the density of speciﬁc contacts of the two polymers is
identical ((z01/V01 ¼ z02/V02; see Eq. (2.28)), B is independent of composition and
the DGm versus composition diagrams show improved symmetry, resembling
those shown in Figure 2.2. However, when the speciﬁc contact densities of the
components of the blend are different, B depends on composition, and the free
energy curves show signiﬁcant changes. Figure 2.5 shows BVr and DGm versus
composition plots for blends between two polymers of different speciﬁc contact
density, calculated assuming varying relative strengths of the speciﬁc to dispersive
interactions. The parameters used in Eq. (2.28) for polymer-1 were z01 ¼ 1,
V01 ¼ 50 cm3, and m1 ¼ 103; and for polymer-2 z02 ¼ 1, V02 ¼ 100 cm3, and
m2 ¼ 500. Hence, both polymeric chains present the same molecular size, but the
former doubles the speciﬁc contact density of the latter. The same interaction
energy as in the PLLA/PVPh system has been assumed, Dwsi ¼ 1.7 kJ mol1,
and the strength of the dispersive interactions has been varied by acting on the
difference of the dispersive solubility parameters, Ddd, in Eq. (2.28).
As can be seen, the overall shape of the curves changes dramatically; in particular they become extremely asymmetric. Complete miscibility requires DGm <
0 and @ 2 ðDGm Þ=@w21 > 0 (the curve is concave upwards). Calculating the second
derivative of Eq. (2.28) and equating to zero reveals that the critical dispersive
=1
interaction is Ddd ¼ 0.74 (cal cm3) 2 , the critical composition being w1 ¼ 0.98. All
of the DGm curves with Ddd above the critical value show a concave-downwards
region between two concave-upwards regions. When Ddd is in the range 0.74 to
2.9, the concave-upwards region located to the left is actually due to B < 0 (speciﬁc
interactions prevail over dispersive interactions), while the concave-upwards
region to the right (observable only at high magniﬁcation) is due to the prevalence
of the entropic term over the enthalpic term, occurring always at high dilution
levels. Strictly speaking, partial miscibility should be claimed when 0.74 <
Ddd < 2.9, but from the experimental point of view partial miscibility should not
be easily observed in the range 0.74 < Ddd < 2.0, because negative second derivatives occur within relatively short composition ranges (when Ddd ¼ 1.5, negative
@ 2 ðDGm Þ=@w21 values occur in the range 0.82 < w1 < 0.997, and when Ddd ¼ 2.0
the range is 0.68 < w1 < 0.998).
Figure 2.5 predicts some interesting trends. First, partial miscibility – which was
considered a very unusual result in systems with dispersive interactions – now
becomes a real possibility. Second, the systems in Figure 2.5 showing partial miscibility separate in a partially miscible phase and a nearly pure polymer; hence,
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Figure 2.5 Interaction energy (a) and Gibbs free energy (b) of mixing versus composition for
systems with specific interactions of fixed strength, Dwsi ¼ 1.7 kJ mol1, and varying dispersive
interactions according to the Ddd values.
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one of the polymers can be partially miscible in the second polymer, but not vice
versa. Third, the polymer with a higher density of speciﬁc contacts (usually the
one with the smaller repeat unit) is the one with enhanced miscibility. For example, blends of polylactides (PLAs) with poly(methyl methacrylate) (PMMA) show
single glass transition temperatures, of enlarged width for the PMMA-rich
blends (see also Section 2.2.1.6) [23]. This behavior is compatible with the curves
in Figure 2.5 with Ddd in the range of 1.5–2.0. In addition, poly(ethylene oxide)
(PEO) is partially miscible with PLLA up to about 20–50 wt% PEO (the amount is
controversial), the second phase being nearly pure PLA (see also Section 2.2.1.2)
[24]. This behavior is consistent with the curve with Ddd ¼ 2.6 in Figure 2.5. In
addition, both the PLA/PMMA and the PLA/PEO systems show, as expected, a
constrained miscibility for the component of higher molar volume. In contrast,
for blends of PLA with PVPh, a partial miscibility was reported by Zhang et al.,
who observed phase separation in a nearly pure PVPh phase and a PLA-rich phase
containing up to about 15–20 wt% PVPh [25,26]. These results are at odds with the
theoretical model discussed here since, according to Zhang et al., the polymer
with the repeat unit of higher molar volume, PVPh, is the one that is partially
miscible in the second polymer. The miscibility of the PLA/PVPh system was
reexamined a few years later by the present authors’ research group, and complete
miscibility was actually found to occur in that system [18,27,28]. The results
reported by Zhang et al. were attributed to the occurrence of phase separation during the casting step due to the Dx effect [18,27]. In summary, even though some
systems containing speciﬁc interactions may not conform to the trends predicted
in this section due to the simplistic nature of the theoretical model, in the authors’
opinion it provides in most cases valuable intuitive guidelines.
2.2.7
The Dependence of Miscibility on Blend Composition and Temperature

In the original Flory–Huggins model, the interaction parameter x (or B) reﬂected
exclusively enthalpic contributions to the free energy of mixing [2]. However, this
description was soon extended when assuming that x includes contributions of
both enthalpic and entropic nature to DGm [2–5]. As discussed in the preceding
sections, speciﬁc interactions introduce nonrandomness and other effects that
need to be considered for a correct description of the actual behavior of polymer
blends. Both, theoretical and empirical corrections to x (or B) have been proposed
[8]. Regarding the dependence on composition, the simplest empirical approach
assumes a linear dependence of B with composition (B ¼ a þ bw1). This type of
approach has actually been used in Eq. (2.28) and applied to the PLLA/PVPh system in Section 2.1.6 in this chapter.
Regarding the temperature dependence of the interaction parameter x (or B), in
the original Flory–Huggins model the unfavorable enthalpic term is constant with
temperature, but the favorable entropic term increases with temperature (see
Eq. (2.14) or (2.17)). The model predicts phase diagrams with an Upper Critical
Solution Temperature (UCST), or miscibilization upon heating. However, systems
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with speciﬁc interactions usually present Lower Critical Solution Temperature
(LCST) phase diagrams. In these systems, thermal agitation decreases the number
speciﬁc interassociating contacts, and the system shows phase separation upon
heating. In general, the temperature dependence of the x parameter has usually
been described (empirically) by [3]:
x¼aþ

b
T

ð2:30Þ

where the constant a represents an entropic contribution to x, and b represents
the enthalpic contribution. For most systems, both a and b will depend on the
blend composition. A positive value for the constant b is associated with the mixture exhibiting an UCST, while a negative b corresponds to LCST behavior.
Although Eq. (2.30) has proven useful, more complex relationships may also
occur. For example, x may show a parabolic dependence on T, reﬂecting the simultaneous existence of both an UCST and a LCST [29].
According to Eqs (2.20) and (2.30), the following dependence on temperature
can be deduced for the interaction energy density: B ¼ a þ bT. In addition, B
depends on composition (recall the simple dependence discussed here, B ¼ a þ
bw1). A general expression can be proposed for B combining both dependences:
B ¼ A1 þ A2T þ A3w1 þ A4w1T, where the Ai coefﬁcients are now constant coefﬁcients that depend only on the nature of the system. Several expressions of different complexity can be found in the literature [30,31].
2.2.8
The Painter–Coleman Association Model (PCAM)

Coleman and Painter combined an association model with the Flory–Huggins theory to develop a theory that would describe the miscibility behavior of polymer
blends with hydrogen bonding [8,32,33]. The theory is based on the assumption
that the enthalpic contribution to the Gibbs free energy of mixing DGm consists
of “weak” or “physical” or “dispersive” interactions, and “strong” or “chemical”
or “speciﬁc” interactions. The free energy of mixing per mole of lattice sites is
given by:
DGm
¼
RT




wA
w
DGH
ln wA þ B ln wB þ xwA wB þ
mA
mB
RT

ð2:31Þ

The ﬁrst two terms represent the combinational entropy of mixing. Since these
entropy terms are usually small in polymer blends, DGm is dominated by the balance between the third and fourth terms. The third term represents physical
forces that can be estimated using Hildebrand’s approach from solubility parameters calculated using group contribution methods for a set of carefully chosen
groups which are free from association (see also Section 2.1.6) [8,15]. The
fourth term represents the favorable hydrogen-bonding contribution to DGm. Its
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magnitude depends on two major factors. One factor is the relative strength of
self-association to interassociation; if the strength of interassociation between two
dissimilar polymers is greater than that of the self-association of either of them,
then miscibility is favored. The second factor is the density of speciﬁc interacting
sites in the blend; increasing this density can be expected to render the otherwise
immiscible blends miscible.
Coleman et al. uses Fourier transform infrared (FTIR) spectroscopy to obtain
the association constants, Ki, for all of the hydrogen-bonding equilibria occurring
in the pure polymers, and in the blends. Using a van’t Hoff-type plot, the enthalpies of hydrogen bonding can be calculated.
ln K ¼

DG DH DS
¼
þ
RT
RT
R

ð2:32Þ

With these data and the equations developed in their association model, the
DGm curves can be calculated at any temperature. The phase behavior of the system can be thus quantitatively described (binodal and spinodal calculations, heats
of mixing, etc.) [8,32]. However, the original model included an erroneous excess
entropy term within the (DGH/RT) term of Eq. (2.32) [34]; this erroneous term
was based on an incorrect reference state and allowed a nice agreement between
theory and experiment. However, when the association constants obtained from
FTIR experiments in polymer blends were used in the correct theory, the agreement was poor [34]. Coleman et al. realized that the poor agreement was a consequence of unaccounted effects in the initial theoretical model. Accordingly, in
addition to correcting the reference state, the theoretical model was also modiﬁed
to take into account intramolecular screening and “spacing” effects [35]. One
unanticipated advantage of these investigations was that standard self-association
and interassociation equilibrium constants, which are more easily obtained from
appropriate model low-molar-mass compounds, can now be used to calculate the
hydrogen-bonding contribution to the free energy of mixing in polymer blends.
Although phase diagrams have been successfully calculated with the new model,
all in all the corrections introduced have increased its complexity so that currently
it has been only been tested in a few systems [35].
2.2.9
Analysis of the Miscibility Using Molecular Modeling Calculations

The MD approach is based on Eq. (2.7): recalling that changes of internal energy
associated with the mixing process can be estimated as changes in the cohesive
energy (with opposite sign, since E < 0 but Ecoh > 0), dividing both sides by the
total volume of the mixture, V, and considering also that Vw2 ¼ V2 and Vw1 ¼ V1,
it can be readily shown that [36]:






DE m
E coh
E coh
E coh
þ w2

¼ w1
V
V 1
V 2
V mix

ð2:33Þ
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Hence, by building modeling cells for the pure polymers and for the mixture, and
by calculating the CEDs for each of those cells, the internal energy of mixing per
unit volume of mixture, DEm/V, can be obtained. Using also Eqs (2.20) and (2.13)
and recalling that DHm  DEm, the interaction parameter can be obtained from:


DE m
Vr
x¼
ð2:34Þ
V
RTw1 w2
In principle, MD simulations carried out using accurate force ﬁelds and careful
procedures should lead to accurate determinations of the interaction parameter,
which is the dominant contribution to DGm. The entropic contribution is not
determined using Eq. (2.33), but this seems a minor drawback [36]. However, MD
simulations seem to show a limited accuracy in some calculations. For example,
several groups have reported that calculated solubility parameters are usually
below the experimental values [16,37,38], with Gestoso et al. obtaining d ¼
=1
8.7  1.2 (cal cm3) 2 for PVPh [38], signiﬁcantly less than the experimental value
=1
obtained from solubility testing, d ¼ 12.0 (cal cm3) 2 [39]. As solubility parameters
are obtained from CEDs, MD simulations seem to underestimate the strength of
the intermolecular interactions. However, when the CEDs are calculated to obtain
DHm according to Eq. (2.33), an important error cancellation can be anticipated as
the errors associated with the blend and with the pure polymer cells are subtracted. Recently, several polymeric mixtures have been investigated using the MD
approach [16,17,21,37], and a very good agreement has been found in all cases
with the experimental results with regards to the miscibility behavior. Hence, MD
calculations are currently considered very reliable tools in the investigation of the
miscibility of polymer blends.
2.2.10
Classification of Miscible Systems

As discussed, miscibility is a rare phenomenon in polymers. However, miscibility
conditions can be satisﬁed in the following cases.
2.2.10.1 Entropically Driven Miscible Systems
This section encompasses the systems with very similar chemical structures, for
which DHm is positive but very small (smaller than the favorable entropic term).
This situation is very rare but can occur in the cases listed below:

i) In nonpolar mixtures of homopolymers with very similar chemical structures. Traditionally, the 1,2-polybutadiene/cis-1,4-polyisoprene system [39],
has been considered to fall within this category, since only van der Waals
dispersion forces are expected between the blend components. However, a
negative Flory’s interaction parameter x12 has been recently estimated using
excess volume measurements, and a stereostructural effect for mixing has
been suggested [39]. Nevertheless, this mechanism is theoretically possible,
and is therefore cited in this review.
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ii) In mixtures of copolymers with the same comonomers and similar chemical
compositions.
iii) Including also blends of oligomers, the number of miscible systems can be
signiﬁcantly increased, since the favorable DSm term is larger than in the
case of high-molecular-weight polymers.
All of these systems are adequately described by the Flory–Huggins model.
2.2.10.2 Enthalpically Driven Miscible Systems
This section covers the polymeric systems that, in spite of the dissimilar chemical
structures of the blend partners, show miscibility. This is because DHm takes in
these cases values generally negative, ensuring the miscibility of the system. This
situation is made possible via two mechanisms: (i) speciﬁc interactions; and (ii) if
at least one component of the blend is a copolymer, the so-called “intramolecular
repulsion effect” or “copolymer repulsion effect.”
The ﬁrst mechanism usually controls miscibility in the case of mixtures of
homopolymers. It occurs in systems with “complementary dissimilarity” – that is,
when the polymeric chains are very different but contain chemical groups that
establish speciﬁc interactions, leading to a negative enthalpy of mixing [8]. The
most common speciﬁc interactions are hydrogen bonds, but other possible interactions to consider are dipole–dipole, ionic, acid–base, cation–p (cations interacting with aromatic rings) and charge transfer complexes. In this case, it is
interesting to note that an effective way to obtain a homogeneous mixture of two
polymers which, a priori, were immiscible, is the chemical modiﬁcation of one or
both of them with varying amounts of groups capable of establishing speciﬁc
interactions. Sometimes, the simple introduction of a small number of “active”
groups makes it possible to preserve the bulk properties of the starting homopolymers, but with a marked improvement in their ability to form miscible blends.
For example, introducing just 1 mol.% of vinyl phenol groups into polystyrene
makes possible to achieve miscibility with PMMA [8].
Experimentally, there are many miscible polymer pairs in which at least one of
the components is a random copolymer but speciﬁc interactions are not present
[40]. This phenomenon is attributed to the so-called “intramolecular repulsion
effect.” Within the familiar Flory–Huggins description, and in the case of a random copolymer AxB1x blended with a homopolymer C, three interaction parameters, xAB,xAC and xBC are required to describe the enthalpy of mixing. Using a
mean ﬁeld theory, the mixture can be described in terms of one parameter xeff
given by:
xeff ¼ xxAC þ ð1  xÞxBC  xð1  xÞxAB

ð2:35Þ

Assuming high-molecular-weight polymers, miscibility requires this parameter
to be either zero or negative. As the equation shows, this can be accomplished
even if all parameters are positive (i.e., systems without speciﬁc interactions), provided that xAB is sufﬁciently large; hence, the phrase “intramolecular repulsion”
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[40]. In other words, copolymer–homopolymer and copolymer–copolymer blends
may be miscible in a certain range of compositions and temperatures, even
though the respective constituent homopolymers are pairwise immiscible due to
the so-called “copolymer repulsion effect.” In these systems the repulsion between
segments of the copolymer is greater than the average repulsion of each of these
segments with the homopolymer; hence, the net energy of interaction between the
homopolymer and the copolymer is negative within a certain range of compositions of the copolymer, and miscibility is observed within the so-called “miscibility
window” [40].

2.3
Revision of Polymer Blends Based on Biodegradable Polyesters

In this section, the structure, preparation, miscibility and properties of different
polymer blends based on biodegradable polyesters are reviewed. Polylactide-based
blends are ﬁrst revisited and discussed, and the miscibility behaviors of other
commercially available biopolymers of great interest such as poly(e-caprolactone)
(PCL), poly(3-hydroxybutyrate) (PHB), poly(p-dioxanone) (PPDO) and polyglycolide (PGA) are brieﬂy reviewed. Finally, Appendix 2.A provides a brief outline of
the investigations used to develop the miscibility study presented here. In this
recap, it is possible to ﬁnd the chemical structures of the polymers and their solubility parameters, and also some brief comments summarizing the research
studies.
2.3.1
Blends Containing Poly(lactic acid) or Poly(lactide) (PLA)

Poly(lactic acid) or poly(lactide) (PLA) belongs to the family of aliphatic polyesters
derived from a-hydroxy acids. Lactic acid (2-hydroxypropionic acid) and lactic acid
(LA) are chiral molecules which exist in two optically active forms; D-()-(R) or
L-(þ)-(S). Depending on the proportions of the enantiomers, PLAs with different
properties can be derived, allowing the production of a wide spectrum of PLA
polymers to match speciﬁc performance requirements [41,42]. The synthesis of
PLA starts with the production of LA via the bacterial fermentation of corn starch
or cane sugar. The production of an optically pure isomer requires using bacterial
strains that produce exclusively the desired form of LA, namely L-lactic acid (L-LA)
or D-lactic acid (D-LA), from which the optically pure polymers (L-PLA and
D-PLA) can be synthesized. The polycondensation reaction of the lactic acids usually leads, however, to low-molecular-weight PLA. In order to obtain high-molecular-weight PLA, two molecules of LA are dehydrated to lactide (a cyclic lactone)
and subsequently subjected to ring-opening polymerization (ROP). PLA has reasonably good optical, physical, mechanical, thermal and barrier properties compared to existing petroleum-based polymers. Furthermore, PLA is a biodegradable
and biocompatible polymer that has been approved by the Food and Drug
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Administration (FDA) and is therefore widely used in ﬁelds of biomedicine and
packaging [42].
The commercial forms of PLA are the homopolymer poly(L-Lactide) (L-PLA or
PLLA) and the copolymer poly(D,L-Lactide) (D,L-PLA or PDLLA), which are produced from L-lactide and D,L-lactide, respectively. The L-isomer constitutes the
main fraction of PLA derived from renewable sources, since the majority of lactic
acid from biological sources exists in this form [43]. Polylactides (PLAs) exhibit
different properties depending on the D/L unit radio and sequence distribution.
Generally, the crystallinity of PLLA and PDLA decreases with increasing racemic
content. PLA polymers with an L-content >90% tend to be semicrystalline, while
those with a lower optical purity are generally amorphous [43–45].
2.3.1.1 PLA/PLA Blends
The optically pure polylactides L-PLA (or PLLA) and D-PLA (or PDLA) are semicrystalline polymers with glass transition and melting temperatures of about
60  C and 180  C, respectively. In contrast, DL-PLA (or PDLLA) is an amorphous
polymer that consists of racemic lactate units and is crystalline only when the D
and L unit sequence is completely alternating; such a polymer is termed poly
(meso-lactide) [44]. The blending of PLAs can result in new materials that present
with unexpected synergisms, such as those observed in the equimolar blends
between the optically pure polylactides, PLLA and PDLA.
Numerous studies have been performed to understand the behavior of miscible
PLLA/PDLA blends [45–49]. Ikada et al. [49] ﬁrst reported that the 1/1 blend of
PLLA with PDLA produces a stereocomplex with melting temperature (Tm) around
230  C, which is 50  C higher than the melting point of the optically pure polymers. PLLA/PDLA blends were also investigated by Sarasua et al. [47], who
reported the occurrence of heterogeneous crystallization after solidiﬁcation from
the melt, with a population of a homocrystals melting at about 180  C and a population of g stereocomplex crystals melting at about 230  C. The crystallization of
pure PLLA and of the PLLA/PDLA 50/50 complex were investigated using FTIR
spectroscopy to gain insight into the interactions driving the stereocomplexation.

O stretching regions of the stereocomplex were
In particular, the CH and C

found to evolve differently during the crystallization process compared to the pure
polymers.
Figure 2.6 shows the spectra obtained for the isothermal crystallization of the
stoichiometric blend PLLA/PDLA 50/50 at 190  C, after melting for 2 min at
240  C. At room temperature, the C
O stretching band of amorphous PLLA is
located at about 1759 cm1, but at 190  C the maximum occurs at 1755 cm1, as
can be seen in Figure 2.6. The C
O stretching band of amorphous PLAs is
known to be sensitive to chain conformation; at room temperature the C–O(ester),
O–Ca, and Ca–C bonds in the main chain of PLAs adopt predominantly the trans,
gauche and trans conformations, respectively, but at higher temperatures conformers of higher energy gain importance, explaining the aforementioned shift in the
location of the C
O stretching band. During crystallization at 190  C, where only
stereocomplex crystallization can occur, the crystalline band is located at about
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Figure 2.6 Carbonyl stretching region of PLLA/PDLA 50/50 blend (A, B, C, and D) and second
derivatives (A00 , B00 , C00 and D00 ) recorded during isothermal crystallization at 190  C. A ¼ 0 min
(amorphous blend); B ¼ 4 min; C ¼ 30 min; D ¼ 8 h.

1748 cm1 (Figure 2.6). Since the crystalline band in pure PLLA is located at about

O stretching band of the ster1759 cm1 (trans-gauche-trans conformation), the C

eocomplex suggests the occurrence of speciﬁc interactions that shift the location
of the C O stretching band by about 11 cm1.
The C
H stretching region of the PLA stereocomplexes was also investigated.
Polylactides show three peaks in this region located at about 2995, 2944, and
2880 cm1. The absorption at higher wavenumbers (2995 cm1) is actually a composite band consisting of two CH3 asymmetric stretching modes, while the band
at about 2944 cm1 is assigned to the CH3 symmetric stretching mode; ﬁnally, the
lower wavenumber band located at about 2880 cm1 is due to the CaH stretching
mode. During the crystallization of pure PLAs, the crystalline components emerge
at about the same locations; therefore band narrowing is the overall change occurring in the crystallization process. Figure 2.7a and b display respectively the CH3
asymmetric stretching region and the CaH stretching region for a PLLA/PDLA
50/50 blend during crystallization at 190  C. As can be seen, crystallization is
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Figure 2.7 (a) Autoscaled CH3 asymmetric stretching region and (b) CaH stretching region for
the PLLA/PDLA 50/50 blend recorded during isothermal crystallization at 190  C. A ¼ 0 min
(amorphous blend); B ¼ 30 min; C ¼ 480 min.

accompanied by a noticeable red shift in both the CH3 and the CaH stretching
regions. In this spectral region, red shifts are sensitive to temperature, but the
room temperature shift recorded for the stereocomplex bands compared to pure
PLAs was about 4 cm1 in both the CH3 and the CaH stretching regions. Hence,
FTIR analysis suggested the occurrence of CH3  O
C and CaH  O
C hydrogen-bonding interactions between both stereoisomers of polylactide [47].

O acceptor group
Although the occurrence of double hydrogen bonds (one C

hydrogen-bonded with two donor groups) had already been reported for other
low-molecular-weight systems, it was still unreported in the case of polymer
blends. Those interactions are, nevertheless, more restrictive than the establishment of single hydrogen bonds, since a very good stereocomplementarity is
required to establish double hydrogen bonds with all the C
O groups within the
crystalline lamellae (recall that “free” crystalline bands were not observed). Therefore, molecular models of the stereocomplex chains were built to conﬁrm the feasibility of the interactions suggested by FTIR. Figure 2.8a shows one PLLA and
one PDLA chain in parallel orientation, at the same relative distance as in the unit
cell reported by Brizzolara. As can be seen, the model shows the possibility of
simultaneous CaH  O
C and CH3  O
C hydrogen bonds with similar

hydrogen-bonding distances of about 2.9 A, and hydrogen bonding angles of
about 120  and 150 , respectively. Considering that the cut-off distance and

the angle for the CH  O hydrogen bonds are respectively 3.0 A and 110 ,
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Figure 2.8 (a) PDLA (top) and PLLA (bottom)

chains in parallel orientation, as located in the
stereocomplex crystal. The model has been
built by bringing the chains until they fit in the
experimental dimensions of the unit cell.
Hydrogen-bonding angles for the interactions

suggested by FTIR are 120 and 150 for
Ca–H  O and CH3  O bonds, respectively,

and the hydrogen bond distance is about 2.9 A;
(b) Stereocomplex crystal lattice built from
chains in the arrangement proposed.

the molecular models support the feasibility of the interactions suggested by
FTIR analysis. Finally, the strength of the hydrogen-bonding interactions estimated from the observed spectral shifts using known DH–Dn relationships is
DH  1.3 kcal mol1.
Finally, Tsuji and coworkers performed extensive studies of the stereocomplexation of PLLA/PDLLA blends [50] with different molecular weights. Increasing
molecular weights were found to reduce the growth rate (G), regularity and crystallinity, presumably due to an increase of the number of entanglements between
the PLLA and PDLLA chains [50]. Thus, increasing the molecular weight was
found to hinder the stereocomplexation of PLAs.
Other PLA-based blends have also been investigated with different purposes.
For example, Cha and Pitt [51] investigated blends of PLLA with poly(glycolic acidco-L-lactic acid) (PGLA) containing 83 mol.% of lactide. Blending was performed
to modify the rates of hydrolytic degradation of the material and, consequently,
the rates of biodegradation-controlled delivery of drugs. It was shown that, despite
the incompatibility of the blends, the rate of hydrolytic chain scission of each component could be signiﬁcantly modiﬁed by the presence of the second polymer.
Poly(aspartic acid-co-L-lactide) (PAL) copolymers are actually PLA-based polymers
modiﬁed with minor amounts of aspartic acid (2–20 mol.%) to accelerate the
hydrolysis of PLLA. Both, Oyama et al. [52] and Shinoda et al. [53] proposed the
blending of PLLA with PAL copolymers in order to study effects of the PAL composition on the blend structure and the kinetics of hydrolysis. In general, phase
separation was observed for the PLLA/PAL blends, but when PLLA was blended
with the PAL copolymers with lower aspartic acid contents the dispersed phase
observed using transmission electron microscopy was ﬁner, indicating an
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improved compatibility. These authors observed that the addition of PAL did not
accelerate the hydrolysis of the PLLA in air, but that degradation was signiﬁcantly
accelerated in water. Hence, nontoxic biomaterials could be successfully generated
that would barely degrade during handling or storage in air, but would easily disintegrate in water to form harmless decomposition products.
2.3.1.2 PLA Blended with Poly(ethylene glycol) (PEG) and Poly(ethylene oxide) (PEO)
Poly(ethylene glycol) (PEG) belongs to the family of polyethers due to the presence
of ether groups in the chain backbone. PEG is a thermoplastic crystalline homopolymer of low molecular weight that is obtained from either ethylene glycol or
ethylene oxide [54,55]. PEGs contain terminal hydroxyl groups, are available in
molecular weights ranging from 400 to 40 000 g mol1, and are water-soluble
within this range. PEG is also soluble in some organic solvents such as acetone,
alcohol and chloroform, but not in hydrocarbons. The molecular weight of PEGs
is a signiﬁcant variable that inﬂuences many features. For example, the end
groups are known to be hydroxyl only in the case of lower-molecular-weight species, whereas the glass transition temperature (Tg) can vary from 40  C to 70  C
[55,56]. One other outstanding characteristic is that PEG is biocompatible and
lacks antigenicity and immunogenicity [54].
Blends of PLAs with PEG have been brieﬂy studied during the past four decades. Due to the high hydrophilic character of PEG, the PLA/PEG blends are used
to enhance both the hydrophilicity and the degradation rate of PLAs [57]. The solubility parameters of PLLA and PEO are 10.1 and 9.9 (cal cm3)1/2, respectively
(calculated according to the group contribution method of Coleman et al. that
accounts only for the dispersive part of the cohesive energy). The closeness of
these values suggests that the miscibility of PLLA with PEO is thermodynamically
possible. However, Younes et al. [58] reported PLLA/PEG blends that comprised
two crystalline phases, with both components being able to crystallize. Finally, it
was concluded that the system was partially miscible, due to a depression of the
melting point and the existence of some chain interpenetration. The results of
another study, performed on solvent cast blends with up to 30 wt% of PEG,
reported the miscibility in the melt for the PLLA/PEG blends to be within the
investigated compositions range. Blends presented a unique Tg, and the Fox relation was applied to ﬁt the empirical Tg behaviors [59]. Additional studies presented
similar conclusions with regards to microphase separation and partial miscibility
for this system [60–62]. When Lai et al. [63] used PEG samples of very low molecular weight (2000 g mol1), their differential scanning calorimetry (DSC) analyses
of the blends showed that PEG and PLLA were miscible in the melt up to 70 wt%
of PEG. Moreover, the effect of the end groups of PEG on the miscibility and
crystallization behavior of PEG/PLA blends was also investigated, with miscibility
being shown to decrease in the following order: PEG(2CH3)/PLLA, PEG(1OH1CH3)/PLLA and PEG(2OH)/PLLA.
Moreover, the melt blending of up to 30 wt% PEG to PLLA decreased the Tg of
PLLA by about 20  C [55]. Hu et al. [61,64] also found a single Tg up to 30 wt%
PEG, but compositions exceeding 20 wt% PEG were not stable at ambient
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temperature. In addition, blends with PEG contents high enough to decrease the
Tg below ambient temperature exhibited aging under ambient conditions, but the
amorphous phase was found to remain miscible after the aging process. Pillin
et al. [65] studied PEGs with molecular weights in the range 200 to 1000 g mol1
as plasticizers for polylactides, and compared them with other plasticizers. Their
results conﬁrmed that PEGs were highly efﬁcient for Tg reduction, exhibited small
interaction parameters with PLAs, and showed excellent ﬁts to the Fox relation. At
about 20 wt% PEG the Tg was observed to reach a plateau, and crystallization of
PLLA was found to be enhanced by the mobility increase due to the plasticizing
effect of PEG. Similar results were found by Baiardo et al. [66].
According to Ran et al. [67], the copolymer poly(ethylene glycol-co-propylene glycol) (PEPG) is also a good macromolecular plasticizer for PLA, due to their good
compatibility. Furthermore, the authors observed good compatibility with samples
of PLA of different optical purities, and also noted that the crystallization behavior
of the blends was, as expected, noticeably inﬂuenced by the optical purity of the
polylactide.
Poly(ethylene oxide) (PEO) has the same chemical structure as PEG, and can be
considered a high-molecular-weight PEG [54]. According to several groups, PLA/
PEO blends form a heterogeneous system whether prepared from their solutions
or from the melt [68–72]. One study of PLA/PEO blends, applying melt blending
as the preparation method, was presented by Ghosh et al. [70]. In this case, it was
shown that in a 50/50 wt% PLLA/PEO blend, the PLLA and PEO system was
biphasic, containing a homogeneous PLLA/PEO phase and a PEO-rich phase.
Subsequently, this feature was used to fabricate scaffolds with a macroporous
lamellar architecture and microporous walls. Another study was conducted with
the aim of producing porous PLLA ﬁlms by water extraction of PEO [71]; subsequent DSC analyses revealed that the PLLA and PEO were phase-separated at least
after solvent evaporation. A comparison of blend ﬁlms before and after extraction
suggested that a small amount of PEO had become trapped in the amorphous
region between the PLLA crystallites, even after water extraction. Similarly, Honarbakhsh et al. [69] prepared electrospun blends of PLA/PEO in order to produce a
highly porous ﬁbrous structure as a drug-delivery matrix with enhanced hydrophilicity. The incorporation of PEO into the matrix introduces preferable sites to
which aqueous compounds can be attached, while retaining the overall structural
integrity and porous morphology.
Nijenhuis et al. [24] prepared PEO/PLLA blends by solution precipitation, and
also found that PEO is partially miscible with PLLA. These authors observed that
the melting endotherm corresponding to the PEO fraction was not detected in
blends containing less than 20 wt% PEO, indicating completely amorphous
blends. They also observed evidences pointing to the possibility of a completely
miscible system, such as a slight shift to lower temperatures in the melting point
of PLLA with the addition of PEO. However, as recognized by these authors, this
phenomenon alone is not absolute proof of miscibility. The PLLA/PEO blends
demonstrated complex DSC thermograms due to the overlapping of different phenomena (such as crystallization and melting processes), which made the
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determination of possible intermediate Tgs difﬁcult. In addition, the high crystallinity of PEO limits the accuracy when determining its Tg [58]. Because of these
limitations, the authors could not ascertain the occurrence of single intermediate
Tgs in the whole range of compositions for the PLLA/PEO blends, and therefore
miscibility could not be conclusively proved.
2.3.1.3 PLA Blended with Poly(vinyl alcohol) (PVA) and Poly(vinyl acetate)
Poly(vinyl acetate) (PVAc) is an inexpensive, high-tonnage bulk commodity polymer which, unlike most vinyl polymers, is moderately biodegradable [73]. It is an
amorphous material with a Tg of about 30  C. In contrast, poly(vinyl alcohol) (PVA)
is a synthetic, hydrophilic, biodegradable, biocompatible and highly ﬂexible polymer, in spite of its highly crystalline structure. The Tg and Tm of PVA are about
80  C and 230  C, respectively. PVA is obtained by the hydrolysis of PVAc, and
usually contains a small amount of residual vinyl acetate groups. Partial hydrolysis
of PVAc is a simple route to obtain poly(vinyl acetate-co-vinyl alcohol) [P(VAc-coVA)] copolymers.
The hydroxyl groups in PVA can establish hydrogen bonds with the ester groups
of polyesters. By taking advantage of the possibility of such speciﬁc interactions in
the blends, miscibility or partial miscibility might be achieved between PLA and
PVA [74]. Although the large difference in experimental solubility parameters
(Dd) between PLLA and PVA points to phase-separated systems, the difference of
dispersive terms (calculated using the group contribution method proposed by
Coleman et al.) is small, which suggests that in the case of achieving sufﬁciently
high interassociation densities, miscibility is still possible. However, most studies
have reported immiscibility or partially miscibility for the PLLA/PVA system.
Blend ﬁlms of this mixture were obtained by Shuai et al. [74], who showed (using
DSC) that the amorphous regions of the PLA/PVA blends were phase-separated.
Nonetheless, an interassociation through the formation of hydrogen bonds in the
PLLA/PVA blends was demonstrated using FTIR analysis and 13 C-pulse saturation transfer/magic angle spinning nuclear magnetic resonance (PST MAS NMR)
measurements. For this reason, the authors concluded that the PLLA/PVA system
is partially miscible. Tsuji et al. [75] also found phase separation in PLLA/PVA
blends, and the PLLA-rich and PVA-rich phases both formed a continuous domain
in the blend ﬁlm with PLLA weight fraction XPLLA ¼ 0.5 [XPLLA(w/w) ¼ PLLA/
(PVA þ PLLA)].
Molecular modeling calculations using atomistic molecular dynamics and mesoscopic dynamics of polymer melts, along with thermodynamic approaches, were
applied to predict the miscibility behavior of the PLLA/PVA blends. For the PLLA/
PVA 1 : 9 (mol : mol) composition, the calculated interaction parameter x23 was
smaller than the critical interaction parameter, and miscibility was therefore predicted for this composition (note also that molecular modeling calculations were
carried out with chains of very low molecular weight). Increasing the PLLA content resulted in higher x23 than x23,critical; therefore these polymer blends were
predicted to be immiscible. From the peak of the computing radial distribution
function (RDF) it was proposed that hydrogen-bonding interactions with the C
O
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group were responsible for the small miscibility window observed at low PLLA
contents.
The miscibility behavior of PLA/PVAc blends was reported by Gajria et al. [76],
who investigated their physical properties, degradation and surface tension. A single-phase behavior was observed, and the mechanical properties exhibited synergism in the range of 5 to 30 wt% PVAc. The miscibility of this system was also
conﬁrmed by Park et al. [77] according to the single Tg criterion. The Tg-composition dependence was found to follow the Fox–Flory equation, and the Flory–
Huggins interaction parameter was negative. Moreover, the presence of PVAc in
the interlamellar region of PLLA suggests a good interaction between both components. Similar results were also observed for this system when prepared by
solvent-casting [78]. Some research groups have proposed that the likely interactions between the carbonyl groups of PLA (proton acceptors) and the a-hydrogens
of PVAc (proton donors) could serve as the driving force for the miscibility of
these polymer blends [76,78]. Finally, the study was extended to blends of PLLA
with P(VAc-co-VA) copolymers with different degrees of hydrolysis. The insertion
of a small amount of vinyl alcohol units in the PVAc chains was found to preclude
the miscibility with PLLA, and the PLLA/P(VAc-co-VA) blends were found to be
immiscible according to the observation of two glass transitions and phaseseparated morphologies.
PLLA has also been blended with poly(ethylene-co-vinyl acetate) (EVAc)
copolymers [79]. EVAc# copolymers (where # denotes the wt% of VAc in the
copolymer) are synthetic random copolymers of an amorphous nature with Tgs
below room temperature and a low viscosity compared to PLA [80]. Miscibility
was found for the PLLA/EVAc85 system according to the single Tg criterion,
and to the slightly negative Flory–Huggins interaction parameter. On the other
hand, immiscibility was observed for the PLLA/EVAc70 system. Thus, the
introduction of 30 wt% ethylene into the vinyl acetate chains is able to hinder
the miscibility with PLLA.
2.3.1.4 PLA/Poly(e-caprolactone) (PCL) Blends
PCL is an aliphatic semicrystalline polyester obtained by the ROP of a relatively
economical monomeric unit, e-caprolactone; thus, it is composed of hexanoate
repeat units. PCL is known to be a highly processable polymer of low Tg value
(60  C) and low melting point (60  C), and is soluble in a wide range of
organic solvents. One outstanding mechanical property of this polymer is its
extremely high elongation at rupture [41]. PCL has been used as adhesive and
packaging material, though owing to its biocompatible and biodegradable nature
it has also been employed in the biomedical ﬁeld as scaffold in tissue engineering
applications and implantable biomaterials in long-term drug-delivery systems
[54,81]. Furthermore, PCL can form miscible blends with different polymer such
as poly(vinyl chloride) (PVC) [82], poly(carbonate) (PC) [83], poly(vinyl phenol)
(PVPh) [84], poly(vinyl methyl ether) (PVME) [85], and poly(styrene-co-acrylonitrile)
(SAN) [86]. PCL is also mechanically compatible with polyethylene, polypropylene,
natural rubber and PVA [81]. The carbonyl group present in the repeat unit of PCL
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can potentially establish intermolecular interactions with different polymers, in
particular with hydrogen-bond donors [87–90].
Blends of PLA with PCL have been investigated in order to toughen the PLA
matrix and broaden the application possibilities of both polymers. In spite of
the proximity between the solubility parameters of PLA and PCL (10.1 and
9.2 cal0.5 cm1.5, respectively), the bibliographic revision shows that PLA/PCL
blends are immiscible [59,91–98]. This fact suggests a lack of favorable speciﬁc
interactions between these two components [15,91]. Even though the blends of
these two polymers did not show the desired properties as a consequence of
their immiscible nature, there are some interesting and noteworthy results.
By means of DSC, polarized optical microscopy (POM) and dynamic
mechanical thermal analysis (DMTA), Tsuji et al. [99] found phase separation
in solvent cast mixtures of PDLLA with PCL, but they could not conclude
immiscibility for the PDLLA/PCL system because of the probability that the
cosolvent molecules might have induced the phase separation during solvent
evaporation. Furthermore, Lopez-Rodriguez et al. [100] observed phase separation for both melt-blended and solvent-cast PLA/PCL blends over the whole
range of compositions. The shift in the mechanical loss (tan d) peak observed
by means of DMTA suggested that PCL could be partially soluble in the PLArich phase. The morphology of the tensile-fractured surfaces of PLLA, PCL,
and their blends was investigated using scanning electron microscopy (SEM)
(see Figure 2.9). The images of PCL revealed ductile fractures with an
irregular morphology, while those of PLLA (Figure 2.9a) revealed brittle fractures. All PLLA/PCL blends were clearly phase-separated. The border compositions, PLLA/PCL 80/20 (Figure 2.9b) and PLLA/PCL 20/80 (Figure 2.9d),
showed spheres of dispersed phase into a continuous matrix. However, the
fracture surface of PLLA/PCL 80/20 was smooth, consistent with the brittle
behavior shown by the PLLA-rich blend in tensile tests, while the characteristics of the SEM micrograph of its PCL-rich counterpart (PLLA/PCL 20/80)
revealed a ductile fracture mode. The intermediate equimolar blend, PLLA/
PCL 60/40, showed an interconnected morphology and a ductile fracture
mode (Figure 2.9c). Sharp interphase boundaries could be observed in all
cases, with no signs of any good adhesion between PLLA and PCL.
Yang et al. [59] used DSC and optical microscopy to investigate the PLLA/PCL
system and reported phase separation in the melt, but also found that the crystallization rate of PLLA was enhanced by blending with PCL. Moreover, the partial
miscibility between these two polymers was suggested to increase the crystallization rate of PLLA. In addition, the existence of LCST phase behavior was probed
by Meredith et al. [101] for the PCL/PDLA blends. The critical temperature exhibited by the PCL/PDLA blends was 86  C and the critical composition was 0.36
(PCL mass fraction). The thermally induced phase separation at the critical and
off-critical compositions proceeded via spinodal decomposition, resulting in a
cocontinuous structure. This was in contrast to the dispersed particle-matrix structure that resulted from the nucleation and growth mechanisms. In addition to
these reports, other investigations regarding the crystallization, morphological
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Figure 2.9 Scanning electron microscopy images of fracture surfaces of (a) PLLA, (b) PLLA/PCL
80/20, (c) PLLA/PCL 60/20, and (d) PLLA/PCL 20/80.

and mechanical behavior of PLA/PCL blends have also been undertaken
[102–104].
Alternatively, other studies have focused on improving the miscibility of this
system by using copolymers of a similar chemical nature to the main components. For example, Dell’Erba et al. [93] used a high-efﬁciency melt mixing to
obtain a ﬁne dispersion of PCL domains in immiscible PLLA/PCL blends. Moreover, by adding small amounts of PLLA-PCL-PLLA triblock copolymer it was possible to achieve a more homogeneous distribution of particle size and to lower the
fraction of large domains; hence the copolymer acts as an interfacial agent in the
phase boundary. In another study, Na et al. [105] examined the behavior of blends
of PLA with block copolymers of PCL and PEG (PCL-b-PEG), and observed isolated PCL domains free from PLA chains in the blends when the PEG chains of
the copolymer were mixed into the amorphous region of PLA. This indicated a
compatibilizing effect of the PCL-b-PEG copolymers, and this was conﬁrmed by
means of mechanical properties and morphological analyses. The authors concluded that the PEG copolymer blocks were miscible with PLA while the PCL
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phase was still immiscible with the PLA matrix. Moreover, a similar study of
PLLA/PCL blends in the presence of PLLA-PEO and PLLA-PCL-PLLA block
copolymers showed the PEO block of the former copolymer to be a better emulsiﬁer than the central PCL block of the latter triblock copolymer [92]. Whilst the
thermal properties of the prepared blends were virtually unaffected by the presence of the copolymers, but the interface-related properties – such as morphology
or mechanical properties – were noticeably inﬂuenced.
2.3.1.5 PLA/Poly((R)-3-Hydroxybutyric acid)) (PHB) Blends
Poly(3-hydroxybutyrate) (PHB) was ﬁrst discovered in Bacillus megaterium during
the 1920s by Maurice Lemoigne, a French microbiologist. It is thought that bacteria store PHB as an energy source, and during recent years several chemical synthetic routes have been developed for its synthesis. PHB is a semicrystalline
isotactic biodegradable polymer that presents Tg and Tm values in the ranges of
5 to 20  C and 160 to 180  C, respectively. It is soluble in a wide range of solvents, and can be processed into different shapes and structures, such as ﬁlms,
sheets, spheres, and ﬁbers [41]. The semicrystalline copolymers of PHB and
3-hydroxyvalerate (PHB-PHV), show similar properties to PHB, but with lower
melting temperatures depending on the HV content. Since the homopolymer
PHB is a tough, brittle polymer, the less brittle and tougher copolymer has greater
potential as a biomaterial. Another unique property of PHB-PHV is its piezoelectricity, which makes it a potential candidate for orthopedic applications as
electrical stimulation is known to promote bone healing.
The polymer partner that has been examined most intensively for obtaining
blends with PHB is PLA, and several studies have focused on understanding
the interactions in PLA/PHB blends. The miscibility, crystallization and melting
behavior of PLA/PHB blends were investigated by Blumm and Owen [106], who
studied the spherulitic structure and melting behavior of the blends and found
the miscibility of the blends to be heavily dependent on the molecular weight of
PLLA. When the molecular weight of PLLA was low (Mn ¼ 1759), the blends
were miscible with PHB (Mn ¼ 222 000) in the melt over the whole composition
range, but when the molecular weight of PLLA was higher (Mn ¼ 159 400) the
blends showed phase separation. The dependence of the molecular weight of
PLLA on the miscibility of the PLLA/PHB blends (PHB Mn ¼ 300 000) was
examined in detail by Koyama et al. [107], who used PLLA with molecular
weights ranging from 9900 to 530 000 Da. The reported critical molecular
weight of PLLA to obtain miscible blends with PHB was about 18 000–
20 000 Da, from which a difference in solubility parameter of about
0.34 (J cm3)1/2 could be estimated using the Flory–Huggins equation. According to Yoon et al. [108], miscibility was observed only when the molecular
weight of PLLA was 11 700, or less. Although the PEG-b-PLA copolymer can
compatibilize the blends because of the miscibility of PEG with PHB, when the
molecular weight of PLLA was high (i.e., 56 000), the block copolymer did not
function effectively as a compatibilizer for the PHB/PLA blends. Along the
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same lines, when Ohkoshi et al. [109] investigated the miscibility of PLA/PHB
blends with different molecular weights, miscibility was demonstrated for lowmolecular-weight PHB, while for PHB with Mw ¼ 9400 a single Tg was observed
up to 50 wt% PHB in the blend. However, for high-molecular-weight PLA/PHB
blends (Mw (PHB) ¼ 140 000), two Tg-values at 59  C and 0  C were observed,
corresponding to the neat components. Moreover, Zhang et al. [110] reported
improved miscibilities in the blends obtained by melt blending compared to
those obtained by solvent casting. Whilst the latter blends were completely
immiscible, the melt-blended samples showed some evidence of partial miscibility, such as a depression of Tm and a decrease in the crystallinity of PHB in
the blends.
Other research groups have also investigated the behavior of this system by
using different molecular weights, and have reported similar results to those discussed above [111,112]. Malinova et al. [112] examined the miscibility of a commercial sample of PHB (Mv ¼ 285 500) with low- (Mv ¼ 9200) and high(Mv ¼ 153 000) molecular weight PLLAs, and found PHB to be miscible with the
former in the whole compositions range but immiscible with the latter. Wasantha
et al. [113] reported a partial miscibility for high-molecular-weight blends, while
Focarete et al. [114] observed miscibility for blends of high-molecular-weight PLA
with low-molecular-weight PHB.
Other reports have also been made with regards to the miscibility of PHB
with lactide-based copolymers. Focarete et al. [114] reported a partial miscibility
for blends comprising low-molecular-weight PHB and poly(L-lactide-coglycolide) (PLGA) copolymers. Koyama and coworkers [115] synthesized random copolymers of e-caprolactone (CL) and (D,L)-lactide (LA), P(CL-co-LA), with
a wide range of compositions (0–100 mol.% LA) and molecular weights (M n
¼ 1500–40 000), and then blended the P(CL-co-LA) copolymers with highmolecular-weight PHB. The blends of PHB with P(CL-co-LA) containing
40 mol.% LA were miscible, independent of the molecular weight of the P(CLco-41 mol.% LA) component ranging in Mn values from 1500 to 33 000. Miscibility or partial miscibility was claimed for blends of PHB with the remaining P
(CL-co-LA) copolymers, depending on the molecular weight of the copolymer.
Moreover, the miscibility analysis of PHB with a poly(D,L-lactide)-co-poly(ethylene glycol) (PELA) copolymer containing 8 wt% ethylene glycol revealed phase
separation [116]. When Furukawa et al. [117,118] compared the miscibility of
PLA with both PHB and the poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
copolymer (P(HB-co-HHx)), immiscibility was noted for both the PLA/PHB and
the PLA/(P(HB-co-HHx)) systems. Nevertheless, PLLA showed a better compatibility with P(HB-co-HHx) than with PHB.
2.3.1.6 PLA Blended with Poly(methyl methacrylate) (PMMA) and Poly(methyl
acrylate) (PMA)
PMMA is a linear, amorphous, synthetic, nonbiodegradable polymer with a high
transparency and good mechanical properties. It is classiﬁed as a hard and rigid –
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but brittle – material, but its tensile, compressive and ﬂexural strengths are
satisfactory for most applications. The two main advantages of PMMA are its easy
availability and preparation. Although some of these properties are common to
several other polymers, few of these are produced from liquid, nonvolatile and
low-cost monomers [119]. The miscibility of PLA with PMMA and PMA has been
investigated in several studies. Eguiburu et al. [23] prepared blends by solution/
precipitation and reported the miscibility of PMA with both amorphous and crystalline PLAs (PLLA and PDLLA were actually used). The PLA/PMMA systems
showed single but enlarged Tg widths for the PMMA-rich blends, indicating that
the system might be close to the miscibility limits. Nevertheless, additional experimental data obtained by means of DMTA and enthalpy relaxation supported the
miscibility of the PLA/PMMA system. Recent reports have also conﬁrmed the
miscibility of the PLA/PMMA blends [120,121]. When applying the Gordon–Taylor equation to both systems, the k-value for the PLA/PMA system was higher
than that for the PLA/PMMA system, which suggests that PMA has a greater ability to form miscible blends with PLA than does PMMA. When Zhang et al. [120]
prepared PDLLA/PMMA blends by both solvent casting and solution/precipitation, they observed two Tg-values for the former, which suggested the presence of
two segregated phases in the solvent cast blends. In contrast, a single Tg was
found for the solution/precipitation blends, indicating their miscibility. Phase separation in miscible systems prepared by solvent casting is usually attributed to the
Dx effect. The crystallization of PLLA was found to be greatly restricted by amorphous PMMA showing the typical behavior of miscible blends with amorphous
polymers with a higher Tg-value than that of the semicrystalline component.
Finally, similar tendencies were observed in the amorphous state for both PDLLA
and PLLA to form miscible blends with PMMA [120].
Li and coworkers provided an alternative explanation for the miscibility
behavior of the PLA/PMMA system [122,123]. The same group also reported
two Tg-values in the ﬁrst DSC scans for solvent-cast PLLA/PMMA blends,
although after heating at high temperatures (250  C), phase homogenization
of the two polymers led to miscibility on the basis of a single Tg observed in a
subsequent DSC scan. According to these authors, these results can be attributed to UCST phase behavior (the system is miscible at high temperature but
becomes phase-separated on cooling). The possibility of transesteriﬁcation
reactions at temperatures around the UCST was excluded in the blends by
means of NMR analysis. However, the authors did not include any blends
obtained by solution/precipitation, and consequently their results may appear
inconclusive, in the sense that the initial phase separation might actually have
been due to the Dx rather than to the UCST behavior. It should be noted that
although the authors were able to observe a miscibilization of the system at
high temperatures upon heating, they did not report any phase separation in
the melt (above the crystallization temperature of PLLA) upon cooling. They
also investigated the effect of the tacticity of PMMA on its miscibility with
PLA, and observed similar phase behaviors for both the atactic PMMA
(aPMMA) and the syndiotactic PMMA (sPMMA). The isotactic PMMA
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(iPMMA) was, however, immiscible at any temperature up to the degradation
temperature.
2.3.1.7 PLA/Poly(4-vinylphenol) (PVPh) Blends
PVPh is a synthetic amorphous polymer that contains a hydroxyl group attached
to a pendant phenyl ring, and is a strong proton donor. Interactions of the
hydroxyl group of PVPh with proton-accepting functional groups (such as ester,
carbonyl, ether, and pyridine groups) originates intermolecular hydrogen bonding
[124–127]. Furthermore, in the case of the blends of PVPh with PLA, the small
difference in the solubility parameter of PVPh (10.6 cal0.5 cm1.5) and PLLA
(10.1 cal0.5 cm1.5), indicates that this polymer pair can be miscible.
The miscibility of high-molecular-weight PLAs with PVPh was ﬁrst investigated
by Zhang et al. [25,26], who reported a partial miscibility for this system. According to their results, the Tg of the PVPh-rich phase remains almost invariant, while
the Tg of the PLA-rich phase increases steadily with the content of PVPh in the
blend. Thus, the authors concluded that the system was actually phase-separated,
with one phase containing almost pure PVPh and the PLA-rich phase containing
up to 17 wt% PVPh. Blends of PLA with a low-molecular-weight PVPh samples
(Mw ¼ 13 000) were later investigated by Chen et al. [128], who observed complete
miscibility over the whole range of compositions. Subsequently, Chen et al. argued
that the conﬂict between their results and those of Zhang et al. was due either to
the different molecular weights of PVPh (Zhang et al. used PVPh samples of
higher Mw, from 22 000 to 30 000), or to the different solvents (dimethylformamide versus tetrahydrofuran and, consequently, the different casting temperatures) used in the blend preparation. The miscibility of the system was ﬁnally
revisited by Meaurio et al. [17,18,27,28], who blended high-molecular-weight samples of PLA and PVPh (Mv ¼ 30 000 g mol1) and observed a similar phase behavior to that reported by Zhang et al. when the blends were prepared by solvent
casting. However, complete miscibility was shown in the second DSC scans when
the blends had been prepared by the solution/precipitation method. Phase separation for the solvent-cast blends was attributed to the Dx effect, which takes into
account that the phase behavior of a solvent(1)–polymer(2)–polymer(3) ternary system depends not only on the polymer–polymer interaction parameter x23 but also
on the difference in strengths of the polymer–solvent interaction parameters, Dx
¼ jx12  x13j. Provided that Dx is sufﬁciently large compared to x23, theoretical
models of ternary systems can predict phase separation even if the polymers are
compatible (x23 < 0) because these systems can show closed immiscibility regions
in the ternary phase diagram, leading to phase-separated systems during the solvent casting step [129].
The interassociation interactions in the PLA/PVPh blends were analyzed using
FTIR analysis [18]. Figure 2.10 shows the hydroxyl stretching region for pure
PVPh and PLLA/PVPh blends of different composition. The spectrum of pure
PVPh shows a broad, complex band due to the addition of contributions arising
from a wide number of different species. The shoulder observed at about
3535 cm1 has been attributed in the traditional literature to free OH groups,
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Figure 2.10 Hydroxyl stretching region for PLLA/PVPh blends of different composition at room
temperature.

though recent investigations have indicated that it should be assigned to hydroxyl
groups interacting with aromatic rings (OH  p interactions) [130]. The free OH
stretching band has been claimed to occur at about 3600 cm1, but is undetectable
in the spectrum of pure PVPh [131]. Hydroxyl–hydroxyl autoassociation occurs in
a wide range of different species including dimers and trimmers, and results in a
very broad band centered at about 3360 cm1 [18,132–134]. Upon mixing with
PLLA, the maximum of the OH stretching band shifts to higher frequencies. The
location of the hydrogen-bonded hydroxyl stretching band is related to the
strength of the hydrogen bond interactions, and fact Coleman et al. [135] have
used the frequency difference (Dn) between the hydrogen-bonded hydroxyl
absorption and the free hydroxyl absorption to measure the average strength of
the intermolecular interaction. The observed blue shift indicates that the

C interassociation interactions formed upon the addition of PLLA to
OH  O

PVPh are weaker than the initially existing OH  OH autoassociating interactions.
This behavior is consistent with the negative deviation relative to the Fox equation
observed for the dependence of Tg on composition in this system. In addition, in
the PLLA-rich compositions, most of the OH groups of PVPh should be interassociated, and the location observed for the PLLA/PVPh 80/20 composition
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(3500 cm1) can be actually assigned to the OH  O

C interactions. This value is
larger than the typical value observed for other polyester/PVPh systems
(3440 cm1). Interestingly, the analysis of the OH stretching region reveals that
C hydrogen bonds in the PLA/PVPh system are weaker than in simthe OH  O
ilar polyester/PVPH systems.
The polymer–polymer interaction parameter for the PLA/PVPh system,
obtained from melting point depression measurements, x23 ¼ 0.4, was also
smaller than the typical values reported for other polyester/PVPh systems (x23 values in the range of 1.0 to 1.4), in agreement with the analyses performed
C interactions in
using FTIR. The weaker nature of the interassociating OH  O
the PLA/PVPh systems was explained in terms of functional group accessibility
issues, which when considered as a whole include several steric effects such as
intramolecular screening, steric hindrances, steric shielding effects, group spacing, and chain stiffness [27]. Among these effects, steric shielding (where a portion of the molecule shields the functional group) was considered the most
relevant factor for explaining the weaker nature of the interactions in the PLA/
PVPh blends [27].
In addition to the experimental analyses, MD simulations using the COMPASS
force-ﬁeld were performed to gain insight into the miscibility behavior of the
PLLA/PVPh and PDLLA/PS blends [17]. Figure 2.11 shows the snapshots of amorphous unit cells of PLLA/PVPh blends of different compositions. In agreement
with the experimental results, molecular modeling calculations predicted miscibility for the PLLA/PVPh system. The calculated Flory–Huggins interaction parameter (x) was also in reasonable agreement with the experimental results, and also
with estimations based on existing miscibility models. Finally, although the dependence of the interaction parameter with composition and the prediction of miscibility were correct, the molecular modeling analyses were found to underestimate
the strengths of the interactions.
2.3.1.8 PLA Blended with Poly(butylene succinate) (PBS) and Poly(ethylene
succinate) (PESu)
Poly(butylene succinate) (PBS) is a highly crystalline biodegradable polyester with
Tg and Tm values of about 30  C and 115  C, respectively. PBS is produced via a
polycondensation reaction of 1,4-butanediol and succinic acid, both of which
monomers can be obtained from renewable sources. The tensile yield strength
of unoriented specimens may reach 30–35 MPa, and is comparable to that of
polypropylene. PBS is a ﬂexible material with a Young’s modulus in the range
300–500 MPa, depending on the degree of crystallinity [136]. Therefore, the blending of PBS with PLA should increase the toughness and the rate of crystallization
of the PLA, without compromising the biodegradability of the ﬁnal material
[137,138].
The miscibility of PLA/PBS has been investigated by several groups, and
immiscibility has been reported in all cases [137–142]. For example, Park and Im
[138] observed a jump in speciﬁc heat at temperatures close to the Tg of PLLA for
the whole range of blend compositions, indicating the existence of a PLLA-rich
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Figure 2.11 Snapshots of the amorphous unit cells of PLLA/PVPh blends of different composition, containing (a) 1-1, (b) 1-4 and (c) 4-1 chains of PLLA-PVPh. Snapshots (d) and (e) display
H  O
H hydrogen bonds.
respectively O
H  O C and O
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phase. Both, Bhatia et al. [139] and Shibata et al. [143] also investigated this system
and found that the blends showed some compatibility when the composition of
PBS was below 20 wt%. In contrast, immiscibility in the molten state was reported
by Yokohara et al. for high-molecular-weight PLA/PBS blends (MwPLA ¼ 3.5  105
and MwPBS ¼ 1.5  105) [137]. The blends exhibited a phase-separated structure,
while a system comprised of 5–20 wt% PBS exhibited a PBS dispersed phase in
the PLA matrix. The interfacial tension of PBS and PLA, as estimated from a rheological emulsion model, was 3.5 mN m1. This result was also indicative of the
immiscibility of this polymer pair.
Poly(butylene succinate-co-butylene carbonate) (PEC) is a random copolymer
which has been recently developed by Mitsubishi Gas Chemical Company as a
new biodegradable thermoplastic. PEC contains a small amount of butylene carbonate units (10 mol.%) that reduce the crystallization degree of the butylene
succinate repeat units without signiﬁcantly affecting the transition temperatures
(Tg ¼ 26  C and Tm ¼ 106  C in the case of PEC), that remain close to the values
of PBS [144]. When Hirano et al. [145] investigated the miscibility of PEC
(Mw ¼ 105) with low-molecular-weight PLA (Mw ¼ 2000 g mol1), miscibility was
observed for the polymer/oligomer system, and the dependence of Tg on composition was found to follow the Fox equation.
Poly(ethylene succinate) (PESu) is also a crystalline biodegradable polyester with
Tg and Tm values of 10  C and 105  C, respectively. Lu et al. [146] studied the
miscibility of blends of PESu with PLA, and reported an immiscibility of the system. Woo and coworkers [147] recently conducted another study which conﬁrmed
UCST behavior for the PLA/PESu blends. The cast blends were found to be
immiscible at room temperature, but were transformed into homogeneous mixtures on heating to high temperatures. The PLA/PESu blends could also be locked
into a quasi-miscible state by quenching from above the UCST. These quasimiscible blends were analyzed to assess the strength of the interactions by using
a melting-point-depression method; this led to an interaction parameter x ¼
0.73, and suggested moderate to strong interactions, as might be expected for
carbonyl-containing polymers. Furthermore, characterization of the spherulite
growth rates of PESu in the UCST-quenched PLA/PESu blends of different composition revealed that the amorphous component of higher Tg (PDLLA) signiﬁcantly depressed the growth rates of the blends, supporting the quasi-miscible
state of the UCST-quenched PLA/PESu blends. Finally, the L/D conﬁguration in
PLAs did not inﬂuence the phase behavior of this system; rather, the UCST was
elevated with increasing Mw of PLAs in the blends.
2.3.1.9 PLA Blended with Poly(propylene carbonate) (PPC) and Poly(trimethylene
carbonate) (PTMC)
Poly(propylene carbonate) (PPC) is a biodegradable aliphatic polycarbonate that is
synthesized from carbon dioxide and propylene epoxide. It is an amorphous polymer with Tg at about 20  C that can be used as a toughening agent [148–150].
Both, PLA and PPC were reported to be compatible materials; adding PLA to PPC
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enhanced the Tg and the thermal stability (measured by thermogravimetric analysis) of PPC in blends. Several possible interactions between the chains of PLA and
PPC were suggested according to the FTIR analysis [150].
Poly(trimethylene carbonate) (PTMC) is an amorphous elastomeric biomaterial
with a Tg of about 15  C. PTMC exhibits good mechanical properties, including
high toughness and tensile strength. Blends of PTMC and PLA were reported by
Moon et al. [151]. The miscibility of PTMC and PLLA at the air/water interface
was found to depend on the pH of the subphase. The PTMC/PLLA blends were
miscible at neutral conditions (pH 7.4), whereas phase separation was observed in
basic conditions (pH 10.7). The phase-separation behavior at pH 10.7 was related
to the interruption of the attractive interaction between PTMC and PLLA, induced
by extra sodium and hydroxide ions existing at the air/water interface. On the
basis of these results, a mechanism for the hydrolytic degradation of PTMC and
PLLA was proposed.
2.3.1.10 PLA/Poly(styrene) (PS) Blends
Poly(styrene) (PS) is a synthetic nonbiodegradable polymer. The interfacial tension
between PLA and PS, measured using a modiﬁed deformed drop retraction
(DDR) method, was 6.1 mN m1 at 200  C, indicating immiscibility for the PLA/
PS system [152,153]. Mohamed et al. [154] studied the PLA/PS system by means
of Fourier transform infrared-photoacoustic spectroscopy (FTIR-PAS), with the
aim of probing the level of intermolecular interactions between the components
of the blend. This analysis suggested the existence of n–p interactions between
PLA and PS, indicating some extent of molecular impingement. However,
immiscibility was concluded according to DSC results. Miscibility can be
enhanced through the incorporation of OH side groups into PS, as proposed by
Zuza et al. [155], who synthesized poly(styrene-co-hydroxystyrene) (PSHS) copolymers (also termed poly(styrene-co-vinylphenol) (PSVPh) copolymers) with different hydroxystyrene (HS) contents which were subsequently blended with PDLLA.
A molar content of about 16 mol.% HS (PSHS16) was found necessary to promote
complete miscibility of the PDLLA/PSHS system. The SEM micrographs in
Figure 2.12 show clear phase-separated morphologies for the PDLLA/PS system,
while homogeneous single-phase morphologies were found for the PDLLA/
PSHS16 system. Different properties of the immiscible PLA/PS systems have
also been investigated by others [156–158].
2.3.1.11 PLA Blended with Other Polymers
In addition to the systems discussed above, other studies documenting the miscibility of PLA with several blend partners have been conducted. Nonetheless, the
literature dealing with each of these systems is scarce, and it was preferred that
these were included in a different section. Blends of polyamide (PA) with PLA
were recently reported by Feng et al. [159]. When these authors studied the structure and properties of blends by means of FTIR, DMTA, DSC and SEM analysis,
the DSC scans showed two Tg-values located at about the glass transition temperatures of PLA and PA, and slightly shifted towards each other. This behavior
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Figure 2.12 Scanning electron microscopy images of fractured surfaces. (a) PDLLA/PS 75/25;

(b) PDLLA/PSHS16 50/50.

suggested a partially miscible system, probably due to hydrogen bonding between
the molecules of PA and PLA. In addition, a strong interfacial adhesion was
claimed to explain the improved tensile properties of this system. The same
research group also investigated blends of PLA with a thermoplastic polyurethane
(TPU) [160], the chemical structure of which was similar to that of the PA, but the
TPU contained an ether group in its repeat unit. The PLA/TPU blends showed
improved toughness, and the Tg-values of PLA and TPU in the blends were also
shifted towards each other; this suggested a partially miscible system, presumably
because of hydrogen-bonding interactions between the molecules of TPU and
PLA. The morphological analysis showed well-dispersed spherical particles of
TPU in the PLA matrix.
Poly(ethylene terephthalate) (PET) is a commercially important engineering
thermoplastic with good thermal and mechanical properties, low permeability,
and chemical resistance. It is widely used for producing bottle containers and
food packaging, and is therefore an interesting blend partner for PLAs. Its Tg is in
the region of 70  C (quenched, amorphous PET) to 80  C (crystalline PET), and its
Tm is about 250  C. When binary blends of PET and PLA were studied by Chen
et al. [161], using DSC and X-ray scattering, the mixture was found to be miscible
in the melt over the entire composition range, according to the single Tg criterion.
Moreover, PET was found to have a higher ability than PLA to form the rigid
amorphous fraction (RAF), leading to a large solid fraction once the PET had
crystallized.
Lin et al. [162] modiﬁed PLA with a biodegradable hyperbranched poly(ester
amide) (HBP) and reported that mixtures presented lower Tg-values than the neat
polymers, indicating a partial miscibility of the blends that was attributable to
hydrogen-bonding interactions between the carbonyl group of PLA and the
hydroxyl and/or amine groups of HBP. This component was found to act primarily as a plasticizer that improves the mechanical properties of PLA. When Zhang
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et al. [163] studied melt-blended PLA/HBP systems containing up to 20 wt% HBP,
the miscibility of HBP in PLA was found to decrease with an increase in HBP
concentration, indicating a partial miscibility for this system. Subsequent FTIR
analysis demonstrated intermolecular hydrogen bonding between PLA and HBP,
thus restricting the mobility of PLA. DSC thermograms revealed two Tg-values for
compositions exceeding 10 wt% HBP, and miscible blends were only found for
compositions below 10 wt% HBP. Other new high-molecular-weight plasticizers
for PLA were proposed by Okamoto et al. [164]. These new plasticizers were
polyester-diols (PED), and the blends of these components with PLA resulted in
homogeneous or phase-separated blends, depending on the composition. Miscible
blends were formed with 20 wt% of polyethylene adipate (PEA) or polydiethylene
adipate (PDEA), while phase-separated blends were obtained with 20 wt% of polybutylene adipate (PBA) or polyhexamethylene adipate (PHA). The PEDs miscible
with PLA were those with solubility parameters, d, closest to that of PLA.
2.3.1.12 PLA Blended with Other Copolymers
This section describes the blends of PLA with copolymers that are not discussed
in the preceding paragraphs. Thermoplastic Konjac glucomannan (TKGM) is a
graft copolymer synthesized from konjac glucomannan (a high-molecular-weight
polysaccharide) grafted with vinyl acetate and methyl acrylate. Hence, TKGM contains polyether and mannose as soft and hard polymer segments, respectively.
Melt blends of TKGM and PLA were thermodynamically miscible, as evidenced
by a single composition-dependent Tg, single-phase morphologies, and the establishment of interactions between TKGM and PLA in the blends [165].
2.3.2
Blends Containing Poly(e-caprolactone) (PCL)

PCL is a biodegradable, biocompatible, and semicrystalline aliphatic polyester with
Tg and Tm at about 60  C and 60  C, respectively [166]. Blends with PCL are probably among the most widely investigated series of blends involving one or more crystallizable components and, in this context, provide information that enhances the
general understanding of polymer blends. PCL forms miscible blends with PVPh
[84], poly(vinyl chloride) (PVC) [82], poly(carbonate) (PC) [83], poly(p-chlorostyrene)
(PpCIS) [167], polyphenols [168], phenolics [169], poly(phenyl methacrylate)
(PPhMA) [170], poly(benzyl methacrylate) (PBzMA) [171], poly(styrene-co-acrylonitrile) (SAN) [86], poly(4-hydroxystyrene-co-methoxystyrene) (HSMS) [89] and poly
(vinyl methyl ether) (PVME) [85]. In contrast, immiscibility was reported on blends
of PCL with PGA, PLA [91], PHB, PHBV [172], CAB [173] and PS [174].
2.3.3
Blends Containing Poly(hydroxy butyrate) (PHB)

In addition to PLAs and PCL, PHB is among the most widely studied of the biopolymers. PHB is a thermoplastic aliphatic polyester that is produced by bacterial
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fermentation and belongs to the group of poly(hydroxyalkanoate)s (PHAss). Miscible blends were prepared by mixing PHB with PVAc [175], PVC [176], PEO [177],
cellulose acetate butyrate (CAB) [178], cellulose acetate propionate (CAP) [179],
PVPh [180], poly(epichlorohydrin) (PEC) [181], poly(ethylene succinate) (PES)
[182], poly(vinylidene chloride-co-acrylonitrile) (P(VDC-AN)) [180,183], and poly
(vinyl acetate-co-vinyl alcohol) (P(VAc-co-VA) [184]. In addition, microbial isotactic
PHB is miscible with synthetic atactic PHB, the atactic PHB being located in
the amorphous region between the crystalline lamellae of microbial PHB [185].
On the other hand, immiscibility or partial miscibility has been determined
between PHB and certain blend partners such as PMMA [186], PVA [187] and
PCL [188].
2.3.4
Blends Containing Poly(p-dioxanone) (PPDO)

PPDO is a colorless, semicrystalline polymer prepared by the ROP of p-dioxanone.
The polymer exhibits a very low Tg in the range of 10  C to 0  C, and melts at
about 110  C. PPDO undergoes degradation by the nonspeciﬁc scission of the
ester moieties located in the chain backbone. However, due to the high crystallinity and hydrophobicity of the polymer, it can be considered a slow to moderately
degrading polymer [41]. PPDO is actually an aliphatic polyether-ester with particular characteristics that are owed to the coexistence of ether and ester groups that
endow PPDO with special characteristics, such as excellent biodegradability and
ﬂexibility [189]. In spite of the outstanding properties of PPDO compared to other
commercially available absorbable polymers (e.g., polylactide or polyglycolide),
investigations focused on PPDO are few in number. Most studies with this polymer have been directed towards its structural characterization or biodegradation
behavior. In fact, only a few studies have been conducted to date examining the
miscibility of PPDO, and the only miscible counterpart reported until now is poly
(ethylene succinate) (PES) [190]. The chemical structures of both PPDO and PES
are very similar, and in fact the Tg difference between PPDO and PES is less than
5  C; the Tm difference is also less than 5  C, and therefore PES seems not to be an
interesting mate to modify the mechanical properties of PPDO. On the other
hand, immiscible blends of PPDO have been reported with PHB [191], PLLA
[192], PDLLA [193], and PVA [194]. In a recently study, PPDO and PVPh were
found to be completely miscible over the whole range of compositions, according
to the single Tg criterion [195]. The dependence of Tg on composition showed a
negative deviation relative to the Fox law. The splitting observed in the C
O
stretching band of amorphous PPDO was explained in terms of the intramolecular ether–ester interactions that occur in the oxyethanoate structures
(OCH2COO) present in the repeat unit of PPDO. Based on this preliminary analysis, the FTIR spectra of the blends were analyzed and it was estab
O
lished that interassociation contacts occur almost exclusively with the C

groups of PPDO, while the number of contacts with the ether groups of PPDO is

not signiﬁcant. The red shift observed in the C

O stretching band relative to the
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“free” C

O groups was about 23 cm , in good agreement with the values
observed in other polyester/PVPh systems.

2.3.5
Blends Containing Poly(glycolic acid) (PGA) or Polyglycolide

Polyglycolide can be considered one of the ﬁrst biodegradable synthetic polymers
investigated for biomedical applications. PGA is a highly crystalline polymer
(45–55% crystallinity) that exhibits a high tensile modulus with very low solubility
in organic solvents. The Tg of the polymer ranges from 35 to 40  C, and the melting point exceeds 200  C. In spite of its low solubility, PGA has been fabricated
into a variety of forms and structures. with extrusion, injection and compression
molding, as well as particulate leaching and solvent casting, being some of the
techniques used to develop PGA-based structures for biomedical applications [41].
Blends of PGA were reviewed by Rocha et al. [196], who investigated blends of
PGA with PCL, poly(D,L-lactide), and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBHV). The speciﬁc heat jumps that corresponded to the glass transitions of
the pure polymers were found not to be shifted upon blending, indicating a lack
of miscibility, as expected according to thermodynamic estimations [197]. In
another study, Ellis et al. [198] found that blends of PGA with polycarbonate
showed the presence of two Tg-values that were unchanged relative to those of the
pure components, and concluded the immiscibility of the blend.

2.4
Revision of Blends Based on Natural Polymers

Natural materials are often complex composites with outstanding mechanical
properties. Such complex structures, which have evolved over hundreds of millions of years of evolution, are currently inspiring materials scientists to design
novel materials. Blending represents one of the simplest methods for designing
new materials, and natural polymers have attracted a great deal of attention during
the past few decades when new materials have been sought for potential biomedical applications, whether mixed with themselves or combined with synthetic
polymers. This ﬁnal section of the chapter provides a brief revision of the most
widely studied and applied natural polymers such as starch, cellulose and chitosan
(which are polysaccharides), and collagen (which is a protein).
2.4.1
Blends Containing Starch

Starch, a biodegradable carbohydrate obtained from natural resources, is composed of D-glucose units polymerized enzymatically by plants. During starch synthesis, two different types of polysaccharide are generated: 10–20% amylose
(D-glucose monomers linked through alpha(1 ! 4)glycosidic bonds forming linear
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chains) and 80–90% amylopectin (amylose chains branched through alpha(1 ! 6)
glycosidic linkages at about every 30 glucose units). Native starch adopts the form
of small granules of very characteristic sizes, depending on its origin. The structure of the starch granules is governed by the structure of the dominant polysaccharide, amylopectin; the radially aligned chains are hydrogen-bonded, and the
number of branches increases with radius in the amounts required to ﬁll up
the space [199–202]. Starch has been used as a ﬁller for plastics for the past two
decades. It has the advantages of being renewable, biodegradable, abundantly
available, and cheap. However, the major drawback of using starch in polymers is
its high moisture sensitivity, which limits its application and increases its susceptibility to thermomechanical degradation during processing [200,203].
Many reports have been made concerning the use of starch with other polymers,
and some of these have focused on the miscibility and mechanical properties of
the blends. The combination of starch with water-soluble polymers such as PVA
and/or polyalkylene glycols has been widely considered since 1970 [201,202].
Blends of starch with PVA have been shown to be compatible; compared to with
pure starch, blends present an improved tensile strength, elongation and processability [202,204]. Blends of starch with poly(ethylene-co-vinyl alcohol) (EVA) have
been shown to form an “interpenetrated” structure that results in the total
insolubility of starch [201,202,205,206]. Other systems that have been investigated
are based on incompatible synthetic polymers such as cellulose, cellulose derivatives, or aliphatic polyesters [203,207]. With regards to aliphatic polyesters, blends
with PLA showed two distinct Tg-values, although the Tg-value corresponding to
the PLA-rich phase shifted towards the Tg of starch with changing blend compositions, indicating some degree of interaction [208]. Observations made using
microscopy revealed nonuniformly dispersed PLA inclusions in the starch matrix,
and conﬁrmed that phase separation had occurred [209]. The tensile strength and
elongation was decreased almost linearly as the starch content was increased. As a
consequence of its heterogeneous structure and incompatibility, starch has mainly
been studied with other nonbiodegradable polymers such as HDPE and LDPE, in
order to obtain plastics with improved biodegradability [210].
Other aliphatic polyesters blended with starch include PCL, polybutylene succinate adipate (PBSA) and PHAs [202,203,207]. Starch/PCL blends observed using
SEM showed a dispersion of the starch-rich phase within the continuous PCL
matrix; however, these blends showed poor tensile properties [207]. With regards
to PHAs, poly(3-hydroxybutyrate) (PHB) has been blended with both starch and
thermoplastic starch (TS; this is starch plasticized with glycerol). In the case of
PHB/starch blends, the Tg of PHB was shifted slightly to higher temperatures
with the addition of starch, and the addition of up to 30 wt% starch only slightly
improved the mechanical properties of PHB, indicating a certain degree of compatibility. Interestingly, blending PHB with TS caused a notable rise in both the Tg
and the mechanical properties of the polyhydroxyalkanoate. Detailed analyses of
miscibility behaviors in this PHB/TS system are complex, due to the chemical
complexity of this ternary system [211]. Studies of different types of starch
blended with PHBV have shown that all the blends presented a general worsening
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of the mechanical properties [212,213]. As a consequence, compatibilizers were
introduced into the systems to improve the compatibility between aliphatic polyesters such as PCL, PBS and PHBV and starch. In most cases, the compatibilizer
would contain an anhydride functional group and was incorporated to the polyester backbone. The results of these studies showed that tensile strengths close to
that of the synthetic polyester could be obtained with only small amounts of compatibilizer [214].
2.4.2
Blends Containing Cellulose

Cellulose is the most abundant natural polymer, and is the structural component
of the primary cell wall of green plants. It is a linear polysaccharide consisting of
10 000 to 15 000 D-glucose units linked together by b-(1 ! 4) glycosidic bonds. The
main difference between cellulose and other D-glucose-based polysaccharides is
that the glucose residue in cellulose is in the b conﬁguration while that in amylase, amylopectin and glycogen is in the a conﬁguration. This difference provides
cellulose with unique physical and chemical properties [215]. In particular, the
natural cellulose molecule adopts an extended and rather stiff rod-like conformation, aided by the equatorial conformation of the glucose residues. The multiple
hydroxyl groups on the glucose from one chain form hydrogen bonds with oxygen
atoms on the same or on a neighbor chain, so that the chains are held ﬁrmly
together side-by-side and form microﬁbrils with high tensile strength. This structure is important in conferring rigidity to plant cells, but makes cellulose a very
difﬁcult-to-dissolve linear polymer. In fact, only a few specialized solvents, such as
N-methylmorpholine-N-oxide (NMMO) and ionic liquids will dissolve cellulose
without chemical modiﬁcation, and are in fact used to produce regenerated celluloses (e.g., viscose and cellophane) from dissolved pulps. Notably, the constrained
solubility of cellulose has hindered investigations of its miscibility, for which
many studies have utilized cellulose either in the form of ﬁbers or as cellulose
derivatives which have much broader solubilities.
Cellulose has been reported as being miscible with strong hydrogen-bond
acceptors such as poly(4-vinylpyridine) [216] and poly(vinylpyrrolidone) [217]. In
addition, miscibility has been reported in blends of cellulose with PVA, a system
presenting a complex interassociation pattern, since the hydroxyl groups present
in both polymers can act as both hydrogen bond donors and acceptors [216,218].
In contrast, phase separation has been observed in blends with PCL, nylon 6 and
poly(acrylonitrile) (PAN) [216,219]. The compatibility of the chitin/cellulose system
was studied using the D2O sorption method in ﬁlms of varying composition, and
by small-angle neutron scattering. The structure of the ﬁlms was shown to change
from homogeneous to microheterogeneous with an increasing content of the second component, while good compatibility was observed only for those blends containing very small amounts (up to 2.5 wt%) of the second component [220,221].
Blends based on cellulose derivatives have been widely investigated, and their
review is beyond the scope of this chapter. For example, when cellulose acetate
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butyrate was blended with PHBV, using melt compounding, the structure and
mechanical properties were shown to depend on the PHBV content. Notably,
when the PHBV content was below 50 wt% the blends were amorphous, but they
became semicrystalline at higher polyhydroxyalkanoate contents. Partial miscibility was observed with high PHBV contents [202,207,222].
2.4.3
Blends Containing Chitosan

Chitin and chitosan are natural, biodegradable polymers that occur abundantly in
the natural world, forming the main components of the cell walls of fungi and the
exoskeletons of arthropods such as crustaceans and insects. Chitin is a linear
homopolymer composed of units of N-acetylglucosamine (a derivative of Dglucose). Chitosan is obtained by the deacetylation of chitin (enzymatically driven
in Nature, or via strong bases in the laboratory), a reaction that converts a fraction
of the N-acetylglucosamine units into N-glucosamine units. Similar to cellulose,
chitin is very difﬁcult to dissolve. When chitin is deacetylated to at least 50 wt%, it
becomes soluble in diluted acids and is then referred to as chitosan. The latter
material has great potential in pharmaceutical and cosmetic applications due to its
biocompatibility, high charge density, nontoxicity and mucoadhesion. Recently,
chitosan has attracted attention because the range of its applications has been
extended to medical, wastewater treatment, biomembranes and hydrogel development [223–227]. It can also be used in many formulations employed for drug
delivery.
Many research groups have attempted to modify the properties of chitosan,
and to develop new methods for preparing polymer blends of chitosan and chitin with natural and synthetic polymers. The applications of these materials
have been reviewed by Rogovina et al. [228]. Chitosan has been shown miscible
with PVP, and possible applications have been discussed for this material [229].
Miscibility has also been reported for blends with other tertiary polyamides,
namely poly(N-methyl-N-vinyl acetamide), poly(N,N-dimethyl acrylamide), poly
(2-methyl-2-oxazoline), and poly(2-ethyl-2-oxazoline). Both, PEO and PVA are
synthetic polymers currently used in biomedical applications on the basis of
their biocompatibility, and hence they are interesting candidates to be blended
with chitosan. Although miscibility has been reported for the chitosan/PEO system, immiscibility has been demonstrated for the chitosan/PVA system, most
likely due to the strong autoassociation of PVA [230]. Miscibility has also been
reported in blends of chitosan with collagen. Other interesting synthetic biocompatible polymers are PLA and nylon 6, although their blends with chitosan
show phase separation [231–233]. PCL has been used together with chitosan in
the preparation of several materials for medical applications; in particular,
blends of chitosan with PCL have been studied both as a membrane and also
as particles [234]. Chitosan has also been blended with several other polysaccharides derived from plants, such as cellulose [235,236], alginates [237], and
dextran [238].
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2.4.4
Blends Containing Collagen

Collagen is the most abundant protein in animals, where it provides the principal
structural and mechanical support. It is a major structural protein, forming
molecular strands that strengthen the tendons as well as vast resilient sheets that
support the skin and internal organs. Collagen is a rather stiff and hard protein
that has been compared to steel in structures – not because of its strength but
rather because it is a basic structural component of the body [166,215].
The solubility of collagen depends heavily on the age of the tissue from
which it is derived [239]. For soluble collagen, it is possible to obtain a blend
with the synthetic polymer using a common solvent. Collagen-based materials
are widely used in reconstructive medicine, pharmacy and cosmetics. Several
reports have been made concerning blends of collagen, some of which have
focused on the miscibility of the systems [166]. By using viscometric analysis,
miscibility has been demonstrated for binary blends containing collagen and
PVP [240]; the collagen/PVA system also showed miscibility at the molecular
level. The speciﬁc interactions responsible for miscibility in the aforementioned systems have been analyzed in thin ﬁlms, using FTIR spectroscopy.
The amide carbonyl group of PVP in the collagen/PVP system was observed
to shift to lower wavenumbers, suggesting hydrogen-bonding interactions
between collagen and PVP. In another study, viscometric data obtained for
binary blends containing collagen/PEO and collagen/PEG showed that collagen and these polymers were immiscible, although the FTIR spectra revealed
some minor interactions between collagen and PEO and/or PEG in the solid
state [241]. When the collagen/PLA system was investigated by means of DSC,
SEM, tensile tests and biodegradation studies, it was concluded that PLA/
collagen forms an immiscible system where collagen separates into a coarse
phase. In this case, the mechanical properties were drastically reduced compared to pure PLA, and only the rate of biodegradability was improved by the
addition of collagen [242].
Many studies have been conducted with blends based on collagen and chitosan [116,243,244]. The ultimate properties and applications of these blends
depend mainly on the concentrations of the individual components.
Sionkowska et al. [243] investigated the molecular interactions between collagen
and chitosan by using viscometry, wide-angle X-ray scattering and FTIR analysis, and showed that the collagen/chitosan blends were miscible at the molecular level. These authors also observed that the interassociation interactions
altered the initial helical conformation of collagen and, in turn, its overall physical properties. More recently, tertiary blends have attracted much attention, and
such blends composed of PCL, elastin and collagen have been prepared to
mimic the structure of native arteries. Subsequently, the electrospinning of
these blends led to the production of nanoﬁbrous to microﬁbrous three-layered,
small-diameter vascular grafts in which each layer demonstrated distinct
material properties [245].

Appendix 2.B List of Abbreviations and Nomenclature

Appendix 2.B List of Abbreviations and Nomenclature

The abbreviations of individual monomers, polymers and copolymers are based
on those used by the original authors and are identiﬁed within the text. However,
some more generally used abbreviations are as follows.
2.B.1
Chemical Terms

Preﬁxes: R-, alkyl-, Me-, methyl-, Et-, ethyl-,Bu-, butyl-, Pr-, propyl-, Ac-, acetylethylene acrylic acid
glycolic acid
L(þ) or S(þ) lactic acid
D() or R(þ) lactic acid
3(or b)-butyrolactone
3(or b)-hydroxybutyric acid
propylene glycol
R-3-hydroxybutyric acid
triethyl citrate
4(or c)-hydroxybutyric acid
3-hydroxyvaleric acid
methyl methacrylate

EAA
GA
LLA
DLA
3(or b)BL
3-HBA
PG
R3HBA
TEC
4-HBA
3-HVA
MMA

2.B.2
Polymers and Copolymers

poly(a- or 2-hydroxy acid)
poly(glycolic acid)
poly(lactic acid)
poly(L-lactic acid)
poly(D-lactic acid)
poly(D,L- or R,S-lactic acid)
polylactide
poly(e-caprolactone)
poly(valerolactone)
poly(b-D,L-butyrolactone)
poly(hydroxyalkanoate)
poly(3- or b-hydroxyalkanoate)
poly(3-hydroxybutyrate)
atactic poly(3-hydroxybutyrate)
poly(R-3-hydroxybutyrate)
poly(RS)-hydroxybutyrate
poly(3-hydroxyvalerate)

PaHA
PGA
PLA
PLLA
PDLA
P(D,L or R,S)LA
PLA
PCL
PVL
P(b(D,L)BL)
PHA
P(3 or b)HA
P3HB
a-PHB
PR3HB
P(RS)HB
P3HV
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poly(4-hydroxybutyrate)
poly(6-hydroxyhexanoate)
polyethylene
polystyrene
poly(vinyl alcohol)
poly(ethylene oxide)
poly(vinyl acetate)
polypropylene
poly(ethylene terephthalate)
poly(vinyl chloride)
poly(methyl methacrylate)
poly(ethylene glycol)
poly(sebacic anhydride)
poly(p-dioxanone)
poly(vinyl acetate-co-vinyl alcohol)
poly(carboxyphenoxyhexane)
poly(1,4-ethylene adipate)
poly(cyclohexyl methacrylate)
poly(epichlorohydrin)
poly(carboxyphenoxyvaleric acid)
poly(glycolic acid-co-lactic acid)
poly(lactic acid-co-glycolic acid)
poly(D,L-lactic acid-co-glycolic acid)
hyperbranched poly(ester amide)
polyester diols
polyethylene adipate
polydiethylene adipate
polybutylene adipate
polyhexamethylene adipate
poly(trimethylene carbonate)
thermoplastic Konjac glucomannan
poly(ethylene-co-vinyl acetate)
poly(butylene succinate-co-butylene carbonate)
poly(aspartic acid-co-lactide)
poly(ethylene glycol-co-propylene glycol)
Poly(vinyl chloride)

P4HB
PHH
PE
PS
PVA
PEO
PVAc
PP
PET
PVC
PMMA
PEG
PSA
PPDO
[P(VAc-co-VA)]
PCPH
PEA
PCHMA
PEC
PCPV
PGLA
PLGA
P(D,L)LGA
HBP
PED
PEA
PDEA
PBA
PHA
PTMC
TKGM
EVA
PEC
PAL
PEPG
PVC

2.B.3
Notations

COMPASS ¼ Condensed-phase optimized molecular potentials for atomistic simulation studies
DSC
¼ Differential scanning calorimetry
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DMTA
FDA
FTIR-PAS
FTIR
HM
1
H NMR
MW
LW
LCST
O. M.
[(polymer)]
POM
SALS
SAXS
SEM
RDF
RAF
ROP
TMDSC
UCST
WAXS

¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼

Dynamic mechanical thermal analysis
Food and Drug Administration
Infrared photoacoustic spectroscopy
Fourier transform infrared spectroscopy
High molecular weight
Proton nuclear magnetic resonance
molecular weight
Lower-molecular-weight
Lower Critical Solution Temperature
Optical microscopy (also OM)
amount/concentration of the cited polymer
Polarized optical microscopy
Small-angle light scattering (also SALLS)
Small-angle X-ray scattering
Scanning electron microscopy
Computing radial distribution function
Rigid amorphous fraction
Ring-opening polymerization
Modulated DSC
Upper Critical Solution Temperature
Wide-angle X-ray scattering

2.B.4
Symbols

Cp
b
B12
D
G
k
k0
n
R
R
Tc
Tc,cold
Tg
Tm
Tmo

¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼

heat capacity under constant pressure
thickness of a monomolecular crystal layer
interaction density
coefﬁcient of diffusion
isothermal spherulite growth rate
Avrami constant for primary crystallization processes
Avrami constant for secondary crystallization processes
Avrami exponent for primary crystallization processes
spherulite radius
universal gas constant
bulk crystallization temperature
cold crystallization temperature
glass transition temperature
measured melting temperature of the crystalline phase
theoretical melting temperature for crystalline lamellae of inﬁnite
thickness
wt% ¼ weight percentage
Xc ¼ total degree of crystallinity
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2.B.5
Greek Letters

x12 ¼ polymer–polymer interaction parameter
d ¼ solubility parameter
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Thermodynamics and Morphology and Compatibilization
of Polymer Blends
Zden9ek Stary

3.1
Introduction

The tempting idea to prepare novel materials by mixing different polymers
appeared just at the start of the “polymer era,” many decades ago. The ﬁrst
documented polymer blend was most likely a mixture of natural rubber and
gutta-percha, prepared by Thomas Hancock during the mid-1800s [1]. Indeed,
the blending of two or more polymers can be an effective and relatively cheap
method of preparing materials with enhanced or new end-use properties – at
least, in theory. Subsequently, various research groups began to realize that the
simple mixing of polymers very often provides materials that have inferior
mechanical properties and are unacceptable for practical applications. The reason for this is the limited miscibility of different polymers as a result of the
unfavorable thermodynamics of mixing; in fact, miscibility is generally an
exception rather than a rule, and most polymer blends are immiscible.
Between these two extreme cases, however, can be found a variety of partially
miscible polymer blends.
The most important feature of partially miscible and immiscible polymer
blends is a phase separation leading to a heterogeneous structure. As phaseseparated systems display often weak interfacial adhesion – which is the reason
for their insufﬁcient mechanical properties – the interface becomes the weak
point of the polymer blends. Yet, methods are available which enable this deﬁciency to be overcome, such that the heterogeneous structure can be tuned to
provide the major advantages of multiphase polymer blends. Whereas, the
properties of miscible blends are generally an average of those of the neat components, the properties of phase-separated systems are governed also by their
phase structure; hence, they can exhibit new unique properties or property proﬁles that cannot be achieved by using pure materials. Generally, in order to

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.

94

3 Thermodynamics and Morphology and Compatibilization of Polymer Blends

obtain a heterogeneous polymer blend with required properties, it is necessary
to face two main challenges:
1) A modiﬁcation of the interface between immiscible blends components. As
noted above, the weak interfacial adhesion can be enhanced by using so-called
compatibilization methods, and these will be discussed later in the chapter.
2) An understanding of the relationships between the processing parameters and
the ﬁnal blend morphology. The choice of suitable processing parameters,
such as blend compositions, the ﬂow ﬁeld applied and the corresponding ﬂow
characteristics of the components to name but a few, is a key factor when
designing polymer blends with tailored properties. Taking into account the
complex ﬂow ﬁelds encountered in mixing devices, and the non-Newtonian
behavior of the blend components, this task is extremely complicated and has
not yet been resolved satisfactorily.
In this chapter, the basic thermodynamic considerations regarding polymer miscibility will ﬁrst be described, followed by a discussion of the phase behavior in
heterogeneous polymer blends, and of the properties of the interfaces and interphases involved. The morphology of polymer blends and its development during
processing will then be outlined, after which details of the most common compatibilization concepts will be summarized. However, before discussing these topics
in detail, it is important to deﬁne the terms used:
 A polymer blend is considered miscible when its structure is homogeneous
down to the molecular level – that is, the domain size is comparable with the
dimensions of the statistical segment of polymer chains.
 Miscibility is deﬁned from the thermodynamic of mixing; partially miscible
blends exhibit homogeneous structures only over a certain (limited) range of
concentrations; outside this concentration range, phase separation occurs and
the phases are richer in terms of one of the blend components.
 Immiscible polymer blends show heterogeneous structures and the separated
phases consist of pure components. In contrast to these, the often-used term
compatible blend should be avoided, at least on a scientiﬁc level, as it is nonspeciﬁc and refers only to the useful mechanical properties of the system, or to
sufﬁcient interfacial adhesion.
 The interface is deﬁned as a boundary between the phases; that is, in the case of
polymer blends between polymer solids or melts, but strictly speaking it is a
two-dimensional object with zero thickness. However, especially in the case of
partially miscible or compatibilized blends, a layer between the phases with features (composition, structure, etc.) that differ distinctly from those of bulk
blend phases can be identiﬁed. This region is called the interphase, although it
does not fulﬁll the thermodynamic requirement for a phase as a region of a
system separated from other phases by a sharp boundary. The thickness of the
interphase can be estimated using either microscopy or diffraction methods,
and may vary from 2 to 60 nm.

3.2 Thermodynamics of Polymer Blends

3.2
Thermodynamics of Polymer Blends

A thermodynamic equilibrium corresponds to the minimum of Gibbs free energy
of a system. Thus, each physical or chemical spontaneous process – that is, a process heading towards thermodynamic equilibrium – must fulﬁll the basic requirement that the change in Gibbs free energy must be less than zero. In the case of
mixing, it is convenient to express this change as the Gibbs energy of mixing (DGm),
which is a combination of the enthalpy of mixing (DHm) and the entropy of
mixing (DSm):
DGm ¼ DHm  TDSm

ð3:1Þ

The enthalpy of mixing DHm is the heat consumed (DHm > 0) or generated
(DHm < 0) during the mixing, at constant pressure. If the mixing is exothermic,
then the enthalpic term will drive the system towards miscibility. As the entropy
provides a measure of disorder or randomness, and the systems always incline to
a uniform distribution of energy, DSm is always positive and therefore the entropic
term is favorable for mixing.
3.2.1
Enthalpy of Mixing

As noted above, the contribution of the enthalpic term to the Gibbs energy of mixing can be either positive or negative. To support miscibility – that is, to bring
DGm to negative values – the heat must be liberated during the mixing (DHm < 0).
This means that the newly formed interactions between components have to be
energetically poorer compared to the interactions between molecules or segments
of pure components. Calculation of the enthalpy of mixing is carried out on the
basis of the regular solution theory using the lattice approach. Assuming a binary
mixture, the exchange energy w12 can be deﬁned as:
1
w12 ¼ ðe11 þ e22 Þ  e12
2

ð3:2Þ

where eij is the energy of contact between components i and j. By using Eq. (3.2),
the enthalpy of mixing can be expressed as follows:
DHm ¼

V
z w 12 w1 w2
vr

ð3:3Þ

where V is the total volume of the system, vr is the volume of the interacting unit
(molecule or segment), z is the coordination number (i.e., the number of neighbors of each interacting unit), and wi is the volume fraction of the components.
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Now, the Flory–Huggins interaction parameter, x12, as deﬁned below, is usually
employed. This can be determined experimentally using the solubility parameter
concept [2,3], which is described later:
x12 ¼

z w 12
kT

ð3:4Þ

The interaction parameter is dimensionless and, in principle, it characterizes
the change of enthalpy for each interacting molecule or segment. In polymer
blends, x12 was found to depend not only on temperature but also on the composition and molecular weight of the components. Inserting Eq. (3.4) into Eq. (3.3),
another expression for DHm is obtained:
DHm ¼ k T V

x12
w w
vr 1 2

ð3:5Þ

The interaction parameter is accessible through the determination of Hildebrand solubility parameters di of the blend components [3], using the following
calculation:
ðd1  d2 Þ2 ¼ x12 k T=vr

ð3:6Þ

The solubility parameter, di, is deﬁned as the square-root of a cohesive energy
density, which is the energy needed to vaporize 1 mole of a liquid at zero pressure.
For polymers, d can be estimated from the swelling of a lightly crosslinked polymer or from intrinsic viscosity measurements in different solvents with known
d-values. The solubility parameter of the polymer is then considered as the d of
the solvent in which the highest swelling ratio was reached, or as the d of the
solvent which yielded the most viscous solution. Another possibility is to use one
of the group contribution approaches [4–7]. In this case, the ﬁnal solubility parameter of the polymer is calculated as a sum of molar attraction constants of functional groups of repeating unit, and thus it can be determined from knowledge of
the polymer chemical structure only. It should be noted that combining Eqs (3.5)
and (3.6) always leads to zero or a positive mixing enthalpy. The solubility parameter approach is thus relevant only for systems with weak interactions, such as polyoleﬁn blends, whereas for systems with strong speciﬁc interactions between
components – which are so important to obtain miscibility – other approaches
must be employed. Some practical guidelines of how to predict the miscibility of
polymers are provided in Ref. [8].
3.2.2
Entropy of Mixing

The entropy of mixing is an important quantity, as the entropic term always supports the formation of a homogeneous mixture (Eq. (3.1)). The entropy characterizes the degree of disorder in the system, and can be determined using the lattice
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(a)

(b)

Figure 3.1 Schematic representation of spatial arrangements of molecules in a binary mixture
of (a) low-molecular-weight components and (b) a polymer blend.

approach introduced by Huggins [9] and Flory [10]. In the simplest case, imagine
a lattice consisting of cells with equal volume and regularly distributed in space.
As the entropy of pure components is assumed to be zero, the entropy of mixing
can be determined from the Boltzmann relationship:
DSm ¼ k ln V

ð3:7Þ

where V is the total number of possible distinguishable space arrangements of N
molecules in the lattice (Figure 3.1). For a binary mixture consisting of N1 molecules of the ﬁrst component and N2 molecules of the second component, the following relationship holds:
V¼

N!
N 1 !N 2 !

ð3:8Þ

Using Sterling’s approximation (ln N! ¼ N ln N  N) and inserting Eq. (3.8) into
Eq. (3.7), the entropy of mixing can be written as:
DSm ¼ kðN 1 ln x1 þ N 2 ln x2 Þ

ð3:9Þ

where x1 and x2 are the molar fractions of the components. Until now, it has been
assumed that the molecule sizes of both components are equal, and that one cell
is occupied by one molecule, which is reasonable for compounds of low molecular
weight. However, this assumption is not applicable to systems containing polymers, as their long macromolecules are much larger than a cell volume and thus
one molecule will occupy more cells in the lattice (Figure 3.1). For polymer
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systems, the parameter ri can be deﬁned which characterizes the number of segments of polymer chain having a volume equal to the volume of the cell (Vcell):
ri ¼

Vi
Vi N
¼
V
V cell

ð3:10Þ

where Vi is the volume of a macromolecule and N is the total number of cells in
the system. Assuming that one cell is occupied by one monomer unit, then ri is
the degree of polymerization. In polymer systems where the number of molecules
is not equal to the number of cells occupied by a component, the molar fractions
in Eq. (3.9) are substituted by the volume fractions, wi:
wi ¼

Ni V i
V

ð3:11Þ

After this substitution, and using Eqs (3.10) or (3.11), one of the commonly
used expressions is obtained for the entropy of mixing in polymer systems:

DSm ¼ k V

w1
w
ln w1 þ 2 ln w2
V1
V2




or

DSm ¼ k N

w1
w
ln w1 þ 2 ln w2
r1
r2



ð3:12Þ

The one problem of this approach appears in the case of two polymers with
considerably different chemical structures – that is, with monomer units of
unequal size. It is then necessary to choose repeating units such that these occupy
the same volume for both polymers. A detailed discussion of the lattice approach
and alternative derivations of entropy of mixing are provided in Ref. [11].
3.2.3
Flory–Huggins Theory

The above-discussed derivations of enthalpy and entropy of mixing are indeed just
the parts of the theory that enable the determination of free energy of mixing in
polymer systems. This theory, developed and published independently by Huggins
[9] and a few months later by Flory [10] some 70 years ago, remains – despite its
drawbacks – a cornerstone of the thermodynamics of polymer mixing. Combining
the expressions for enthalpy (Eq. (3.5)) and entropy (Eq. (3.12)) of mixing, the key
equation of the Flory–Huggins theory is obtained:


w
w
x
DGm ¼ k T V 1 ln w1 þ 2 ln w2 þ 12 w1 w2
V1
V2
vr


ð3:13Þ

or assuming vr ¼ V cell


w
w
DGm ¼ k T N 1 ln w1 þ 2 ln w2 þ x12 w1 w2
r1
r2


ð3:14Þ
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where vr is the volume of a chain segment and Vi is the volume of a macromolecule. Substituting the Boltzmann constant k by universal gas constant R in
Eq. (3.13), these molecular volumes change into the molar volumes of chain segment and respective polymers.
First, the two logarithmic entropic terms are negative and, therefore, are favorable for mixing; however, their contribution to the overall free energy of mixing is
very small (or even negligible) in the case of polymer blends. As the molecular
weight of the macromolecules increases, however, the number of possible spatial
arrangements in the lattice decreases (see Figure 3.1), which leads to a low
entropy of mixing. This can be seen also in Eq. (3.13) directly. The molar volumes
of polymers are several orders of magnitude higher compared to those of lowmolecular-weight compounds, and thus the values of both logarithmic terms are
very low. Following on from that, the term driving the system towards miscibility
is the enthalpic contribution, which must be negative in order to obtain a negative
free energy of mixing.
The mixing is exothermic (DHm < 0) only when strong speciﬁc interactions
occur between the blend components. As already noted by Flory [12], this only
occurs among polymers with polar substituents interacting with each other. The
most common speciﬁc interaction that can be found in polymer blends is
hydrogen bonding. In this case, when a hydrogen bound to an electronegative
partner serves as a proton donor and interacts with a proton acceptor or electron donor group. It should be noted that some functional groups, such as
hydroxyl, carboxyl, urethane or amide, have the ability to interact as proton
donors and simultaneously as proton acceptors, which leads to a self-association
of the molecules. Hydrogen bonding was identiﬁed as being responsible for the
miscibility of blends of poly(e-caprolactone)/PVC [13], poly(4-vinylphenol) with
polymethacrylates [14,15], polyvinylacetate [16] and polyethers [17] or PVC/PBT
[18] and many others. The strength of these interactions can be demonstrated
on blends of polyacrylic acid (PAA) and polyethylene oxide (PEO) [19,20].
Whereas, both of these polymers are soluble in water, they form a stable complex that is insoluble in water when blended. A comprehensive review of hydrogen bonding in polymer blends is available in Ref. [21]. Besides hydrogen
bonding, other types of speciﬁc interaction can cause miscibility in polymer
blends. For example, dipole–dipole interactions were detected in miscible systems of PEO with PMMA [22,23] or with PVAc [24] and in blends of polyvinylideneﬂuoride with different polymethacrylates [25]. The blends of polyamides
with different ionomers were found to be miscible due to ion interactions [26].
The doping of hydrogen-bonded blends with metal ions can also increase the
strength of the interactions, and thus enhance the miscibility of the blends [27].
In the PS/PPO blend (one of the few commercially available miscible blends),
the interactions between the p-orbitals of PS and the methyl groups of PPO
were proposed as a reason for their miscibility [28].
The speciﬁc interactions are not random; rather, they are formed between
speciﬁc segments of the polymer chains, and therefore the speciﬁc interactions will impact also on the spatial arrangement of the blend – that is, they
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will also inﬂuence the entropy of the ﬁnal blend. Following on from that
point, the Flory–Huggins interaction parameter x12 is not purely enthalpic but
involves also an entropic contribution in systems with speciﬁc interactions. As
the role of the speciﬁc interactions decreases with increasing temperature,
miscible polymer blends always display a lower critical solution temperature
(LCST), unless this is not preceded by a thermal decomposition of the
components.
The one deﬁciency of the Flory–Huggins theory is its inability to predict the
LCST behavior – that is, phase separation during heating. Two main reasons
have been identiﬁed for this failure. First, as noted above, the original Flory–
Huggins theory was derived only for systems with weak dispersive interactions.
To overcome this deﬁciency, Painter, Park and Coleman developed a so-called
association model (for a summary, see Ref. [8]) where an additional term describing the change of free energy due to speciﬁc interactions is added to the basic
Flory–Huggins equation. This term takes the equilibrium between nonbonded,
selfassociated and interassociated functional groups into account, and it can be
determined from a detailed analysis of the Fourier transform infrared (FTIR)
spectrum of the blend. Second, the Flory–Huggins theory assumes an
incompressibility of the blend components. However, if the polymers show distinctively different “equation-of-state” or “pVT” behavior – that is, the thermal
expansion coefﬁcients of the pure polymers differ signiﬁcantly – then the existence of two separated lattices is preferred. This leads to a decrease in the
entropy of the blend, and phase separation may occur at elevated temperatures.
In other words, the original Flory–Huggins theory does not take into account
the free volume of polymers and the changes during mixing into account, as it
assumes that all sites in the lattice are fully occupied by polymer segments.
However, these drawbacks can be overcome by using a generalization of Flory–
Huggins theory, the so-called lattice ﬂuid model, which takes the compressibility
effects into account [29,30]. For a comprehensive description of the lattice ﬂuid
model and other equation-of-state models, see Refs [11,31].

3.3
Phase Behavior of Polymer Blends

As discussed above, polymer blends are often heterogeneous systems consisting
of multiple phases. The system is in a thermodynamic equilibrium if the chemical
potentials of the components mi are equal in all phases. The chemical potential is
deﬁned as a change in the Gibbs energy of the system induced by the addition of
one molecule of component i, while the pressure, temperature and number of
other molecules are kept constant (Eq. (3.15)):

mi ¼

@G
@ni


ð3:15Þ
T;p;nj
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3.3.1
Phase Diagrams

In order to determine the phase behavior of heterogeneous polymer blends,
phase diagrams are usually constructed in terms of the interaction parameter
x12 and the composition or temperature and composition. Figure 3.2a represents the dependence of DGm on w1 as computed from the Flory–Huggins equation (Eq. (3.14)) for a symmetric binary blend (r1 ¼ r2 ¼ r). The curves are shown
for different values of x12r, which is the only relevant parameter in the Flory–
Huggins equation. For exothermic or adiabatic mixing (x12r  0), DGm ¼ f(w1) is
always negative with a minimum at w1 ¼ 0.5, which means that miscibility will
occur over the whole concentration range (this is not shown in Figure 3.2). In
the case of endothermic mixing – that is, when values of x12 are positive – a
change can be observed in the shape of the curves. For x12r above a certain critical value, a maximum rather than a minimum emerges at w1 ¼ 0.5, although
DGm is still negative. Such systems can be denominated as partially miscible.
For very high positive x12r values, DGm is higher than zero over the whole composition range and the blend is immiscible. For polymer blends with different
degrees of polymerization of the components (r1 6¼ r2), the concentration dependence of DGm loses its symmetry and the positions of the extremes are shifted
(Figure 3.2b).
In the case of partially miscible systems, the mixing of pure components would
lead to a homogeneous blend as DGm < 0 (point O in Figure 3.2b). However, there
is a possibility of reducing the Gibbs energy of the system further by decomposition to two mixed phases A and B that are rich in components 1 or 2. These
phases are in thermodynamic equilibrium (Eq. (3.15)), and therefore their exact
composition wA1 and wB1 can be estimated from the position of the points with the
common tangent. The relative amount of the phases wA and wB can be determined
graphically using a lever rule (Eq. (3.16)), and the overall DGm from the linear
additive rule (Eq. (3.17)):
wA jBCj
¼
wB jACj

ð3:16Þ

B
B
DGm ¼ wA DGA
m þ w DGm

ð3:17Þ

In the range of x12r, where the concentration dependence of DGm exhibits two
minima, the ﬁnal result of the mixing depends on the blend composition. For low
and high values of w1, miscibility is observed, whereas in the central region – in
the so-called miscibility gap – a partially miscible blend is obtained. Generally, the
following condition must be fulﬁlled in order for a blend to be miscible over the
whole concentration range:
@ 2 DGm
>0
@w21

ð3:18Þ
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Figure 3.2 Gibbs energy of mixing for binary polymer system as a function of its composition.

(a) Symmetric blend; (b) Asymmetric blend with r2/r1 ¼ 5.

A region in which a one-phase blend is always stable for any composition,
and a region in which two mixed phases are more stable than a homogeneous
system, are divided by the critical point (CP). This is deﬁned mathematically
as the point at which the second and third derivatives of the Gibbs free energy
with respect to the polymer volume fraction are zero. Applying these conditions to the Flory–Huggins equation (Eq. (3.14)), it is possible to deﬁne the
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critical value of the Flory–Huggins interaction parameter x12,CR and the location of critical point w1,CR:


1
1 2
x12;CR ¼ 0:5 pﬃﬃﬃﬃ þ pﬃﬃﬃﬃ
ð3:19Þ
r1
r2
pﬃﬃﬃﬃ
r2
w1;CR ¼ pﬃﬃﬃﬃ pﬃﬃﬃﬃ
r1 þ r2

ð3:20Þ

For a symmetrical blend the x12,CR has the value of 2/r, and the critical point is
located directly at w1 ¼ 0.5.
The basic features of the phase behavior of polymer blends can be inferred from
Figure 3.2. With increasing lengths of polymer chains (i.e., with higher r-values),
DGm rises and the blend tends towards phase separation. The same trend is
observed with respect to the Flory–Huggins interaction parameter x12. For endothermic mixing, where x12 is inversely proportional to the temperature, a decrease
in temperature is unfavorable for miscibility and the system shows an upper critical solution temperature (UCST). This behavior was observed for example in
blends of polystyrene and polybutadiene with low molecular weights. In the opposite case of exothermic mixing, with speciﬁc interactions between polymers, x12
increases with temperature and a lower critical solution temperature (LCST)
behavior is observed. A typical example of such a system that has been extensively
studied is the blend of polystyrene and poly(vinylmethylether).
Using Figure 3.2 and the corresponding equations, it is possible to construct a
phase diagram of a binary polymer blend in terms of x12r1 and w1 or, with the
knowledge of temperature dependence of x12, in terms of T and w1. Figure 3.3

Metastable region

spinodal

temperature

Phase-separated
region

binodal

LCST

Single-phase region
0

0.25

0.5
composition

0.75

1

Figure 3.3 Phase diagram of a binary symmetric polymer blend with low critical solution
temperature.
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shows such a phase diagram for a symmetric binary blend with LCST typical of
miscible polymer systems with speciﬁc interactions. The limits of miscibility are
denoted by the binodal curve, which is determined by the points of common tangent to the Gibbs energy curve, where the chemical potentials of the two coexisting phases are equal (points A and B in Figure 3.2b). Outside the bimodal, the
single phase system is thermodynamically stable, but if the stable system is transferred inside the bimodal – typically by increasing the temperature – phase separation occurs. The mathematical determination of the binodal is not trivial and can
be found in Ref. [11]. Nevertheless, the points on the binodal can be estimated
experimentally by using a cloud point analysis – that is, by measuring light scattering at different temperatures (e.g., see Refs [32,33]) or from rheological measurements [34,35].
The second important curve is the spinodal, which denotes the limits of metastability of the system. The spinodal is given by inﬂexion points of the Gibbs
energy curve at which the second derivative of DGm with respect to composition
is zero (points D and F in Figure 3.2b). Inside the spinodal, the system is unstable
to all concentration ﬂuctuations, and the blend separates spontaneously into coexisting phases via a process known as spinodal decomposition. Between the spinodal
and binodal there is a metastable region (between the points A and D, F and B)
where the single phase structure is stable to small spontaneous local concentration ﬂuctuations. In this region, phase separation occurs by a mechanism known
as nucleation and growth. The spinodal is also experimentally accessible by applying time-resolved light-scattering measurements [36].
Practical polymer blends usually consist of polymers with different degrees of
polymerization (r1 6¼ r2). Following on from the discussion above, the phase diagram is not symmetric in such cases and the extreme points of binodal and spinodal are shifted towards lower concentrations of the polymer with higher r-values.
The phase behavior of the polymer blends becomes more complicated if the
molecular weight distributions of the polymers are taken into account. In polydisperse blends, the critical point is no longer positioned at the minimum, but it
is shifted in the direction of the component with a higher index of polydispersity
IP, which is deﬁned as the ratio of z-average and weight average of r (Figure 3.4a).
Molecular fractionation may also occur during the phase separation, which means
that the polymer chains with a low molecular weight become concentrated in one
of the equilibrium phases, whereas the high-molecular-weight tail is located preferentially in the second phase. The distribution of the polymer chains before and
after phase separation is shown schematically in Figure 3.4b.
3.3.2
Phase Separation

The occurrence of two different phase-separation mechanisms – namely, spinodal
decomposition and nucleation and growth – becomes evident from a consideration of the shape of the DGm curve as a function of w1. The initial stage of phase
separation is connected with concentration ﬂuctuations. It can be shown that the
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Figure 3.4 The phase behavior of blends of polydisperse polymers.(a) Phase diagram of a polydisperse blend (IP1 < IP2); (b) Molecular fractionation during phase separation.

change in Gibbs energy induced by the local concentration ﬂuctuation dG is proportional to the second derivative of DGm:
dG 

@ 2 DGm
@w21

ð3:21Þ

This means that in the regions where the DGm curve is convex (between points
A and D, F and B), the concentration ﬂuctuations lead to an increase in Gibbs
energy. However, this is not favorable and the system tends to suppress these ﬂuctuations and thus preserve its homogeneous character. In contrast, when the
DGm(w1) is a concave function (between D and F), the Gibbs energy decreases
with any ﬂuctuation in concentration. Moreover, the amplitude of these ﬂuctuations grows until the equilibrium composition is reached, as shown schematically
in Figure 3.5; the system then undergoes phase separation immediately in the

composition

ϕ1
t1

<

t2

<

t3

ϕ1

length scale
Figure 3.5 Schematic representation of phase separation mechanisms: spinodal decomposition
(top) and nucleation and growth (bottom). The last stage at time t3 displays an equilibrium state.
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whole volume by spinodal decomposition. The arrows in Figure 3.5 indicate the
direction of diffusion of the polymer chains. During spinodal decomposition the
macromolecules migrate to the regions of high concentrations and, therefore, the
diffusion coefﬁcient is considered negative in this case. The resulting morphology
of the phase-separated blend exhibits a high degree of cocontinuity, at least in the
initial stages of spinodal decomposition. In the initial stages the kinetics of spinodal decomposition is given by the diffusion of macromolecules only, and can be
described by Cahn–Hillard theory [37] which predicts the exponential growth of
the amplitude of concentration ﬂuctuations and the existence of one dominant
ﬂuctuation wavelength. When the ﬂuctuations produce phases with compositions
near to the equilibrium, the growth of the ﬂuctuation amplitude decelerates and
the kinetics changes considerably. At this late stage the interfacial effects play a
dominant role and a coarsening of the cocontinuous structure takes place, and
can even change in the dispersed structure. This morphology development is
driven by a reduction of the surface energy, and is also largely inﬂuenced by the
amount of the newly formed equilibrium phases wA and wB and their viscosities. A
comprehensive review of spinodal decomposition and its kinetics is provided in
Ref. [38].
In the case of phase separation by nucleation and growth, small local ﬂuctuations decay again. The system retains its one-phase character until a large
ﬂuctuation appears, which leads directly to the formation of a nucleus with
equilibrium composition. If the nucleus is of a sufﬁcient size it starts to grow
as the polymer chains diffuse to the surface of the nucleus, enclosed by a layer
with a reduced concentration of a given polymer (Figure 3.5). Therefore, in
contrast to the spinodal decomposition, the diffusion coefﬁcients are positive.
Another crucial difference from spinodal decomposition is the presence of an
activation barrier. Similar to the crystallization, a newly formed nucleus must
have a certain critical size to be stable. The reason for this is that the surface
free energy of the nucleus contributes to an increase in the overall Gibbs
energy of the system, which is thermodynamically unfavorable. Therefore, the
nucleus must be so large that the decrease in Gibbs energy due to the phase
separation (cf. Figure 3.2b) overrules the effect of the surface free energy. The
activation barrier of nucleation approaches inﬁnity at the binodal, and
decreases with the distance from the binodal when moving to the spinodal,
where the spinodal decomposition sets in. However, the spinodal denotes no
sharp transition between the two phase separation regimes. In the vicinity of
the spinodal, both processes can occur simultaneously or nucleation and
growth can disappear already before reaching the spinodal, due to a very low
nucleation barrier. Analogous to the crystallization, the presence of nucleating
agents makes the nucleation step signiﬁcantly easier as this lowers the activation barrier. Generally, the rate of nucleation is very low and, therefore undercooling or overheating – depending on whether the system shows UCST or
LCST behavior – is necessary to study this process at reasonable rates. If the
blend undergoes phase separation by nucleation and growth, the ﬁnal phase
structure is the droplet-matrix type. In the case of a large amount of the
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dispersed phase, further morphology changes will occur, and structure coarsening by coalescence or Ostwald ripening cannot be excluded.
3.3.3
Interfaces in Polymer Blends

The mechanical performance of heterogeneous polymer blends is inﬂuenced to a
great extent by the properties of interfaces. As discussed above, the majority of
polymer pairs are immiscible for thermodynamic reasons. From a thermodynamic
point of view, the Flory–Huggins interaction parameter x12 can be seen as a measure of repelling forces between the polymers. For immiscible blends with rather
high positive values of x12, the attractive forces between phases are very low. Following on, the interfacial adhesion is insufﬁcient to ensure the transfer of stresses
from one phase to another such that, when a crack develops, it will follow the line
of least resistance and run preferentially along the interface. This feature is often
employed in the visualization of immiscible blend structures with scanning electron microscopy, when the fractured surfaces are observed. As an example,
Figure 3.6a shows the morphology of a polystyrene/polyethylene (PS/PE) blend
where the PE particles can be clearly seen dispersed in the PS matrix, along with
the typical features of an immiscible polymer system such as sharp and smooth
interfaces, holes remaining where particles have fallen out of the matrix, and/or a
very broad distribution of dispersed particle sizes. A weak interfacial adhesion is
then seen as a reason for any inferior mechanical properties of the immiscible
polymer blends. In order to enhance the mechanical characteristics, a compatibilizer is often incorporated; when this is successful and the compatibilizer is located
preferentially at the interface it can lead to an increased cohesion between the
phases. It is then possible to distinguish only a few particles with blurred interfaces on the fracture surface, which implies that the fracture path has not followed
the interfaces preferentially (Figure 3.6b). Although quite often, no interactions
are considered at the interface in immiscible systems, a detailed microscopic

Figure 3.6 Fracture surfaces of the PS/PE 95/5 (wt%). (a) Without compatibilizer; (b) With
1 wt.% of styrene-butadiene-styrene block copolymer as a compatibilizer. Reproduced with
permission from Ref. [122]; Ó 2012, Elsevier.
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Figure 3.7 PS/PE interface at high magnification showing thin fibers connecting the phases.

analysis can reveal thin ﬁbers connecting the phases, and thus also a certain
degree of adhesion (Figure 3.7).
An understanding of the interface formation and its properties is an important
issue in order to achieve polymer blends with desired property proﬁles.
Unfortunately, the properties of the interface are generally neither easy to determine experimentally nor easy to predict on a theoretical basis, for several reasons.
First, the composition of the interfacial layers can differ signiﬁcantly from the composition of the bulk phases. It is well known that the chain ends tend to concentrate
on the surface of the phase. Consequently, as the chain-end mobility and usually
also the chemical structure differ from those of the remainder of the chain, this
effect can alter the interfacial tension between the blend components [39]. Moreover, low-molecular-weight fractions in polydisperse systems can also become concentrated at the interface [40], while the effect of other low-molecular-weight species
(e.g., antidegradants or plasticizers which are often used as additives in polymer
blends) on the interfacial properties are usually unknown. A second reason is that
the achievement of a state of thermodynamic equilibrium during mixing is not
commonplace in polymer systems with a very low diffusivity of macromolecules.
The basic theoretical description of the polymer–polymer interface was introduced by Helfand and Tagami [41–43]. Using a self-consistent ﬁeld approach,
these authors derived a segmental density r1 proﬁle across the interface (Eq.
(3.22)), as shown in Figure 3.8 for a system of polymers with an inﬁnite number
of segments.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
x 6 x12
ð3:22Þ
r1 ¼ 0:5 þ 0:5 tanh
b
In Eq. (3.22), x represents the distance from the interface in the perpendicular
direction, while b is the segmental length which is assumed to be the same for
both polymers.
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Figure 3.8 Segmental density profile across the interface in polymer blends.

The interfacial thickness Dl is deﬁned as:
2b
D l ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6 x12

ð3:23Þ

Additionally, the interfacial tension C 12 can be estimated as a function of the
interaction parameter and segmental length according to Eq. (3.24), where r0 is
the density (assumed equal for both polymers):
rﬃﬃﬃﬃﬃﬃﬃ
x12
ð3:24Þ
C 12 ¼ b r0 k T
6
From the above equations it is clear that, with decreasing interaction parameter
x12, the density proﬁle becomes ﬂatter and the interfacial thickness increases with
the square-root of x12. When x12 approaches zero, Dl goes to inﬁnity; that is, the
interface can no longer be distinguished and a single-phase system is formed. The
basic Helfand–Tagami model was then extended by Broseta et al. [44] for the interface of polymers with deﬁned chain lengths:



2b
ln 2 1
1
Dl ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1 þ
þ
ð3:25Þ
x12 r 1 r 2
6 x12
Comparing Eqs (3.23) and (3.25), it can be shown that the interface becomes
broader in systems with low-molecular-weight components [45]. The experimentally estimated interfacial thicknesses [45–48] were found to be in reasonable
agreement with the Helfand–Tagami and Broseta predictions. The distribution of
the chain segments for systems containing at the interface a block copolymer as
a compatibilizer, was derived by Noolandi [49]. Typical values of the interfacial
thickness in different polymer blends are summarized in Table 3.1.
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Table 3.1

Typical values of the interfacial thickness in different polymer blends.

Blend

Interfacial thickness (nm)

Reference(s)

Immiscible blends
Immiscible blends with block copolymer
Homopolymer/copolymer blends
Reactively compatibilized blends
Partially miscible blends

2–4
5–15
30
30–60
Up to 300

46
48,49
47
50
51

As noted above, the lack of interactions or entanglements at the interface is
responsible for the often unacceptable mechanical properties of heterogeneous
polymer blends. Therefore, an increase in the number of interactions or entanglements at the interface, accompanied by a broadening of the interface, should lead
to an enhancement of the adhesion of phases. This was proved experimentally by
Schnell et al. [52] in systems of polystyrene and poly-p-methylstyrene. In this case,
the number of entanglements between the sheets of polymers was varied by
changing the annealing conditions, and the interfacial adhesion was then determined by fracture toughness measurements. As can be seen in Figure 3.9, the
fracture toughness characterized by adhesion energy increases with the interfacial
thickness until it reaches a plateau value.
The addition of a block copolymer acting as a compatibilizer represents another
possibility of inducing linkages between the bulk phases. In the simplest case, it is
assumed that the block copolymer is anchored in both phases, and that its blocks
are miscible with the main components of the blend. If the molecular weight of
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Figure 3.9 Adhesion energy of different samples of PS/PpMS plotted as a function of the inter-

facial width. Reproduced with permission from Ref. [52]; Ó 1998, American Chemical Society.
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the blocks is sufﬁcient to form entanglements with the chains of bulk phases, a
reinforcement of the interface occurs and a considerable increase in interfacial
adhesion can be expected.
The properties of the interface in polymer blends can be investigated by applying different measuring techniques. The values of interfacial tension can be estimated by pendant drop or embedded ﬁber measurements. The former is an
equilibrium measurement, and as such has several drawbacks with respect to
high-molecular-weight materials. Due to the high viscosity of polymer melts, long
times are required to achieve the equilibrium state and the materials can suffer
from thermal degradation. This danger is less crucial in the latter case, because it
is a dynamic method. However, neither technique can provide information regarding interfacial thickness or segmental density proﬁle. The interfacial thickness can
be determined by using ellipsometry, but this requires the polymers to have different refraction indices. Small-angle X-ray scattering and small-angle neutron scattering can each provide values of interfacial thickness and segmental proﬁle.
However, such information is extracted from the region of Porod scattering,
where the signal is generally very low compared to background. Probably the
most versatile techniques for interface characterization are neutron or X-ray reﬂectometry, both of which provide very good resolution (typically on the order of
0.2 nm), and both interfacial thickness and segmental proﬁles are obtained.
Whereas, the application of X-ray reﬂectometry is limited due to small differences
in the electron densities of organic polymers, neutron reﬂectometry can be
applied to all polymer systems where one component can be deuterated. The interface can also be observed directly by using transmission electron microscopy in
conjunction with an appropriate staining agent or element-speciﬁc detection. A
concise overview of the methods suitable for investigating polymer–polymer interfaces is provided in Ref. [53].

3.4
Morphology of Polymer Blends

Polymer blends combine the properties of their components, and they can also
possess unique properties that cannot be achieved by use of the neat polymers
only. The major advantage of the polymer blends is the possibility to control their
end-use properties over a wide range, according to the requirements for speciﬁc
applications. As multiphase materials, the properties of polymer blends are considerably inﬂuenced by their phase structure. The ﬁnal morphology of a polymer
blend prepared by melt mixing is a result of the complex relationships of inner
and outer parameters. Besides the chemical structure and rheological properties
of pure components or blend composition as inner parameters, applied ﬂow ﬁeld
or temperature as outer factors inﬂuence the morphology development to great
extent. Therefore, by changing the composition of the blend or processing conditions it is possible to obtain materials with morphologies of different types and/or
degrees of ﬁneness.
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Figure 3.10 Basic types of phase structures in polymer blends.

Generally, the vast majority of polymer blends can be classiﬁed as a blend
with either a dispersed or cocontinuous morphology, as shown schematically in
Figure 3.10. If the amount of component A is low, it forms a dispersed particles
surrounded by a matrix of component B (Figure 3.10a). Increasing the amount of
phase A, the size of the dispersed domains grows and approaching the threshold
of geometric percolation the ﬁrst continuous structures appear. The morphology
is considered cocontinuous when both of the phases are fully continuous
(Figure 3.10b). With a further increase in the concentration of A, the structures of
phase B disintegrate and ﬁnally the phases invert and A forms the matrix of the
blend and B the dispersed phase (Figure 3.10c). In order to minimize the free
surface energy of the system, the dispersed particles tend to achieve a spherical
shape. However, many anisotropic particle shapes, such as ellipsoids, ﬁbrils or
platelets, can be observed in polymer blends (Figure 3.10d and e), as the ﬁnal
morphology is often quenched immediately after melt processing. Thus, any particles deformed by the shear and/or elongational stresses applied in the mixing
devices are solidiﬁed before they can regain an energetically favorable spherical
shape. For monodisperse spherical particles, the critical concentration for percolation – that is, the limit where ﬁrst continuous structures can be expected – is 15.6
vol.%, but in the case of anisotropic particles this limit is shifted to even lower
values.
Several attempts have been made to predict this limit of cocontinuity. A simple
relationship was identiﬁed experimentally by Avgeropoulos et al. [54], who showed
that the composition at which a phase inversion occurs and a cocontinuous
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morphology is formed is related to the ratio of torques of the neat components TA
and TB, measured in an internal mixer:
T A wA
¼
T B wB

ð3:26Þ

This simple approach was found to be more accurate than models that used the
shear viscosity ratio for blends with a viscosity ratio not far from unity [55], as the
torque reﬂects to some extent also the effects of melt elasticity and elongational
ﬂow component. Lyngaae-Jorgensen and Utracki developed a model which predicts the range of cocontinuity, and not only the phase inversion point [56,57].
This model, which is based on the percolation theory, relates the degree of cocontinuity WA, which can be determined experimentally from extraction experiments,
to the volume fraction of the given blend component wA (Eq. (3.27)).
wA ¼ kðwA  wCR Þ0:45

ð3:27Þ

The wCR is the critical concentration characterizing the onset of cocontinuity,
and it depends on the shape of the dispersed particles (wCR ¼ 0.156 for monodisperse spheres and wCR < 0.156 for anisotropic particles); k is an empirical
parameter.
Generally, the range of cocontinuity is dependent on the viscosity (torque) ratio.
In blends with a viscosity ratio near unity, a fully cocontinuous structure appears
around 50:50 composition; otherwise, the component with a lower viscosity tends
to form a continuous phase and the range of cocontinuity is shifted to the lower
amounts of less-viscous component (Figure 3.11). A second important parameter
determining the formation of cocontinuous structure is the interfacial tension.
With increasing interfacial tension, the minor phase forms more spherical

Figure 3.11 Type of final morphology of EPDM/PB blends with different torque ratios. Repro-

duced with permission from Ref. [54]; Ó 1976, American Chemical Society.
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domains which results in a higher wCR and thus in a higher percolation threshold
and a narrower range of cocontinuity [58,59].
An exhaustive overview of the literature covering cocontinuous morphology, its
formation and properties, is available in the review of P€
otschke and Paul [60].
3.4.1
Morphology Development During Melt Processing

The vast majority of polymer blends is produced by melt-mixing from powders or
pellets of pure components. In the initial stage of mixing the original, typically
millimeter-sized solid particles are heated and sheared, so that the material melts
and the size of the domains decreases into the micro- or even nanorange. The
morphology development in this early mixing stage was studied extensively by
Scott and Macosko [61–63], who found that the pellets in contact with the hot
walls of a processing device are exposed to high shear stresses and disintegrate
into thin sheets or ribbons. Subsequently, as the thickness of these sheets
decreases in the micrometer range, the interfacial forces become important and
holes are formed in the sheets (Figure 3.12a). These lacey structures then break
up into irregularly shaped particles, which in turn break up further or relax into
near-spherical particles (Figure 3.12b). This mechanism leads to a rapid decrease
in the dispersed particle sizes during the ﬁrst few minutes of mixing.
At this stage a processing phase inversion can occur, depending on the softening temperatures of the polymers used. If the minor component softens earlier, it
initially forms a continuous phase; then, as the major component becomes liquid
and the structure of the minor component disintegrates, a phase inversion takes
place so that the major component forms a matrix surrounding the dispersed particles of the minor phase [64,65]. The rate of phase inversion was found to be
markedly inﬂuenced by the viscosity ratio (p ¼ gminor/gmajor) of the components
[66]. Whereas, for blends with p > 0.1 the phase inversion occurred within the ﬁrst
minute of mixing, for blends with p < 0.1 the time to phase inversion was
increased with the decreasing viscosity ratio; for example, for a blend with
p ¼ 0.003 the time taken was more than 10 min.

Figure 3.12 Phase structures observed in PS/PA 80/20 (wt%) blends prepared in an internal
mixer after selective dissolution of PS matrix. (a) After 60 s of mixing; (b) After 90 s of mixing.
Reproduced with permission from Ref. [61]; Ó 1991, Springer.
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After the initial stage of mixing the domain size decreases only slightly such
that, after some time (usually 5–10 min), the phase structure no longer shows
any changes. In this time interval – termed steady-state mixing – the morphology is stable until thermal degradation alters the rheological properties of polymers considerably. Whereas, the stability of the dispersed morphologies during
mixing is generally accepted, the stability of cocontinuous structures remains
an issue of debate. Based on the extensive studies of Lee and Han [67,68] or
Chuai [69], it was concluded that the cocontinuous morphology is simply a
transitory morphological state, through which one dispersed morphology is
transformed into another. However, the results of Sarazin and Favis [70] support the concept of a stable steady-state cocontinuous morphology, as they
observed no considerable changes in the cocontinuous morphology of PCL/PS
50/50 blends, even after 120 min of mixing. Thus it seems that the steady-state
cocontinuous morphology can be obtained only in a very narrow composition
range, if at all.
The morphology development during mixing is a result of the competition
between droplet deformation and break-up on one side, and droplet coalescence
on the other side [71–73]. In steady-state mixing these two processes are in
dynamic equilibrium, and this determines the ﬁnal shape and size of the phase
domains. A prediction of the ﬁnal morphology – that is, the shape, size and spatial
arrangement of the phases – is a difﬁcult task because its development is a consequence of complex relationships between the viscosity and elasticity of the components, the processing conditions (type of deformation, deformation rate, time of
deformation), the chemical structure of the components and, of course, the blend
composition. The deformation of a liquid droplet dispersed in a liquid matrix
under a ﬂow can be described using two dimensionless parameters, the capillary
number (Ca) and the viscosity ratio (p) [74,75]. Generally, Ca is the ratio of the
hydrodynamic stress applied to the droplet which forces the drop to deform, and
the interfacial stress which tends to preserve the spherical shape of the droplet in
order to minimize its surface energy.
Ca ¼

gm c_ d
2 C 12

ð3:28Þ

In Eq. (3.28) gm is the matrix viscosity, c_ the shear rate, d the particle diameter,
and C 12 the interfacial tension.
If the hydrodynamic stress is sufﬁciently high, Ca exceeds a certain value
known as the critical capillary number, CaCR. Under these conditions no stable
shape can persist in the ﬂow, and the droplet deforms continually until it breaks
into daughter droplets. These can undergo consequent deformations and breakups until the droplets are so small that the interfacial stress overrules the hydrodynamic stress. At Ca < CaCR the droplets are deformed into a shape which is
stable in the ﬂow and can be also predicted by the theory of Maffetone and Minale
[76]. On the other hand, at very high values of Ca (Ca CaCR), a quick afﬁne
deformation of the droplets occurs and long cylindrical threads are formed which
are rather stable in the ﬂow and decay only at very high deformations or even just
after the cessation of ﬂow [77,78].
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Figure 3.13 Critical capillary number as a function of viscosity ratio in Newtonian systems.
Reproduced with permission from [79]; Ó 1982, Taylor & Francis.

The value of CaCR depends on the viscosity ratio of the blend components. This
dependence was determined experimentally by Grace [79] on Newtonian systems
in shear and planar elongational ﬂow (Figure 3.13). Subsequently, it was shown, in
agreement with the theories of Taylor and Cox [74,75], that elongational ﬂow is
more efﬁcient in droplet deformation and break-up than simple shear ﬂow, and
that no droplet break-up is possible in systems with p > 4 under shear. This is
because the dispersed particles cannot rotate during elongation, and circulation of
the material inside the droplets is also disabled. Both mentioned processes lead to
an energy dissipation and, therefore, to a reduction of the effective hydrodynamic
stress at the interface. In shear at p > 4 these effects dominate the droplets behaviour and the stress needed to reach the critical capillary number goes to inﬁnity.
However, polymer blends of interest for practical application are almost always
non-Newtonian systems. The viscoelasticity of the blend components can have signiﬁcant effects on drop deformation and break-up, and can also affect the value of
CaCR [80]. Indeed, the CaCR for viscoelastic drops in a Newtonian matrix was
found to be higher compared to that in the corresponding Newtonian case [81]. In
accordance with that, droplet deformation increases with the increasing elasticity
of the matrix and decreases with the increasing elasticity of the droplet [82–84]. In
contrast to these ﬁndings, others have shown that the viscoelasticity of the matrix
hinders break-up of a Newtonian drop [85,86]. Recently, the behavior of dispersed
droplets in conﬁned conditions (i.e., near solid walls) was investigated and distinct
differences were observed in comparison to bulk conditions [87]. Whereas, for
blends with more viscous drops (p > 1) the values of CaCR were decreased, for
blends with p < 1 the opposite effect was observed. Regardless of the viscosity
ratio, the conﬁnement stabilized the droplets against break-up, which means that
break-up occurred at a higher total deformation than by droplets in the bulk.
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The basic theories of droplet deformation postulated by Taylor [74] and Cox [75]
were derived for Newtonian liquids and neglected any hydrodynamic interactions
between neighboring droplets. Moreover, they are valid only in the range of small
deformations – that is, droplet break-up is not taken into account. Not surprisingly, deviations were reported for real polymer blends with viscoelastic properties
[80–86] or higher amounts of the dispersed phase [88]. Nevertheless, these theories using Ca and p as the main parameters remain a cornerstone for qualitative
predictions of morphology development in polymer blends. Taylor’s theory enables a quantitative determination of droplet shape in two limiting cases: (i) at low
Ca-values, when a drop reaches its equilibrium deformation; and (ii) at very high
Ca-values, when the effect of interfacial tension can be neglected and an afﬁne
deformation of the particles occurs. In the region of moderate Ca values, when
hydrodynamic and interfacial stresses contest for the ﬁnal droplet shape and
break-up can occur, no quantitative description of droplet deformation is available,
even for Newtonian ﬂuids.
If the CaCR is exceeded and the total deformation of the droplet is sufﬁciently
high, it can break into smaller particles. At moderate values of Ca, the droplet
breaks up usually into two daughter droplets according to a stepwise mechanism
termed necking (Figure 3.14). The critical deformation necessary for break-up also
depends on p, as found experimentally by Stone et al. [89].
At very high Ca-values, highly elongated thin ﬁbrils are formed. As the aspect
ratio of the particles increases, the interfacial instabilities become important, and
the development of these instabilities in Newtonian systems was described by
Tomotika [90]. The theory states that there are very small sinusoidal disturbances
(also called Rayleigh instabilities) on the surface of the ﬁbril, but only those distortions with wavelengths larger than the circumference of the ﬁbril grow. For a
given p-value there is one dominant wavelength which grows fastest, and this distortion will break up the ﬁbril into a line of droplets (Figure 3.14). This so-called
Rayleigh break-up is often used to determine interfacial tension by the breakingthread method. The original theory of Tomotika, which was derived for quiescent
conditions, was then extended for linear ﬂows [91,92]. In this case, as the ﬁbril is

Figure 3.14 Different droplet break-up mechanisms observed in polymer blends under flow.
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stretched the wavelength of distortions increases which leads to the fact that the
break up times of ﬁbrils are higher in ﬂows compared to quiescent conditions.
Another break-up mechanism termed end pinching was observed experimentally
during the pioneer studies of Taylor [74] and Grace [79], and typically occurs after
sudden changes in ﬂow. Initially, the deformed particle is transformed into a
dumbbell shape, after which two droplets are formed at the ends which, as a consequence, are torn off (Figure 3.14). End pinching is explained as a consequence
of an interfacial tension gradient along the drop surface with different curvature
[93], and a raised ﬂuid motion produced by internal pressure gradients leads to
break-up. As the break-up by this mechanism is connected with a relatively high
transport of mass inside the drop, the total deformations required for break-up are
lower in systems with a lower viscosity ratio.
The formation of small satellite droplets was observed with all three of the
above-mentioned mechanisms [79,80,93]. The droplets (as shown schematically in
Figure 3.14) formed by necking were substantially smaller than the main daughter
droplets. Tjahjadi et al. [94] found that the number of satellite droplets increases
with the decreasing viscosity of the dispersed phase.
The tip streaming mechanism causes very ﬁne droplets to be released from the
tips of deformed droplets (Figure 3.14). This type of break-up can be observed in
systems with low-viscosity droplets – that is, when p < 0.1, or in blends containing
surfactants or compatibilizers [95,96]. These species can be dragged towards the
tips by the ﬂow of the surrounding matrix, and this results in a local decrease of
interfacial tension at the tips. This causes the tip region to be preferentially
deformed in a very thin body which breaks up easily via either necking or
Rayleigh break-up.
The ﬁnal break-up mechanism is speciﬁc, as it does not require deformation of
the mother droplet. Lin et al. [97] observed a release of thin ribbons and streams
of droplets from the surface of the mother droplet, and termed the mechanism
surface erosion. Surprisingly, this type of break-up was conﬁrmed also in blends
with p > 4 – that is, in systems where Taylor theory and many experimental studies have claimed that droplet break-up under shear is not possible.
The second process inﬂuencing blend morphology is a coalescence of the
dispersed particles. This phenomenon must be taken into account even in
blends containing a few volume percent of the dispersed phase. In contrast to
droplet break-up, coalescence leads to an increase in droplet size and a coarsening of the phase structure. Flow-induced coalescence is a consequence of
the collision of droplets having different velocities. When two droplets
approach each other, they begin to deform due to the axial force, and at the
same time the matrix ﬁlm between the particles is squeezed out. If the critical
distance between the particles is reached, the matrix ﬁlm ruptures and the
droplets merge. The theoretical description of ﬂow-induced coalescence is
rather complicated even for Newtonian systems, with the assumption of a collision of two spherical droplets [98]. For real polymer blends with viscoelastic
properties, where multiple collisions of nonspherical particles occur, the appropriate theoretical treatment is missing.
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3.4.2
Stability of Blend Morphology

The phase structures of polymer blends leaving the mixing device are usually
far from thermodynamic equilibrium. The general tendency of a polymer
blend with a nonzero interfacial tension is to minimize the interfacial area;
consequently, the morphologies induced by melt mixing are usually unstable
and can undergo considerable changes during the course of further processing
or annealing.
In order to decrease the interfacial area in blends with a dispersed morphology,
two approaches are possible. The ﬁrst approach involves a shape relaxation of the
deformed particles that may occur as the latter tend to acquire a spherical shape.
Nevertheless, highly stretched particles can simultaneously undergo further breakups after the cessation of ﬂow, and this process is concurrent to shape relaxation
[99]. A second approach to reducing the total surface energy of the system is for
the droplets to become fused; this will lead to a coarsening of the blend’s phase
structure.
Shape relaxation is the dominant process for droplets with an aspect ratio less
than 10 [80]. The relaxation time of the droplet can be estimated using Mafetone–
Minale [76] or Palierne [100] theory. The shape relaxation process can generally be
divided into two stages [101,102]. The ﬁrst stage involves a shape change from an
extended droplet towards an ellipsoid, and is associated with a relatively slow
decay of the droplet length. The second stage is a relatively fast retraction of the
ellipsoid to a sphere. Whereas, the viscoelasticity of the droplet was found to have
no signiﬁcant effect on shape relaxation, the matrix viscoelasticity retards the
droplet retraction [103]. Similarly, conﬁnement of the droplet also leads to a deceleration of the shape relaxation [103].
With regards to the coarsening of dispersed morphologies, two main mechanisms are present in molten polymer blends, namely Ostwald ripening and coalescence [104]. During the course of Ostwald ripening, small droplets dissolve and
large droplets grow [105,106] due to a concentration gradient of the minor component dissolved in the matrix, which is related to droplet diameter. A negative gradient exists near the surface of small droplets, whereas a positive gradient exists
near large droplets; as a result there is a diffusive transfer of macromolecules
from small to large droplets.
Coalescence in quiescent blends containing spherical dispersed droplets can
be induced by interdroplet molecular forces, namely van der Waals forces and/
or Brownian motion. An approximate theory of the molecular forces and Brownian motion-driven coalescence was derived [107] which considers the interaction of a droplet only with its nearest neighbor. Furthermore, it considers the
system as monodispersed, and also treats the Brownian motion in a very
approximate manner. The theory was derived for Newtonian droplets in a
Newtonian matrix, and for Newtonian droplets in a viscoelastic matrix
described by the Maxwell model. Coalescence in viscoelastic matrix was shown
to be more rapid than in the Newtonian matrix with the same viscosity.
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However, the difference between the rate of coalescence in the Newtonian and
viscoelastic matrices was not pronounced.
An analysis of the theory of Ostwald ripening showed that the rate of growing of
average droplet size should decrease with interfacial tension. On the other hand,
the theory of molecular forces-induced coalescence predicts an increase in the rate
of droplet growth with interfacial tension. An analysis of the experimental data
showed that the rate of phase structure coarsening strongly increased with
increasing interfacial tension [104], and therefore it is apparent that Ostwald ripening can contribute substantially to phase structure coarsening only in systems
with a low interfacial tension. For blends with moderate and high interfacial tensions, coalescence is a decisive mechanism of structure coarsening, and in both
cases theory predicts that droplet size during coarsening grows in line with the
third-power of time.
Due to their high surface area, cocontinuous morphologies are very susceptible
to additional changes after melt mixing. In a limit case, the cocontinuous structure can disintegrate completely and be transformed into a dispersed morphology,
although this normally occurs only in blends with an asymmetric composition
where the minor phase forms a network with long and thin threads connecting
the knots. Such threads can then break up or retract to the knots during annealing, causing the cocontinuous structures to disappear [108]. In symmetric polymer
blends (50/50 composition), the dimensions of phase domains increase with the
time of annealing, but the cocontinuous nature persists. The rate of coarsening
was found to be constant over time; that is, the size of domains grows linearly
with time, it increases with interfacial tension and decreases with the viscosities
of the components [108,109]. Recently, a second coarsening regime was observed
that occurred at very late times of annealing but which proceeded considerably
more slowly [110,111]. Lopez-Barron and Macosko developed a model that was
able to describe both stages of coarsening by taking into account the tendency of
the system to eliminate energetically unfavorable sharp curvatures of the interface
[112].

3.5
Compatibilization of Polymer Blends

Compatibilization can be deﬁned as a process leading to an increase in interfacial
adhesion between the components of an immiscible polymer blend and, thus, to
enhance the mechanical properties of the blend. This goal is usually achieved by
the incorporation of compatibilizers, which are macromolecular species located
preferentially at the interface. Two important objectives of compatibilizers in the
blending process are: (i) to decrease the domain size; and (ii) to stabilize the morphology induced by blend processing. Polymers with a blocky structure, where
each of the constituent blocks is miscible or compatible with one blend component, are commonly used as compatibilizers [113,114]. In the ideal case, each
block of a compatibilizer penetrates the parent phase and forms entanglements
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with the chains of bulk polymers, such that the interfacial adhesion is enhanced.
From this point of view, an efﬁcient compatibilizer should have just two blocks
with a high molecular weight. However, these are exactly the properties which
support the micelle formation of block copolymers and, thus, decrease the amount
of the compatibilizer that can operate effectively at the interface. Moreover, kinetic
criteria must be taken into account, as the high molecular weight of the compatibilizer impedes its diffusion to the interface. Therefore, the molecular architecture
of the compatibilizer – that is, the number and length of the blocks – considerably
affects not only the compatibilization efﬁciency but also, as a consequence, the
morphology of the ﬁnal blend [115].
3.5.1
Morphology Development in Compatibilized Blends

The presence of a compatibilizer at the interface has a considerable effect on the
behavior of dispersed droplets in the ﬂow because it can lower the interfacial tension, which makes droplet deformation and break-up easier. Distinct differences
were found in the behavior of compatibilized droplets with respect to the viscosity
ratio [116]. Typically, when the viscosity of the dispersed phase was higher than
the viscosity of the matrix, the droplets were stabilized by the addition of a block
copolymer; that is, they were less deformed than the uncompatibilized droplets. In
the opposite case of a more viscous matrix, the droplets inclined to higher deformations and to asymmetric break-ups [117,118].
Other effects can also be observed in compatibilized blends. Due to the ﬂow of
the matrix surrounding the dispersed droplets, the compatibilizer can be conveyed
towards the tips of the droplets, which makes the behavior of the droplets more
complex [119]. An inhomogeneous distribution of the compatibilizer leads to the
concentration gradient at the interface which causes so-called Marangoni stress
that tries to equalize the compatibilizer concentration on the droplet surface
(Figure 3.15). It is supposed that the formation of the concentration gradient is
easier in the systems with a p-value below unity [120]. As the Marangoni stress
Marangoni stress

matrix flow
Figure 3.15 Scheme of the effect of Marangoni stress induced by inhomogeneous distribution

of the compatibilizer at the interface.
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Marangoni stress
(a)

(b)

Figure 3.16 Schematic representation of two possible mechanisms of the coalescence suppression in compatibilized polymer blends. (a) Due to Marangoni stress; (b) Due to steric repulsion.
Adapted from Ref. [128]; Ó 2001, Elsevier.

counteracts the hydrodynamic stress, it can stabilize the droplet and prevent it
from undergoing neck formation; this will postpone droplet break-up to higher
deformations or even prevent any further deformation of the droplet [121,122].
After the cessation of ﬂow, when the hydrodynamic stress falls to zero, the
Marangoni stress accelerates the retraction of deformed droplets to spheres [122].
The second phenomenon induced by the incorporation of a compatibilizer is a
suppression of the coalescence during ﬂow, and also under quiescent conditions.
Two mechanisms have been proposed to explain this effect. The ﬁrst mechanism
involves the Marangoni stress which prevents drainage of the matrix ﬁlm between
approaching droplets (Figure 3.16) [121,123,124]. The second mechanism was proposed by Macosko et al. [125,126], and claims that there is a repulsive force
between the droplets resulting from a compression of the block copolymer chains
at the surface of the approaching droplets (Figure 3.16). In both cases, the droplets
cannot overcome the critical distance that is necessary for rupture of the matrix
ﬁlm and the consequent fusion of droplets. The above-mentioned studies provide
opposing solutions to the question as to which of the mechanisms is decisive. A
theoretical analysis and a concise review of this problem are available in Refs
[127,128]. Although the exact mechanism of the coalescence suppression is
unknown, this effect is assumed to be a key factor in the reﬁnement and stabilization of blend structure, and the support of the droplet break-up plays only a minor
role [128].
Although the exact explanation and theoretical description of the compatibilizers
activity remains an open ﬁeld of research, the morphology changes induced by
effective compatibilization are qualitatively the same. The efﬁciency of a compatibilizer can be determined from emulsiﬁcation curves showing the size of the dispersed particles as a function of compatibilizer concentration [129,130].
With increasing concentration, the compatibilizer is deposited at the interface and the dispersed particle size decreases. However, when the interface is
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Figure 3.17 Influence of compatibilizer concentration (based on volume of dispersed phase) on

dispersed particle size in PS/EPR 90/10 (vol.%) modified by unsaturated SBS and saturated
SEBS triblock copolymers. Reproduced with permission from Ref. [130]; Ó 1998, Elsevier.

saturated (ccrit) the compatibilizer begins to form micelles in the bulk phases
and thus the particle size is no longer affected. The data in Figure 3.17 illustrate that the chemical structure of the compatibilizer has a considerable effect
on its efﬁciency, and consequently an optimal structure must be sought for
each particular case.
In the case of cocontinuous morphologies, a few general tendencies can be
observed with regards to the inﬂuence of the compatibilizer. The compatibilized
cocontinuous structures are formed at higher concentrations of the minor phase
compared to the uncompatibilized systems [58,131]; in addition, the range of
cocontinuity is signiﬁcantly narrowed by the addition of a compatibilizer. Both of
these effects can be explained by a suppression of coalescence in compatibilized
blends [132]. Nevertheless, the already-formed, compatibilized cocontinuous structures are more stable, they usually do not transform to a dispersed morphology
and are more resistant against coarsening during the annealing.
3.5.2
Compatibilization Techniques

The two most common compatibilization techniques of additive and reactive compatibilization differ in the origin of the compatibilizer. In the former case, the
preprepared compatibilizer is added to the blend and has to diffuse to the interface during mixing. In reactive compatibilization, the compatibilizer is generated
in situ directly at the interface by a chemical reaction of one or both blend
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components with additional reactive species. In both cases, on completion of the
mixing the blend contains particles that are covered by either block or graft
copolymer, ensuring an enhanced interfacial adhesion. Then, when the fracture
path runs along the interface it must either pull out or cleave the macromolecules
of the compatibilizer that are anchored in the bulk phases [133]. In order to
reinforce the interface successfully the molecular weight of the blocks should be
greater than the critical molecular weight which is necessary for entanglement
formation [134]. Moreover, there is an optimum chain density at the interface
because when the compatibilizer is present at high concentrations it can form its
own phase, which can reduce resistance against crack propagation [135].
3.5.2.1 Addition of Preprepared Copolymer
The incorporation of a preprepared block or graft copolymer represents an easy
means of compatibilizing an immiscible polymer blend. However, the efﬁciency
of the compatibilizer involves a complex interplay between the rheology and structure of the blend components and the compatibilizer itself. Many attempts have
been made to provide an understanding of the relationships between the molecular structure of block copolymers (the number and length of blocks) and their
compatibilization efﬁciency for a certain polymer pair, but these have led to contradictory results. It follows from some studies [136,137] that diblock copolymers
are more efﬁcient than triblocks and multiblocks, but other studies have arrived at
the opposite conclusion [138,139]. Some studies have shown that copolymers with
block lengths comparable to the lengths of the related blend components are the
most efﬁcient [137], while others [140,141] have concluded that copolymers with
substantially shorter blocks can show a high efﬁciency. Fortelny et al. performed a
comprehensive systematic study on the compatibilization efﬁciency of a set of
model styrene–butadiene–styrene copolymers, with different numbers and
lengths of blocks in blends of PS with various polyoleﬁns [142,143 and references
therein]. The compatibilization efﬁciency of a block copolymer was found to
depend not only on its molecular structure and interaction parameters, but also
on the ratio of the blend components and on the processing conditions. A pronounced migration of copolymers between the interface and bulk phases observed
during blend annealing showed that the distribution of a copolymer between the
interface and bulk phases in a steady ﬂow and in the quiescent state is not the
same, and it cannot be predicted by equilibrium thermodynamics. The tendency
of the block copolymers to form their own phase can be suppressed by the synthesis of tapered block copolymers without any sharp transition in the chemical composition of the blocks. Such copolymers are preferentially localized at the interface
and display a higher compatibilization efﬁciency than the usual block copolymers
[144].
Statistical copolymers of monomers that are the same as or miscible with blend
components also often show a positive effect on the ﬁneness of the phase structure and mechanical properties of immiscible polymer blends. However, they are
unable to effectively suppress the coarsening of the phase structure during further
processing [145].
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3.5.2.2 Addition of Reactive Polymer
Block or graft copolymers can be generated also directly in situ by the addition of
an appropriate reactive polymer. The latter has a backbone that is miscible or compatible with the ﬁrst nonreactive component, and carries end or pendant groups
capable of reacting with a second blend component. This approach is suitable
for blends containing a polycondensate having naturally reactive end groups. The
main advantage of this method is that the compatibilizer is formed only at
the interface. Moreover, the viscosity of the reactive polymer is lower compared to
the respective preprepared copolymer, and therefore diffusion of the reactive polymer to the interface is faster. This is a crucial point, as a sufﬁcient amount of
copolymer must be formed during processing times that usually are less than
5 min. As the concentration of end groups of high-molecular-weight polycondensate is limited, polymers carrying pendant reactive groups are preferred as precursors to grafted copolymers in order to ensure a sufﬁcient rate of copolymer
formation. Nevertheless, if the blend component is pendant-reactive, it is important to be aware that a large amount of pendant-reactive precursor could lead to
the formation of crosslinked structures which may have a deleterious effect on
the processability of the blend.
Typical precursors used in reactive compatibilization are polymers containing
maleic anhydride (MA) grafted onto polyoleﬁns or as a comonomer in styrenic
polymers. MA can react with amine end groups of polyamides, as well as with the
hydroxyl groups of polyesters. Thus, PP-g-MA was used successfully to compatibilize PP/PA6 [146] or PP/PET blends [147]. Similarly, PA/ABS or PA/SAN blends
were compatibilized by the addition of styrene-MA copolymers [148,149]. Another
functional group often employed is the epoxide group; for example, glycidyl methacrylate can be grafted directly onto polyoleﬁns in the presence of a peroxide initiator. Such graft copolymers display a higher compatibilization efﬁciency compared
to analogous MA-grafted copolymers [150,151].
If both blend components are nonreactive, it is necessary to add two reactive
polymers which provide – after reaction at the interface – an effective compatibilizer. Thus, the interfacial adhesion in PP/PE blends was enhanced by the addition
of PP-g-MA and poly(ethen-co-vinylalcohol) [152] or in PP/PS blends using PP carrying oxazoline groups and carboxyl-terminated PS [153].
Although the addition of a reactive polymer represents a major route for the
compatibilization of immiscible blends on an industrial level, the exact mechanism and kinetics of the interfacial reactions remain uncertain. The reasons for
this are the different reaction rates for the same functional groups on different
polymers, and the effects of ﬂow in a mixing device which can signiﬁcantly
accelerate the interfacial reaction, most likely due to convection as well as to the
creation of a fresh interface [154].
3.5.2.3 Addition of Reactive Low-Molecular-Weight Compounds
An alternative compatibilization strategy is to add one or more low-molecularweight compounds which can react with both blend components. Typical examples of these are peroxides and/or bifunctional compounds. Although the
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incorporation of an organic peroxide into an immiscible blend appears attractive
because it is cheap and simple to perform, a major disadvantage is that the selectivity of the radical reactions is very low. For example, in PP/PE blends the addition of a peroxide led to the formation of only very limited amounts of graft
copolymers at the interface. On the other hand, the reactions can also occur in
bulk phases, notably crosslinking in PE and chain scission in PP [155]. These processes alter the rheology of the components during mixing which makes the control of blend properties very difﬁcult, if not impossible. Despite these apparent
drawbacks, however, this simple compatibilization procedure has found applications in the upgrading of polymer waste mixtures [156].
In order to form block copolymers in blends of polycondensates, it is possible to
use bisepoxides that react with the end groups of the blend components. A combination of peroxide and unsaturated bifunctional components (MA, triallylisocyanurate, low-molecular-weight unsaturated rubber) was reported to induce
copolymer formation in PS/PE and polyoleﬁns blends [157–159].
3.5.2.4 Other Compatibilization Techniques
For blends of polycondensates, the interchange reactions can occur during melt
mixing [160] and may lead to miscible systems; this situation is undesirable as the
amorphous product has lost the beneﬁcial properties of both blend components.
Therefore, processing should be led in such a way that only a small amount of
block copolymer is formed. This requires relatively low processing temperatures,
short residence times in the melt, and only traces of a catalyst (if any).
Both, block and grafted copolymers can also be produced by solid-state shear
pulverization [161], whereby polymer powders are exposed to high shear stresses
below their Tg or Tm, leading to the cleavage of covalent bonds. The polymer radicals then recombine during consequent melt mixing and form compatibilizationeffective copolymers.
Recently, much attention has been paid to the possibility of controlling morphology development in immiscible polymer blends by the addition of interfacially
active nanoparticles. In fact, it was found that some nanoparticles could reﬁne
and stabilize the morphology, whereas the addition of others leads to an increase
in the dispersed particle size [162]. Generally, the optimization of this approach
seems to be much more difﬁcult compared to the incorporation of block or graft
copolymers. One probable reason for this is that the polymer–ﬁller interactions at
the interface are weaker than in the case of copolymers anchored in the respective
polymer phases. A critical comprehensive review on this topic was produced by
Fenouillot et al. [163].
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4
Characterization of Polymer Blends: Rheological Studies
Yingfeng Yu

4.1
Introduction

The rheological properties of polymer systems are of fundamental importance for
both scientiﬁc studies and industrial applications, as they are closely related to the
viscoelasticity, morphology evolution, chemical reactions, and processing properties
of polymer systems, including neat polymer, polymer solutions, or polymer blends
which may also have state transitions of different characters. Generally, three types
of polymer blends exist: (i) thermoplastic (linear polymer)-thermoplastic polymer
blends; (ii) thermoplastic-thermosetting polymer blends; and (iii) polymer-ﬁller
blends. Each type has been studied extensively, using combinations of rheology
and other property characterization.
For polymer melts and polymer solutions, numerous excellent reviews [1–5]
have provided detailed descriptions of the concepts, test methods and rheological
transitions in these systems. The rheological behaviors of thermoplastic blends,
including both homopolymers and block copolymers, have also been extensively
reviewed [6]. In the case of thermosetting blends, the majority of the information
related to rheological studies has been reported in journals. Consequently, after a
brief introduction of some of the concepts related to these studies, recent developments in thermosetting blend systems will be reviewed in the following sections.
4.1.1
General Description of Thermoset Rheological Behaviors

The rheological analysis of thermosetting resins, including unsaturated polyester,
epoxy, and urethane, began during the 1970s. As the curing or polymerization of
thermosets is always conducted via chemical reactions in the presence of an initiator(s) or a catalyst(s), investigations into the rheological behavior of thermosets is
referred to as “chemorheology” [7]. By using combinations of differential scanning
calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy, dielectric measurements, and rheokinetic measurements, the chemorheology of the different
types of thermosets have been investigated. In particular, studies of the curing
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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reaction kinetics of individual thermosetting polymers have attracted much attention [8–17].
Unlike linear polymers, thermosetting resins are initially ordinary low-molecular-weight monomers or oligomers; the curing of a thermosetting reactive “prepolymer” usually involves the transformation of oligomers from a liquid to a solid
state as a result of the formation of a polymer network, either via a chemical
reaction or via polymerization of the reactive groups of the system [8]. For neat
thermosetting resins, the simplest model of the curing process assumes a single
reaction mechanism and no phase separation.
Clearly, the chemorheology of thermoset blends is much more complex than
the rheology of thermoplastics, because the curing reaction, phase separation,
state transition and rheological behavior of thermosets are inseparable. A good
representation of the rheological behavior of thermosetting blends must
include the rheological properties (g, N1, G0 and G00 ), the extent of the cure
reaction a, the state transitions (e.g., gelation, vitriﬁcation), and the morphology evolution of the blend systems. Furthermore, variations in the test conditions of thermosetting blends, such as shear rate and strain mode, cause the
rheological behavior of thermosetting blends to be much more complicated
than for ordinary thermoplastic systems. Hence, a brief introduction to neat
thermosetting resins will help to provide an understanding of the sequence of
events that occurs in blend systems.
4.1.2
Thermosetting Resins: Gelation, Vitrification, and Viscoelasticity

The gel point is normally used to distinguish this process into two stages. Growth
and branching of the polymer chains occur before the gel point, when the reactive
system is soluble and fusible. However, after the gel time an inﬁnite network of
polymer chains appears and develops, such that the reactive system loses its solubility and fusibility; as a consequence, the ﬁnal reactions take place in the solid
state.
Generally, two rheologically active kinetic transitions occur during isothermal
curing, namely gelation and vitriﬁcation. Three types of isothermal behavior occur
if [9]: (i) the curing temperature (Tcure) is higher than the Tg of full-cured thermosets (Tg1), when only gelation is observed; (ii) if Tcure is lower than the Tg of thermosets at the gel point (Tgg), only vitriﬁcation is observed, while if
Tg1 > Tcure > Tgg, both gelation and vitriﬁcation are observed. It should be noted
that the term TTT (Time-Temperature-Transformation) isothermal cure diagram
is always used to provide an intellectual framework for understanding and comparing the cure and physical property changes of thermosetting systems [18].
In Figure 4.1, the curing process is shown for an ordinary epoxy/amine system.
Initially, the G0 modulus is parallel to the time axis, after which the modulus
increases exponentially versus time, where the gel process takes place. Finally, the
modulus increases more rapidly, at which point a wide dispersion of the measurements is obtained, indicating vitriﬁcation.

4.1 Introduction

Figure 4.1 Storage modulus (G0 ), loss modulus (G00 ), dynamic viscosity (g0 ) and tand versus
cure time for an epoxy/amine system. Reproduced with permission from Ref. [19]; Ó 1999,
Elsevier.

The gel time has been determined according to different criteria as [10]:
1) The criterion of maximum peak in tand, based on the point where there is a
maximum difference between the elastic and viscous behaviors of the system.
2) The criterion corresponding to the crossover between the G0 and G00 curves: at
this point, the system presents not only an elastic but also viscous behavior,
storing a similar amount of energy to the energy that is dissipated.
3) The criterion of the tangent line to the G0 curve: this point corresponds to the
crossing between the baseline (G0 ¼ 0) and the tangent drawn at the G0 curve
when G0 reaches a value close to 100 kPas.
4) The criterion of viscosity: at this point the real dynamic viscosity v0 reaches
several determined values (1000, 2000, and 5000 Pas).
For a given thermosetting system, the chemical conversion obtained at the gel
time is considered to be constant [8]. Therefore, the gel time (tg) can be related to
the apparent kinetic constant of the reaction, which is related to the temperature
by an Arrhenius relationship [19]:
tg ¼ A0 

1
k

ð4:1Þ

where k is the apparent kinetic constant of the reaction and A0 is the magniﬁer,
k ¼ k0  eRT
Ea

ð4:2Þ

therefore
ln tg ¼ A00 þ

Ea
RT

ð4:3Þ
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where Ea is the apparent activation energy, T is the curing temperature, and R is
the gas constant. A linear relationship exists between lntg and the inverse of temperature for isothermal curing reactions, and from the slope of this relationship
the apparent activation energy can be obtained, which reﬂects the chain mobility
and entanglement during the process.
For the quantitative viscosity data treatment obtained from thermosetting systems cured under isothermal conditions, most of the methods are based mainly
on the Williams–Landel–Ferry (WLF) equation [2]:
log aT ¼ C 1 

T  TS
C2 þ ðT  T S Þ

ð4:4Þ

where aT is the shift factor, Ts is a temperature of reference, and C1 and C2 are
two universal constants with values of 17.44 and 5.16, respectively, only if Ts is the
Tg of the material. This equation was considered exclusively to observe the
dynamic-mechanical relaxation times on the zone Tg to Tg þ 50  C.
Tajima and Crozier [15,16] ﬁrst reported that, at any stage of the reaction, the
temperature dependency of the viscosity for an epoxy/amine system can be
described as:
log gðTÞ ¼ log gðT S Þ 

26:8  ðT  T S Þ
13:4 þ ðT  T S Þ

ð4:5Þ

where the parameters Ts and g(Ts) vary with the degree of reaction for an epoxyamine system, which at the same time is determined by the amine concentration.
Therefore, viscosity data can be treated by ﬁtting to empirical equations where
the temperature and the conversion dependency of the viscosity is separated into
two independent terms:
gðT; aÞ ¼ gðTÞ  gðaÞ

ð4:6Þ

Assuming that the kinetic of the reaction in the liquid state is the order n ¼ 1
before the gel time (not diffusion control), taking into account that g(a) is related
to the degree of entanglement and that, for a ﬁxed temperature, g(T) can be considered as a constant, g0 [19]:
ln g ¼ ln g0 þ k  t

ð4:7Þ

where g is the viscosity as a function of the temperature and the conversion “a”;
g0 is the viscosity at t ¼ 0, and k is the apparent kinetic constant.
Another model for high curing conversion was proposed by Roller [20]:
Z t
ln g ¼ ln g1 þ E g =RT þ
k1 expðE k =RTÞdt
ð4:8Þ
0

where g is the viscosity at time t and at temperature T, g1 is the viscosity at very
high temperature (T1), Eg is the ﬂow activation energy, R is the universal gas
constant, k1 is the rate constant for cure reactions at T1, and Ek is the activation
energy for the cure reaction. By using this viscosity-dependent empirical model,
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Loen [19,21,22] and others [17,23] predicted the change of complex viscosity (g )
with time in different thermosets, such as vinyl ester resin [22], epoxy-phenolic
[21], and other epoxy systems.
4.1.3
Methods of Rheological Measurement

Generally, two different types of measurement are applied to determine the linear
viscoelastic behavior, namely static (or equilibrium) and dynamic mechanical measurements. Static tests involve the imposition of a step change in stress and the
observation of any subsequent development in time of the strain, whereas
dynamic tests involve the application of a harmonically varying strain. In ordinary
thermoplastic polymer systems, test conditions such as strain or frequency must
be in the linear range; otherwise, the results will be dependent on the experimental details rather than on the material under test.
The thermosetting blends require very complicated restrictions, and the limitations and advantages of each type of measurement technique have been reviewed
by Halley and Mackay [7]. At this point, only a brief summary is provided:
 First, as the curing kinetics is always obtained under isothermal conditions,
rheological testing under other conditions is rather difﬁcult (though some
dynamic temperature tests have been conducted).
 Second, the exothermic curing reaction releases heat and alters the isothermal
conditions; as a result, it is essential that the test samples have a large surfaceto-volume ratio to ensure heat transfer.
 Third, the morphology transitions of thermosetting blends require low stain/
stress or shear rates in order to avoid any measurement inﬂuence on the phase
separation.
In the isothermal steady shear tests, the viscosity (g) is measured as a function
_ over a range of curing time (conversions). Common shear
of steady shear rate (c)
rates encountered in the processing of thermosetting resins extend from 1 s1 to
10 000 s1. The isothermal dynamic frequency sweeps measure the complex viscosity (g ) as a function of the dynamic oscillation rate (v) at constant temperature. In order to ensure that the curing reaction undergoes only minor changes
during a round of sweep, it is necessary that the sweeps are conducted within a
limited time for ordinary curing systems, or in slow-curing systems.
The complex viscosity can be related to the steady shear viscosity (g) via the
empirical Cox–Merz rule, which states that the shear rate-dependence of the
_ is equivalent to the frequency dependence of the comsteady-state viscosity, g(c),
plex viscosity,
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
_ ¼ jg  ðvÞjv¼c_ ¼ ½ðG0 =vÞ2 þ ðG00 =vÞ2 v¼c_
gðcÞ
ð4:9Þ
where G0 and G00 are the storage and loss moduli, respectively.
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4.2
Thermosetting Blend Systems with Rubbers and Thermoplastics

Thermosetting networks tend to have a characteristic low resistance to brittle fracture, and therefore the modiﬁcation of these materials with rubbers, thermoplastics, core–shell particles, block copolymers and ﬁllers has posed a signiﬁcant
challenge during the past few decades. The cured modiﬁed thermosetting resins
generally have two types of morphology, namely homogeneous or heterogeneous.
As the homogeneous systems always show limited property improvements, most
studies have been focused on heterogeneous systems.
For blends with phase separations, the modiﬁers are initially soluble in the
mixture of prepolymers of thermosets, although several structural transitions
may take place during the curing process. As polymerization occurs, the solubility of the modiﬁers is continuously decreased due to the unfavorable variation of the entropy of mixing from chain growth of thermosetting resins. The
variation of the enthalpy of mixing from either chemical reaction or polymerization of monomers may also contribute to the decrease in solubility. At a
particular conversion, the demixing of a phase that is rich in the modiﬁers
will begin to take place.
4.2.1
Phase Separation and Rheological Behavior of Rubber-Modified Systems

The modiﬁcation of thermosetting resins by rubbers and thermoplastics was initiated by Bucknall [24–26], Inoue [27–29], Pascault and Williams [30–33], and Kyu
[34,35], among others. Unlike thermoplastic blends, the complicated phase evolutions of coexisting phases of thermoplastic or rubber in a reactive thermoset precursor are changing continuously with the reaction time. Consequently, studies of
the phase mechanism became the primary target for understanding the mechanical property changes that occurred in these types of material at an early stage.
Certain similarities have been identiﬁed between thermoplastic blends and thermoset blends, notably that phase separation proceeds by either nucleation and
growth (NG) or spinodal decomposition (SD). Depending on the composition
location of blends at either meta-stable or unstable regions during the early stage
of phase decomposition, thermosetting blends show a much more complicated
evolution of morphology, as evidenced by experiments involving light scattering,
optical microscopy (OM) and scanning electron microscopy (SEM) [28,29,34–42].
As the structure–property relationship was more involved during the early
stages of these studies, rheological measurements were always applied as an auxiliary method. An example was that of Pucciariello et al. [43], who used a rheological
method to monitor the gel time of rubber-modiﬁed epoxy resins.
Kwak et al. [44] used an isothermal steady shear test to monitor the
copolymerization of siloxane-containing oligomers and diglycidylether of bisphenol A (DGEBA) epoxy. The gel time of the blends was obtained from values of the
storage modulus (G0 ) and loss modulus (G00 ). Based on the concept of Eq. (4.3),
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Figure 4.2 Loss modulus, viscosity versus. curing time profiles for unmodified (&) and 15 wt%
POPTA-modified () mixtures with several stoichiometries. Reproduced with permission from
Ref. [45]; Ó 2000, John Wiley & Sons.

the crosslinking activation energies were determined from the Arrhenius plot,
based on gel times and reaction temperatures.
Mondragon et al. [45] were the ﬁrst to conduct a systematic study of rubbermodiﬁed systems, in which a liquid elastomer poly(oxypropylentriamine)
(POPTA) was used to modify a DGEBA epoxy. Based on the concept that the relative concentrations of both the epoxy monomer and the hardeners may differ
from that in the initial formulation (which leads to a departure from stoichiometry), these authors studied the kinetics and rheology of systems with different
ratios of epoxies to hardeners.
Figure 4.2 shows the rheological results of the dynamic loss modulus G00 and
viscosity of neat and 15 wt% POPTA-modiﬁed DGEBA cured with 4,40 -diamino3,30 -dimethyl dicyclohexyl methane at several stoichiometric ratios at 80  C. Vitriﬁcation was identiﬁed as the maximum in G00 due to the rigidity of the forming
network, which leveled off with increasing time. The viscosity, G00 , and gel time
results showed that the addition of a rubber modiﬁer produced a clear delay in
the occurrence of gelation and vitriﬁcation phenomena. In other words, the rubber POPTA showed a dilution effect only in the chemorheology of curing, and this
behavior was seen to be independent of not only the matrix stoichiometry but also
the molecular weight of the neat resin.
As the carboxyl-terminated copolymer of butadiene and acrylonitrile (CTBN),
liquid rubber is widely used as a rubber modiﬁer for epoxy resin. When Calabrese
and Valenza [46] studied the effect of CTBN inclusion on the chemorheological
behavior of an anhydride-cured epoxy system, the carboxyl-terminated groups of
the CTBN rubber showed a catalytic effect on the epoxy-anhydride reaction. Consequently, at a ﬁxed temperature the gel time was decreased in line with the
increase in CTBN rubber content; in other words, the presence of a rubbery phase
induced a higher rate of gel formation during the early stages of reactions, and of
vitriﬁcation at a later stage. The rheological data obtained ﬁtted well with the ordinary neat epoxy empirical chemorheological model.
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Figure 4.3 Influence of morphology on the

showing the final morphologies of the cured
rheological behavior of epoxy resins with differ- blends. Reproduced with permission from
ent content of thermoplastics (polyetherimide). Ref. [49]; Ó 1999, American Chemical Society.
Transmission electron microscopy images

4.2.2
Phase Separation and Rheological Behavior of Thermoplastic-Modified Systems

Compared to rubber, thermoplastic-modiﬁed systems show a much more complicated phase separation and structure evolution, and consequently very few studies
were initially undertaken related to phase separation and rheological behavior.
Examples of these studies included Pethrick et al. [47,48], who applied a curometer to monitor the pot life and gel time of thermoplastic-modiﬁed epoxy systems.
In 1999, Bonnet and Pascault et al. [49] were the ﬁrst to conduct a study of the
relationship between rheological behavior and thermoplastic concentration in polyetherimide-modiﬁed epoxy-amine systems. By using an isothermal steady shear
test with parallel plates at low deformation (1%), these authors showed that the
rheological behavior at phase separation was greatly dependent on the initial concentration of thermoplastics.
The evolution of viscosity with regards to blend composition is shown in
Figure 4.3. Viscosity was shown to correspond well with the three types of typical
phase structure, namely phase dispersion, bicontinuous and phase-inversion morphology in thermoplastic-modiﬁed thermoset systems. Before phase separation,
the homogeneous mixture behaved as a semidilute polymer solution, and the viscosity increased in line with the poly(ether imide) concentration. However, on
phase decomposition, g was shown to increase or decrease abruptly, depending
on the morphology variation.
For a low-thermoplastic-concentration system with phase dispersion structure,
the phase separation process was followed by a rapid decrease in viscosity, which
was induced by the initially dissolved highly viscous thermoplastic component
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Figure 4.4 Changes of the complex viscosity,
volume fraction and weight percent of PES in
the DGEBA/DDM/PES mixture with 10 wt%
PES at different isothermal curing

temperatures as a function of curing time.
Reproduced with permission from Ref. [50];
Ó 2000, American Chemical Society.

separating from the thermoset-rich matrix. In contrast, when thermoplastic concentration was high enough to ensure a continuous thermoplastic-rich phase up
to the end of the phase separation process (with ﬁnal phase-inversion structure),
the onset of phase separation was accompanied by a gradual increase in viscosity.
Whilst the composition with a ﬁnal bicontinuous phase structure showed a
more complex rheological behavior, the initial increase in viscosity at the start of
the phase separation process was also due to the formation of a continuous thermoplastic-rich phase structure. However, a decrease of g was observed shortly
afterwards following destruction of the continuous thermoplastic-rich phase structure and the reappearance of an epoxy-rich matrix.
This type of viscosity change with curing and phase separation was also investigated by other research groups. For example, Kim et al. [50] studied the rheological behavior of a polyethersulfone (PES)-modiﬁed epoxy resin (diglycidyl ether of
bisphenol A) cured with 4,40 -diaminodiphenylmethane at different temperatures.
The system with low thermoplastic concentration and dispersion phase structure,
which is always assumed to follow nucleation and growth mechanisms, had been
found to follow an SD mechanism due to the appearance of periodical light-scattering proﬁles [29,51]; this was specially studied using a combination of light-scattering and rheological methods.
The evolution of viscosity, volume fraction and weight percent of PES during the
curing process is shown in Figure 4.4. The volume fraction of PES was calculated
from the measured domain size, which in turn was obtained by comparing the
domain correlation lengths obtained from light-scattering studies with the scanning electron microscopy (SEM) images of fully cured samples, and the number
of domains per unit volume (N), where w ¼ 4pr3N/3.
The dispersion structure of PES would apparently affect the rheological behavior
of the blend due to transition from a homogeneous state to a heterogeneous state.
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Consequently, two major factors affect the rheological properties of the mixture during phase separation: (i) the change of composition in the epoxy-rich matrix; and (ii)
the variation of viscoelastic behavior of the phase-separated blend. The authors
employed a two-phase suspension model as proposed by Graebling and Palierne [52]
to explain the effect of viscoelastic behavior on the phase-separated mixture:
G ðvÞ ¼ Gmed ðvÞ

1 þ 3wHðvÞ
¼ ivg ðvÞ
1  2wHðvÞ

ð4:10Þ

where
a
4
ð2Gmed þ 5GPES Þ þ ðGPES  Gmed Þð16Gmed þ 19GPES Þ
r
H ¼ a
4
ðGmed þ GPES Þ þ ð2GPES þ 3Gmed Þð16Gmed þ 19GPES Þ
r

pﬃﬃﬃﬃﬃﬃﬃ
where v is the angular frequency of oscillatory shear, i is 1, w is the
domain volume fraction in the phase-separated mixture, r is the average
domain radius, and Gmed and GPES are the complex shear modulus of the
medium and PES, respectively. a is the interfacial tension between the epoxyrich matrix and the PES-rich particle, which is assumed to be independent of
local shear and interfacial area change. Typical values of the interfacial tension
are 103 to about 102 N m1 for blends of molten polymers.
To simplify, the elastic effect in the rheological behaviors of both the matrix and
the domain is negated. As the Tg of PES is much higher than the experimental
temperatures, and the PES viscosity is too high to measure, the viscosity ratio of
the PES particle to the epoxy-rich medium (gPES/gmed) is large enough that the
zero-shear viscosity of the mixture from Eq. (4.10) is reduced to the well-known
Einstein relation:


5

ð4:11Þ
g ¼ g0 gmed 1 þ w
2
The viscosity of the epoxy-rich medium (gmed) can be estimated from the measured complex viscosity, and the domain volume fraction given in Figure 4.3.
The viscoelastic effect of the PES particles on phase separation was estimated
with the Maxwell model:
GPES ¼

ivgPES
1 þ ivtPES

ð4:12Þ

where tPES is the characteristic relaxation time for the PES domain and v is the
angular frequency of oscillatory shear. Therefore, with Eqs (4.10) and (4.12), the
authors calculated the viscosity change by testing the shear and interfacial tension
effects on the complex viscosity with two extreme cases of oscillatory shear
(vtPES ¼ 0 and 1) and three values of interfacial tension (0, 103, and 1 N m1).
The result showed that the viscosity proﬁles of the epoxy-rich medium, when calculated with different frequencies and interfacial tensions, almost overlap the proﬁle shown in Figure 4.3. This implies that the viscoelastic effect of the PES
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domain and the effects of shear and interfacial tension are almost negligible in the
studied system.
Tribut et al. [53] further studied and modeled the rheological behavior of a polystyrene (PS)-modiﬁed DGEBA-aromatic amine system of different morphology.
The model contained four contributions to the viscoelastic behavior: progressive
deplastiﬁcation of the polystyrene matrix involving a modiﬁcation of the glass
transition and thus of free volume; dilution of the network of entanglements of
the matrix by the not-yet converted low-molecular-weight molecules; emulsion
behavior after the separation of the epoxy-rich phase; and ﬁnally interparticular
interactions being assimilated to a mechanical percolation.
In another case, Yu et al. [54] studied the rheological behavior of binary and
ternary systems of polyethersulfone- and polyetherimide-modiﬁed epoxy systems
by using an isothermal steady shear test with parallel plates. The study results
showed that the molecular weight of the thermoplastics had an inﬂuence on the
morphology of the modiﬁed systems, which further affected the viscosity change
during curing. However, the ternary systems showed minimal differences on the
viscosity–morphology relationship; in other words, the ﬂuctuation of viscosity is
derived mainly from the phase structure change.
In these studies the authors provided a good correlation of the onset of phase
separation time by employing light-scattering and rheological studies. Notably, the
modulus of conservation G0 , the modulus of loss G00 , and tan d variation were
seen to have a close relationship with the phase separation, gelation, and morphology change. Although a twofold crossover of G0 and G00 was observed in the phase
inversion system, the authors did not provide any explanation.
When Cassagnau et al. [55] studied the effects of stoichiometry on phase separation and shear rate on the morphology in a PS-modiﬁed epoxy-amine system, the
amine was shown to diffuse faster than the epoxy, which led to nonstoichiometry
of the reactive functions across the sample. Yet, when the blend was polymerized
under shear, the kinetic of the reaction remained unchanged, regardless the level
of shear. The morphologies were signiﬁcantly different, however, which highlighted the importance of the coalescence and droplet deformation phenomena.
Spherical droplets were observed at a low shear rate of 0.15 s1, while elongated
droplets and ﬁbers were found at higher rates of 1.5 and 15 s1.
Clearly, these early rheological studies of thermoplastic-modiﬁed thermosets
were based mainly on traditional phase separation theory, and were focused on
phase structure–viscosity changes; indeed, most of them omitted the special effect
of the thermoplastic phase on viscoelasticity and gelation. Although isothermal
steady shear sweeps are widely applied, a lack of dynamic frequency sweeps the
measurements.
4.2.3
Viscoelastic Properties of the Blends

As the morphologic evolution of thermoplastic-modiﬁed thermosetting cannot be
explained using classic phase-separation theory, Yu, Gan and Li et al. [56–61]
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Figure 4.5 Light-scattering results of visco-

elastic phase separation of polyetherimide
modified epoxy-anhydride systems. (a) Intensity versus qm at different times; (b) Exponential decay of qm versus time; (c) Relaxation time

of phase separation plotted by fitting WLF
equation; (d) Linear fitting of shift factor for
systems with different amounts of accelerators.
Reproduced with permission from Ref. [56];
Ó 2003, American Chemical Society.

introduced the concept of a viscoelastic phase separation theory [62–64] into thermosetting systems, and undertook considerable research in this area. In this theory, there exists a dynamic asymmetry between the two components that is
induced by a large difference either in size or Tg. Even the minority phase transiently forms a continuous structure, and rather than interface tension a viscoelastic relaxation of the slow part (thermoplastics) dominates the phase structure
evolution. Results of light-scattering studies revealed that the WLF equation was
well used to describe the phase separation behavior (as shown in Figure 4.5).
Therefore, relaxation of the thermoplastic plays a very important role as long as
the thermosetting phase has unblocked its chain mobility. Yu et al. [59] examined
the viscoelastic phase separation of a PES-modiﬁed DGEBA-anhydride system by
comparative use of rheological methods, light scattering, and differential scanning
calorimetry (DSC). In this blend, the onset and offset of phase separation occurred
much earlier than gelation, where the curing conversion was between 0.09 and
0.35 depending on the curing temperature. Phase separation was seen to be
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controlled by the viscoelastic relaxation of the PES chain, much like demixing in a
polymer solution system.
Correspondingly, a quick blocking of phase separation by chain-polymerization
would result in a ﬁner phase structure at an earlier stage. By using imidazole as
the curing agent, an increase in the curing temperature led to a rapid increase in
curing rate while the viscosity was enlarged sharply at a low conversion of 6 8%
[58]. Thus, the relaxation time for a thermoplastic molecule in a viscous medium
is directly proportional to the viscosity, according to Debye:
t¼

4pa3 g
kT

ð4:13Þ

where g is the viscosity of the medium, a is the molecular radius, k is Boltzmann’s constant, and T is the absolute curing temperature. Based on this expression, the quick increase in viscosity causes a major enlargement of the
characteristic relaxation time of chain disentanglement of thermoplastics during
the early stages of phase separation. As a result, the morphology would not appear
to change from the early stage of phase separation to the end of the process.
In a polyesterimide (PEtI)-modiﬁed DGEBA-anhydride system, where the phase
separation process evolved much earlier than the gel time, by considering the viscoelastic relaxation of the phase-separation behavior Yu et al. [65] were the ﬁrst to
observe an exponential growth of complex viscosity during phase separation (as
shown in Figure 4.6).
g ðtÞ ¼ g0 þ A0 expðt=tg Þ

Figure 4.6 Complex viscosity evolution during
phase separation in 20 phr PEtI- modified
DGEBA-anhydride systems cured at different
temperatures. Dots correspond to the

ð4:14Þ

experimental data, and lines correspond to
exponential growth simulation. Reproduced
with permission from Ref. [65]; Ó 2006,
Springer.
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where A0 is the magniﬁer, and tg is the relaxation time. Much like the relaxation
time from light-scattering of light intensity and qm, the rheological results can also
be well ﬁtted to the WLF equation.
In a system with a phase inversion structure, the complex viscosity of a blend
system can be described by the Einstein equation (Eq. (4.11)). During viscoelastic
phase separation, in which the interfacial tension plays a minor effect, the change
in curing conversion is quite low and the viscosity difference between thermoplastics-rich matrix and dispersed thermoset-rich (low conversion and molecular
weight) is very large and increases with the phase-separation process. When the
viscosity of the dispersed thermoset-rich phase was neglected, the viscosity of the
blend can be simpliﬁed as that of the thermoplastic-rich phase.
A thermoplastics-rich phase could be taken as a polymer solution and its viscosity determined by the free volume; this scheme was employed by Kelley and
Bueche [66] to predict the viscosity of a concentrated (entangled) polymer solution,
using the neat polymer (thermoplastics) as the reference. Then
g
1
1
¼ w4p exp

gp
wp þ f p þ wL f L f p

!
ð4:15Þ

where the free volumes of the polymer and liquid (thermosets) are f p ¼ 0:025 þ
4:8  104 ðT  T gp Þ and F L ¼ 0:025 þ aL ðT  T gL Þ, respectively. aL is the difference between the expansion coefﬁcient of the liquid above and that of below the
Tg. The Tg-values of the polymer and the solvent are Tgp and TgL, respectively. By
substituting an exponent decay of phase separation and concentration into
Eq. (4.15), it is possible to obtain the exponent growth of viscosity as g / et=t :
Thus, the viscosity would be related to the relaxation time t; that is, the diffusion
of epoxy monomers/growing chains from thermoplastic-rich would result in an
exponent decay of thermoplastic concentration during phase separation, which
give an exponent growth of complex viscosity.
While examining other thermoplastic-modiﬁed epoxy systems (ABS-modiﬁed
DBEBA/DDS system), Jyotishkumar and Thomas et al. [67] recently found that
this type of exponential growth of viscosity has connections with the thermoplastic
content. By comparing the ABS content from 3.6% to 12.9%, the reference relaxation time ts values obtained from the stimulation of WLF equation were found to
increases with the ABS content. It is believed that a lower viscosity of the epoxy/
DDS in a small content of the ABS-modiﬁed systems would favor the polymer
chains ﬂowing.
The effect of the molecular weight of the thermoplastic on viscoelastic phase
separation and rheological behavior was also studied in an epoxy/cyanate ester
resin modiﬁed with different amounts of PES of three different molecular weights
[68]. The results showed that the character relaxation time tg of viscosity increases
quickly with PES concentration (same molecular weight), whereas for the same
content of PES, tg ﬁrst increases when the PES molecular weight is at a lower
range, but then levels at higher molecular weight values. It was further shown
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Figure 4.7 (a) g evolution at 120  C during a
phase separation process in a 20 wt% PESmodified epoxy system at different frequencies.
Symbols correspond to the experimental data,
and lines correspond to results simulated by
Eq. (4.14); (b) WLF fitting of relaxation time tg

versus temperature at different frequencies.
Symbols correspond to experimental data, and
lines correspond to results simulated by WLF
equation. Reproduced with permission from
Ref. [69]; Ó 2008, American Chemical Society.

that a higher viscosity of the blends, as the result of large concentrations of thermoplastics, would hinder the viscoelastic phase separation process.
Unlike previous steady shear tests, Yu et al. [69] conducted a dynamic multifrequency isothermal rheological study using a PES-modiﬁed DGEBA-anhydride system with different PES molecular weights. At the same concentration of 20% PES,
the relaxation time tg obtained by exponential growth ﬁtting decreased with the
increase in PES molecular weight, at the same curing temperature and oscillatory
shear frequency. The reference temperature (Ts) values obtained from the ﬁtting
result of the WLF equation was seen to increase in line with the PES molecular
weight.
The exponential growth in viscosity was shown to depend strictly on frequency.
The data in Figure 4.7 show that the non-Newtonian behavior and exponential
growth of complex viscosity at all frequencies were maintained in all 20 wt% systems with various molecular weights of PES (one type of PES is shown as an
example). The relaxation times obtained from the viscosity exponential growth ﬁtted very well to the WLF equation, for all frequencies.
The reference relaxation times ts of the same blend, obtained from simulation
of the WLF equation, were increased with frequency. Taking into consideration the
frequency dependence of molecular motion
log v ¼ a 

b
t

ð4:16Þ

where v is the test frequency, t is the characteristic relaxation time from the simulation with WLF equation, and a and b are parameters, the authors were able to
linear-ﬁt ts to the test frequency and obtain a correlation coefﬁcient of 0.996. In
other words, at a moderate frequency range, the phase separation process shows a
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linear viscoelastic response due to a negligible change in the viscosity of the thermosetting-rich phase during phase decomposition.
4.2.4
Gelation Behaviors of the Blends

From the steady shear sweeps, the gel time of blends from epoxy crosslinking was
identiﬁed as a crossover of either G0 and G00 , or the maximum peak in tand; Jyotishkumar et al. [67] calculated the apparent activation energy (Ea) of gelation
based on Eq. (4.3). The Ea values of neat epoxy and thermoplastic-modiﬁed systems were all close to 65 kJ mol1, which was quite similar to that of ordinary
epoxy resin and rubber-modiﬁed systems. Clearly, in these systems the phase separation had been completed before gelation of the epoxy resin, and so had a limited effect on the chain mobility of epoxy during gelation.
Nonetheless, Yu et al. [70] noted that three types of phase separation behavior
could be identiﬁed related to gelation, namely the onset and offset of phase separation occurring far before gelation, occurring close to gelation, and phase separation being blocked by gelation. At similar volume fractions of thermoplastics, the
former type had the lowest continuous thermoplastics-rich phase structure, the
latter type had the largest, and both types may have two maximum peaks in tand.
Using a combination of light-scattering, OM, DSC and dynamic shear sweeps,
Yu et al. [69–74] identiﬁed two types of gelation among thermoplastics-modiﬁed
thermosetting systems. The ﬁrst of these corresponded to the end of phase separation, and the second to the chemical crosslinking of thermosetting resins.
As the ﬁrst gelation may relate to physical gels, the critical gel theory proposed
by Winter and Chambon [75] was reintroduced to explain such double-gelation
behavior. At the gel point, the stress relaxation behavior of the network follows a
power law [76]:
GðtÞ ¼ Stn

ð4:17Þ

where S, the strength of the gel, is related to the mobility of the crosslinked chain
segments, and depends on the ﬂexibility of the molecular chains and the crosslinking density at gel point. The relaxation exponent n (physically restricted for
0 < n < 1) is a viscoelastic parameter that is related to the geometry of clusters
existing at the gel point. By studying the ﬂexibility and viscoelasticity of the gel, it
is possible to obtain a better understanding of the mechanical property of the
resin material.
From Eq. (4.17), the frequency dependence of the dynamic shear modulus at gel
point was deduced as [77]:
G0 ðvÞ ¼ G00 ðvÞ=tanðnp=2Þ ¼ Cð1  nÞcosðnp=2ÞSvn

ð4:18Þ

Thus, the gel point can only be accurately determined under special conditions,
using the crossover point of G0 and G00 . These conditions are that stress relaxation
in the gelation follows a power law, and the exponent n must be exactly 0.5. For
most network systems, however, although stress relaxation at gel point also
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Figure 4.8 Multifrequency shear test of tand versus curing time for a PES-modified
bismaleimide resin at 165  C. Reproduced with permission from Ref. [71]; Ó 2006, John Wiley
& Sons, Inc..

follows a power law, the relaxation exponent n is not 0.5 and the gel point clearly
does not coincide with the G0 and G00 crossover in such cases. Therefore, the general deﬁnition of the gel point is the time when the loss tangent tan d becomes
independent of frequency because:
tan d ¼ G00 =G0 ¼ tanðnp=2Þ

ð4:19Þ

Figure 4.8 shows a plot of double tand versus curing time during the multifrequency shear testing of a PES-modiﬁed bismaleimide resin. The second gel point –
the chemical crosslinking point – was ﬁtted by the gel time versus temperatures,
as in Eq. (4.3), to calculate the activation energy. All had values of about
95 kJ mol1 [71], which is typical for a bismaleimide resin.
When analyzing the two gelations, the relaxation exponent n is determined from
the slope when plotting logG0 and logG00 versus logv; the gel strength S can then
be calculated from the interception of logG0 and logG00 versus logv, according to
Eq. (4.18). The values of n are slightly decreased with the increase in PES content,
but are located in the range of 0.62–0.68 for ﬁrst gel and 0.30–0.42 for second gel.
A reduction of the relaxation exponent with increasing polymer content in the
semidilute regime was believed due to an increased entanglement density. The
gel strength S was seen to increase with PES content for both the ﬁrst and second
structural transition, which implies a reduction in chain mobility with high PES
concentrations.
The effect of thermoplastic molecular weight and curing rate on gelation behavior has also been studied [70]. By using modiﬁed DGEBA-anhydride systems with
three different molecular weight-types of PES (20 wt%) and different amounts of
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amine accelerator, the relaxation exponent n was found to be increased, while the
gel strength S decreased in line with the increase in PES molecular weight, no
matter what amount of accelerator had been added.
As the initial morphology during phase separation tends to be a phase-inversion
structure in dynamic asymmetry systems [63], a faster phase separation in highmolecular-weight PES systems would result in a greater elastic deformation of the
PES-rich phase. Thus, with the same PES content, PES-continuous structures are
more easily obtained for higher-molecular-weight PES systems, due to the greater
difference in both molecular weight and chain mobility between the thermoplastics phase and the slightly cured thermoset phase. At the same time, a faster
phase separation and a larger elastic deformation in the higher-molecular-weight
PES systems would also result in a sharper increase in blend viscosity. This could
be explained by the greater sensitivity of higher-molecular-weight PES to the solution concentration and the curing of epoxy.
Therefore, in the case of higher-molecular-weight PES systems, a quicker structural transition would result in a PES-rich gel with a lower molecular weight of
epoxy particles and a smaller cluster size. This, in turn, would lead to a decrease
in gel strength and an increase of the relaxation exponent.
The cure rate has a relatively small effect on gelation behavior, as relaxation
exponents at the two gel points will decrease slightly with an increase of the cure
rate. The physical gel strength is known to vary depending on the PES system
present, and the chemical gel strength is increased remarkably as a higher degree
of the crosslinking is achieved from the amine-catalyzed ring-opening polymerization of epoxy and anhydride.

4.3
Thermosetting Systems with Nanostructures

The addition of nanostructured modiﬁers provides thermosets with special
mechanical properties or functionality. Among such modiﬁers, the two types most
widely used are block copolymers and nanoparticles (or ﬁllers).
Block copolymers have long been applied to modify thermosets, since the ﬁrst
reports made by Bates [78]. The rheology of the order–disorder transition of
diblock copolymers in epoxy monomers was ﬁrst studied by Fine et al. [79], who
suggested that a solid-like to a liquid-like transition would correspond to such a
structural transition due to the solubility changes that occur around the transition.
Subsequently, Serrano et al. [80] examined the rheological behavior of an epoxidized styrene-butadiene linear diblock copolymer-modiﬁed epoxy with nanostructures. An increase in the magnitude of both the viscosity and the moduli was
detected for the block copolymer-modiﬁed blends just before gelation, associated
with the reaction-induced microphase separation (RIPS).
Nanoparticle-modiﬁed thermosets are known to differ greatly from neat thermosetting resins. With the effects of ﬁllers on the chemorheology of thermosetting
resins having been studied for decades [7], rheological models are today basically
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similar to neat thermosets (as introduced in Section 4.1.2), based on the WLF
equation or power law [81]. In fact, the early studies on nanoparticles (such as
carbon black and silica) suggested that the elastic modulus of a resin could be
expressed in terms of the ﬁller concentration and the modulus of the matrix, and
that the gel time would be reduced as the ﬁller concentration increased [82]. Alternatively, the ﬁller can affect the reaction kinetics; carbon-black ﬁllers have long
been known to increase the reaction rate via kinetic rate constants, while silica
ﬁllers affect reaction rates through activation energies [83].
One of most important properties of nanoparticle-ﬁlled systems is that interconnected aggregates of nanoparticles at high concentrations form a three-dimensional network of ﬂoes that extends throughout the volume of the suspension as a
“physical gel” [84]. When large-amplitude oscillatory preshear is applied to these
systems, the network linkages are disrupted and this results in the formation of
isolated ﬂocs. Restoration of the network after preshear has been investigated by
applying small-amplitude oscillations to observe the development of an elastic
modulus (G0 ) with time.
Highly anisotropic nanometric ﬁllers such as layered silicates (e.g., montmorillonite; MMT) can greatly improve the thermomechanical and barrier properties of
thermosets, if the silicate layers are individually dispersed (exfoliated) within the
polymer matrix. The rheology of epoxy silicate suspensions has been shown to
depend on the amount of silicate exposed to the polymer, and this is inﬂuenced
by silicate dispersion, silicate content, as well as the physico-chemical interactions
between the monomer and the silicate surface [85]. If the silicate concentration is
kept constant, the primary factor that determines the viscosity of an epoxy prepolymer/layered silicate will be the silicate delamination, and therefore the rheological properties will be related to the distortion or deformation of the
nanodispersions. Moraru [86] noted that the suspensions which showed the highest yield stress and moduli were those which demonstrated the worst dispersion
state at the nanometric scale. In contrast, the gel strength increases gradually with
structure changes, which is linked to the dispersion state, changing from a welldispersed state to a ﬂocculated state and to the aggregated state.
Solar et al. [87] applied oscillatory measurements to study the durability of nanodispersions in a DGEBA epoxy resin with an organophilic MMT (Nanoﬁl 919) in
the presence of vibration or external stress. The dependence of rheological properties on the intercalated/exfoliated structures and the surface characteristics
between the polymer chains and clays were then monitored. An increase in both
the G0 and G00 moduli was detected as the concentration of nanoclay was
increased. A transition from a liquid-like behavior (G00 > G0 at low temperatures)
to a solid-like behavior (G0 > G00 at higher temperatures) was also observed, due to
the formation of a percolated structure of interconnected tactoids through hydrophobic interactions (as shown in Figure 4.9). This transition was seen to shift to a
lower temperature as the nanoparticle content was increased.
Chen et al. [88] studied the interlayer expansion mechanism of MMT in epoxy
resins by using time-resolved, high-temperature X-ray diffraction (XRD), DSC and
isothermal rheological analyses, and found that the interlayer expansion
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Figure 4.9 Temperature-dependence of G0

(filled symbols) and G00 (empty symbols) at
10 rad s1 for epoxy/Nanofil dispersions at different clay loadings: 0 per 100 parts of resin

(phr) (~), 1 phr (!), 2 phr (&), 5 phr (&), and
7 phr (^). Reproduced with permission from
Ref. [87]; Ó 2008, John Wiley & Sons, Inc.

mechanism could be separated into three stages. The chemorheology of MMTmodiﬁed epoxy, compared to the XRD data, is shown in Figure 4.10. After an initial interlayer expansion induced by intragallery polymerization, the second interlayer expansion stage was accompanied by a rapid increase in the storage
modulus. The rate of interlayer expansion decreased as the storage modulus

Figure 4.10 Isothermal rheological study of 10 wt% MMT-modified epoxy resins. Changes in
d001, full-width half-maximum (FWHM) of the primary diffraction peak, plotted for comparison.
Reproduced with permission from Ref. [88]; Ó 2002, Elsevier.
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began to reach its ﬁrst plateau between 1  103 and 1  105 dyn cm2, which was
most likely due to the onset of extragallery gelation. As the curing reaction proceeded, the storage modulus began to increase rapidly again and approached a
second plateau (1  107 dyn cm2) due to vitriﬁcation of the polymer matrix. The
interlayer spacing stopped expanding during this process, possibly when the modulus of the extragallery polymer became equal to or exceeded the modulus of the
intragallery polymer.
When Dean et al. [89] studied the chemorheology of MMT/epoxy nanocomposites by performing isothermal steady shear sweeps, the intergallery diffusion
before curing was found to be essential for exfoliation, while the gel time was
shortened and the viscosity was increased in line with the MMT content. The
activation energy obtained by plotting the logarithm of the gel time versus 1/T
(Eq. (4.3)) for the neat resin and nanocomposite showed that the activation energy
associated with interlayer expansion was less, and could in fact be a necessary
requirement for obtaining exfoliated samples.
The chemorheology of other nanoﬁllers such as sepiolite [90] and nanoﬁbers
[91], when used to modify epoxy systems, was also studied, and all showed (more
or less) a similarity to that of the MMT-modiﬁed systems.
Recently, numerous research groups have shown that nanoﬁllers can have dramatic effects on the morphology and properties of either rubber- or thermoplasticmodiﬁed epoxy systems [92–95]. Although such rheology studies are still in progress, it is expected that any differences in viscoelastic behavior would further
inﬂuence the phase separation process, and so have serious effects on the rheological behavior.

4.4
Conclusions

The rheological properties of polymer blends – and especially of thermosetting
polymer blends – share a close relationship to the morphology and reactions
involved. Moreover, these properties can cause changes in shear or strain conditions that may lead to dramatic variations in the phase structure and other properties of polymer blends. The time-temperature superposition principle (WLF-type
equations) and power laws have been widely applied to the linear viscoelastic
behavior of both neat polymers and blends, despite the fact that they may reﬂect
different types of structure transitions for either thermoplastic or thermosetting
resins.
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5
Characterization of Phase Behavior in Polymer Blends
by Light Scattering
Petr Svoboda

5.1
Introduction

The ﬁeld of polymer science and technology has undergone an enormous expansion
over the past several decades, primarily through chemical diversity. First, there was
the development of new polymers from a seemingly endless variety of monomers.
Next, random copolymerization was used as an effective technique for tailoring or
modifying polymers. Later, more controlled block-and-graft copolymerization was
introduced [1,2].
The pace of developing new molecules has not stopped, but it has slowed considerably as new chemistry is expensive and takes a long time to commercialize.
Polymer blending or alloying has become an alternate route to new products and
for problem-solving [3].
Improving mechanical properties such as toughness usually serve as the main
reasons for the development of novel thermoplastic alloys and blends [4]. Other
reasons for blending two or more polymers together include: (i) to improve the
polymer’s processability, especially for the high-temperature polyaromatic thermoplastics; (ii) to enhance the physical and mechanical properties of the blend, making them more desirable than those of the individual polymers in the blend; and
(iii) to meet the market force (cost dilution). Most products succeed because of a
beneﬁcial combination or balance of properties rather than because of any single
characteristic. In addition, a material must have a favorable beneﬁt-to-cost relation
if it is to be selected over other materials for a particular application. One key
technical issue is whether the blend will exhibit additive properties, or not. In
many cases properties are well below additive, while in others they may be above
additivity. The property relationships exhibited by blends depend critically on the
correct control of their phase behavior [3].
Basically, polymer blends are divided into two large groups: miscible on the
molecular level; and immiscible. Among commercial products based on miscible
blends can be mentioned, for example, polystyrene (PS)– poly(phenylene oxide)
(PPO), poly(vinylidene ﬂuoride) (PVDF)–poly(methyl methacrylate) (PMMA),
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PVDF–PEMA, and poly(vinyl chloride) (PVC)–nitrile rubber. The immiscible
blends include applications such as rubber blends in tires, impact-modiﬁed plastics, and coextruded ﬁlm and ﬁbers [1].
Miscible blends are homogeneous to the polymer segmental level. Single-phase
blends are usually optically transparent, and most physical properties will be at
least as good as the composition-weighted average of the pure components. At the
very early stages of polymer science it was concluded that miscibility among
polymer–polymer pairs was a rare exception. However, research conducted over
the past decade has proven this rule to be somewhat overstated [3], and polymer
miscibility has actually become a major area of research in many industrial and
academic laboratories [2].
One interesting phenomenon in the ﬁeld of miscible blends is the phase separation that is usually brought about by variations in temperature, pressure, and/or
the composition of the mixture [2]. The two major classes of phase transition in a
dense phase are: (i) liquid–solid phase transition; and (ii) liquid–liquid phase transition. The ﬁrst of these transitions is exempliﬁed by the vitriﬁcation of one or all
of the chemically different equilibrium liquid phases, and by crystallization of one
or all of the chemically different equilibrium liquid phases. In the second transition, the ﬁnal stage of the system is dictated by the combined effects of the thermodynamics of the system (i.e., the extension, location, and nature of the
miscibility gap in the temperature–composition behavior) and the ﬂow properties
of the different polymers. While the mechanism of liquid–solid phase separation
is generally the classic one of nucleation and growth, for liquid–liquid the mechanism depends on the stage of the thermodynamic stability of the system. In one
region, nucleation and growth predominate, whereas in another spinodal decomposition is the mechanism of the phase transformation [2]. The liquid–liquid
phase separation in the temperature versus blend composition plane was named
LCST (lower critical solution temperature) and UCST (upper critical solution temperature) [1].

5.2
Amorphous/Crystalline Polymer Blends

Polymer blends containing a crystallizable component have attracted many scientists, both from basic research and applied research laboratories. This is probably
due to the fact that the majority of commercially used thermoplastic blends and
alloys contain at least one crystallizable material [5]. In order to obtain the desired
product properties, it is often very important to control the crystallization process.
For instance, in certain applications it is useful to have amorphous polyester (e.g.,
PET, as a package material), whereas for other applications a higher degree of
crystallinity is necessary (e.g., as a ﬁber material). In amorphous/crystalline polymer blends the crystallization behavior is often strongly inﬂuenced by the amorphous component. Usually, the crystallization rate of the crystalline polymer is
reduced by the amorphous polymer. In most systems this is caused by an increase

5.3 Light Scattering

of the glass transition temperature (Tg) of the amorphous phase. Examples of this
behavior are blends of PMMA/PVDF, poly(e-caprolactone) (PCL)/PVC, PCL/poly
(styrene-co-acrylonitrile) (SAN), PVDF/poly(ethyl acrylate) and PMMA/poly(ethylene oxide)(PEO). In contrast it was reported recently that, in a single-phase mixture of an aramid and polyethersulfone (PES), crystallization of the aramid occurs
on a reasonable timescale whereas crystallization cannot be observed in the neat
aramid. This increase in the crystallization rate may be caused partially by a lowering of the Tg in the system because PES has a lower Tg than the aramid. However, the main contribution should be made by dissociation of the aramid–aramid
interactions, such as strong hydrogen bonds [6].
Another interesting development in the ﬁeld of crystalline polymer blends was
initiated by the Toyota Motor Corporation, which recently introduced a “super-oleﬁn
polymer.” This material was designed on a lamellar level (on a nanometer scale),
and it has been speculated that this material is a blend of low-molecular-weight poly
(propylene)(PP) with a new oleﬁnic copolymer. This material, which has excellent
hardness and toughness, as well as good ﬂow properties, was designed to replace
the expensive reaction injection molding (RIM) polyurethane [3].
5.3
Light Scattering

Light scattering is a powerful analytical tool that can be used to investigate various
aspects of miscible and immiscible polymer blends. Recently, signiﬁcant progress
has been made in developing the instrumentation for light scattering. A schematic
diagram of a time-resolved light-scattering apparatus based on a moving photodiode is shown in Figure 5.1a, and photometer with a 46-photodiode array system
is shown on Figure 5.1b. Using a highly sensitive charge-coupled device (CCD)
camera system, it is possible to carry out time-resolved measurements of a twodimensional scattering pattern (see Figure 5.1c). Light scattering under Vv geometry (vertical polarizer with vertical analyzer) describes very well the two-phase
structure, while Hv geometry (horizontal polarizer with vertical analyzer) focuses
mainly on crystallization. An example of the modulated structures observed by Vv
light scattering is shown in Figure 5.2, while Figure 5.3 shows an example of Hv
scattering development in time during crystallization.
Light scattering occurs when light is incident on a heterogeneous material. The
intensity of scattering, I(q), is linked to inhomogeneity, or the scattering contrast,
due to ﬂuctuations in density, concentration, or orientation; I(q) is customarily
expressed through a Fourier inversion as [7]
ð
n  o
 
I ðqÞ ¼ I0 v g2 cðr Þexp i ~
ð5:1Þ
q ~
r dr 3
where I0 is the incident light, v is the illumination volume, r is the distance
between scattering units, and q is the scattering wave number, deﬁned as
q ¼ ð4p=lÞsinðq=2Þ

ð5:2Þ
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One angularly moving
photodiode

Photodiode array

analyzer
sample
hot stage
polarizer

He-Ne LASER
λ=632.8nm

(a)

(b)

(c)

Figure 5.1 Light-scattering apparatus. (a) Based on moving photodiode; (b) Based on photo-

diode array; (c) Based on CCD camera.

Here, l and q are the wavelength of light and the scattering angle measured in the
medium, respectively. c(r) is the correlation function, deﬁned as
cðrÞ ¼

hg1 ðrÞg2 ðrÞi
hg2 i

ð5:3Þ

where gi ¼ ni  n0 is the ﬂuctuation representing the contrast of the refractive
indices of component i (¼ 1 or 2) [5,6]. The static scattering technique is extensively used for cloud-point determination to deﬁne the phase diagram, and also as
time-resolved light scattering to study phase-separation dynamics in polymer
blends.

5.4
Cloud-Point Determination

One of the main characteristics of phase separation in polymer blends is the
cloudy appearance of the materials. This cloudiness is a consequence of light
scattering due to the inhomogeneity of the phase-separated blend structure.
Hence, a cloud-point determination method, based on the static light-scattering phenomenon, has been employed customarily to locate the position of the

5.4 Cloud-Point Determination

Figure 5.2 (a) Modulated structure; (b) Vv light-scattering pattern; (c) One-dimensional Vv scattering intensity profile.

phase boundary (or the coexistence curve) of a binary polymer blend. The
static light-scattering apparatus used in the cloud-point determination includes
a laser light source (a randomly polarized He–Ne laser), a goniometer for
angular rotation, and a photomultiplier (or photodiode) detector. The scattered
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Figure 5.3 Hv light-scattering profile during continuing crystallization.

intensity is customarily measured at a given scattering angle, typically in the
range of 20–40 , depending on the length scale (size) of the heterogeneity.
The temperature at which the scattered intensity changes abruptly is called the
cloud-point. In the case for which the scattering shows a strong angular
dependence, a one-dimensional silicon-diode-array detector may be used to
monitor the change in the scattering curve. The cloud-point measurement can
be performed at various rates (see the example in Figure 5.4), after which the
position of LCST is extrapolated to a zero heating rate (see the example in
Figure 5.5).

5.5 Time-Resolved Light Scattering

Figure 5.4 Transmitted light intensity versus temperature in thermo-optical analysis at two heating rates (10 and 40  C min1) for 80/20 PCL/SAN sample.

Figure 5.5 Evaluation of LCST phase boundary by extrapolating to zero heating rate.

5.5
Time-Resolved Light Scattering
5.5.1
Immiscible Blends

The technique of static light scattering can be applied to studies of the dynamic
phenomena of polymer phase transitions by simultaneous acquisition of the angular dependence of the scattering pattern in one or two dimensions at relatively
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short time intervals. Such an approach, termed time-resolved light scattering, measures the temporal evolution of the static structure factor, or scattered intensity,
during polymer–polymer phase separation or homogenization. The temporal
change in the scattered intensity may be described as
ð
Iðq; tÞ ¼ I0 ðq; tÞ hg1 ðr; tÞg2 ðr; tÞiexpfiðq  r Þgdr 3
ð5:4Þ
For irregular two-phase materials, the scattering theory goes back to the fundamental work of Debye and Bueche [8]. The theory provides a relation between the
intensity distribution of scattered light and the statistical parameters that describe
the two-phase structure. The intensity of scattered light from the irregular twophase material usually decreases monotonically with increasing scattering angle,
q. The decreasing function is described by
IðqÞ1=2 ¼ ð1 þ j2 q2 Þ  ð8phg2 ij3 Þ1=2

ð5:5Þ

The correlation distance j can be obtained from the slope and the intercept in the
Debye–Bueche plot, I(q)1/2 versus q2. Once the value of j is known, the other
morphological parameters, such as the speciﬁc interfacial area Ssp and the mean
radius of dispersed particles R, are obtained from the relationships
Ssp ¼ 4wð1  wÞj1

ð5:6Þ

R ¼ 3wS1
sp

ð5:7Þ

where w is the volume fraction of the dispersed phase. Values of R obtained from
light scattering have been compared with transmission electron microscopy
(TEM) data for ABS and blends of a block copolymer with a homopolymer, and
good agreement was reported [9].
5.5.2
Spinodal Decomposition

In 1965, Cahn [10] laid a basis for the mathematical treatment of spinodal decomposition, starting with an expression for the free energy of an inhomogeneous
solution, the composition of which always differed only slightly from the average
composition, and with small composition gradients.
F¼

ðh

i
f ðcÞ þ kðrc Þ2 dV

ð5:8Þ

Here, f(c) is the free-energy density of homogeneous material of composition c,
and kðrcÞ2 is the additional free-energy density if the material is in a gradient in
composition. In the development of the theory it became convenient to consider
the Fourier components of the composition rather than the composition. Because
of the orthogonality of the Fourier components, DF is the sum of contributions
from each Fourier component separately.
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The kinetics of the initial stages of phase separation can be obtained by solving
the diffusion equation. It is necessary to deﬁne a mobility M which is (minus) the
ratio of diffusional ﬂux to the gradient in chemical potential
J B ¼ J A ¼ MrðmA  mB Þ

ð5:9Þ

Simple thermodynamic considerations show that M must be positive if diffusion
which results spontaneously from the chemical potential gradient is to result in a
decrease in free energy. One obtains mA  mB from the variational derivative of F
in Eq. (5.8),
  

dF
@f
mA  mB ¼
¼
 2kr2 cA þ terms higher in order and degree
dc A
@cA
ð5:10Þ
It is possible to discard the higher-order terms if we are only interested in the
initial stages. By substituting Eq. (5.10) into Eq. (5.9) and taking the divergence,
and keeping only ﬁrst-degree terms, the following diffusion equation is obtained:
 2 
@c
@ f
ð5:11Þ
r2 c  2Mkr4 c
¼M
@t
@c 2
Since the coefﬁcient of r2 c may be identiﬁed with a diffusion coefﬁcient, it can be
seen that at the spinodal the diffusion coefﬁcient changes sign. The solution to
Eq. (5.11) is
c  c0 ¼ e½RðbÞt cosðbrÞ

where b is the wavenumber and R(b) is given by
 2 
@ f
RðbÞ ¼ M
b2  2Mkb4
@c 2

ð5:12Þ

ð5:13Þ

Cahn has developed his model for small molecules in metallurgy, and these
equations have been slightly modiﬁed for polymer blends. Today, g is used instead
of f, and q instead of b. Light scattering became popular in the quantitative evaluation of spinodal decomposition in polymer blends. Here, in the initial stage of
phase separation (or phase dissolution), the intensity of the scattered light (I) is
expected to increase (or decrease) exponentially with time t.
I Vv ðq; tÞ / e2RðqÞt

ð5:14Þ

where R(q) is the growth rate (or decay rate) of concentration ﬂuctuation at the
scattering vector q (see Eq. (5.2)).
Today, R(q) is given by (essentially the same as Eq. (5.13) in 1965)
 2

@ g
2
RðqÞ ¼ Mq2
þ
2kq
ð5:15Þ
@c 2
where M is the mobility, g is the free-energy density of the blend with composition
c, and k is the gradient energy coefﬁcient.
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The existence of a scattering peak that is moving to lower values of angle suggests that demixing proceeds via a spinodal decomposition (SD) mechanism.
The SD process in near-critical mixtures can be divided into an early stage, an
intermediate stage, and a late stage [11]. In the early stage, the time evolution of
the concentration ﬂuctuations can be approximated by the linearized theory.
The characteristic wavenumber qm(t,T), which is related to the domain spacing
Lm(t,T),
Lm ðtÞ ¼

2p
qm ðtÞ

ð5:16Þ

of the dominant mode of the concentration ﬂuctuations at time t and phase-separation temperature T is independent of t. The intensity of the Fourier mode of the
ﬂuctuations with wavenumber q, I(q,t,T), grows exponentially with time.
The intermediate stage is characterized by a decrease of qm(t,T) as well as a
further increase in the intensity due to a nonlinear nature in the time evolution of
the concentration ﬂuctuations.
In the late stage, the two phases reach equilibrium composition and the interface between the two phases narrows to equilibrium thickness. The domains,
however, Lm(t,T) are still increasing in order to lower the interfacial free energy
of the system [11].
In order to observe the whole process of SD it is convenient to plot the position
of the maximum qm and intensity at the maximum Im as a function of time in a
double-logarithmic plot. In this way, it is possible to divide the SD process into
three stages. In the early stage, the position of the maximum qm stays almost constant, while in the intermediate and late stages, a scaling analysis is used. Binder
and Stauffer [11] proposed scaling rules, assuming that clusters aggregate by a
diffusion process and coalesce into larger clusters, and described the self-similar
growth of the structure by the time evolution of qm(t,T) and Im(t,T) as
qm ðt; T Þ  ta

ð5:17Þ

Im ðt; T Þ  tb

ð5:18Þ

and

In the intermediate stage, a relation b > 3a is observed. The late stage is reached
when b ¼ 3a, at which time the two phases attain equilibrium compositions, and
self-similar growth of the structure can be observed.
1) In the early stage, there is no increase in wavelength Lm, (qm stays constant)
concentration ﬂuctuations Dw(t) are increasing and the slope of the line (a)
is 0.
2) In the intermediate stage, both the amplitude of the concentration ﬂuctuations
Dw(t) and wavelength Lm(t) of the ﬂuctuations grow with time, and the position of maximum qm is decreasing to lower angles, the slope of the line a is
gradually increasing. Because b is almost a constant, b/a will gradually
decrease until it reaches a value of 3.
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3) In the late stage, where the value Dw reaches an equilibrium value, Dwe determined by the coexistence curve and the phase separation temperature, only
Lm grows with time. The ratio b/a ¼ 3.
Cahn began by describing the Gibbs free energy of ﬂuctuating system by a sum
of the local free energy of mixing and the square of concentration gradient term.
The gradient term remains in Eq. (5.15) as the second term. The ﬁrst term of
Eq. (5.15) is the second derivative of g, which is the thermodynamic driving force
for ﬂuctuation growth (i.e., the degree of instability of homogeneously mixed
state). The second term of Eq. (5.15) suggests that a very sharp gradient with large
q (short wavelength of ﬂuctuation) suppresses the ﬂuctuation growth. In contrast,
the ﬂuctuation with small q (long wavelength) grows slowly, because the molecules should diffuse long distance for the ﬂuctuation growth. Then, there should
exist a peak of rate constant R(q) at a particular q.
One can estimate the growth (or decay) rate R(q) of concentration ﬂuctuations
from the initial slope of a ln(IVv) versus t plot for different angles (or q values).
After such detailed analysis, it is possible to calculate the R(q)/q2 versus q2 plot
for various temperatures. The apparent diffusion coefﬁcient Dapp is deﬁned by

Dapp ¼ M

@2g
@c 2


ð5:19Þ

and can be obtained from R(q)/q2 versus q2 plot as the intercept of the R(q)/q2 axis.
The apparent diffusion coefﬁcient Dapp obtained in this way was positive for
phase dissolution, and negative for phase separation.
5.5.3
Crystallization by Hv Light Scattering

Hv light scattering is a powerful technique for the investigation of crystallization
in polymer blends. Compared to optical microscopy, where the choice always has
to be made from a limited number of spherulites, Hv light scattering provides
information about the whole system.
The observed scattering patterns can be the four-leaf-clover type. The clover patterns become smaller with time of crystallization, and the average radius of the
spherulites RHv can be calculated from the position of the maximum in scattering
intensity, qm, by using this equation [12]:
4:09 ¼ 4pðRHv =lÞsinðqm =2Þ

ð5:20Þ

In order to discuss the time variation of the internal spherulitic structure, it is
convenient to employ the scattering proﬁles at an azimuthal angle 45 using a
reduced scattering angle w [13].
 
2p
w¼
ð5:21Þ
RHv sin q
l
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By using w, the scattering proﬁles are corrected to the reduced proﬁles with the
peak maximum at w ¼ 4. The sharpness of the peaks is different for different samples. An increased radial disorder leads to an increased relative IHv scattered
intensity at angles larger than that of the maximum. To compare quantitatively
the order inside the spherulite, it is convenient to deﬁne a so-called order parameter (Pr):
Pr ¼

I ð4Þ
I ðx Þ

ð5:22Þ

where I(4) represents intensity at w ¼ 4 and I(x) is the intensity at w ¼ x. In the
literature, two values of x were used, namely 8 and 15.
5.5.4
Model Blend of Poly(e-Caprolactone) (PCL) and Poly(Styrene-co-Acrylonitrile) (SAN)

Miscible polymer blends containing one crystallizable component are interesting
from a scientiﬁc as well as an industrial point of view. Occasionally, the LCST
behavior occurs and blend starts to demix at certain elevated temperature by the
SD mechanism. In this case, a highly interconnected two-phase morphology (“SD
structure”) develops, where the periodic distance of the SD structure will depend
on the temperature and time of SD. By quenching the blend having SD structure
below the melting point, the SD structure may be partly preserved by pinning,
associated with a formation of crystal lamellae of the crystallizable component [1].
The spinodal decomposition of polymer blends was very well studied by Hashimoto et al. [14–18]. Crystallization connected with phase separation (many times
by SD) has attracted the attention of many research groups [19–21].
In these studies, two polymers were used, namely poly(e-caprolactone) (PCL)
and poly(styrene-co-acrylonitrile) (SAN). PCL is linear, semicrystalline aliphatic
polyester with the chemical structure:
(CH2)5 C O
O

n

PCL became available commercially following efforts at Union Carbide to identify synthetic polymers that could be degraded by microorganisms. The high solubility of PCL, its low melting point (59–64  C), and its exceptional ability to form
blends has stimulated research on its application as a biomaterial. PCL degrades
at a slower pace than poly(lactic acid) (PLA), and can therefore be used in drugdelivery devices that remain active for over one year. The Capronor system, a oneyear implantable contraceptive device, has become commercially available in
Europe and in the United States. The toxicology of PCL has been extensively studied as a part of the evaluation of Capronor. Based on a large number of tests,
e-caprolactone and PCL are currently regarded as nontoxic and tissue-compatible
materials. PCL is currently being investigated as a part of wound dressing, and in
Europe it is already in clinical use as a degradable staple (for wound closure) [22].
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The next polymer to be investigated was a copolymer of styrene and acrylonitrile
(SAN), with the following chemical structure:
CH2 CH

CH2 CH
C N
x

y

Industrially produced SAN usually contains 15–35 wt% of acrylonitrile, and is
prepared by radical polymerization. Compared to the polystyrene homopolymer,
SAN copolymers have a higher softening point, an improved impact strength, and
a higher resistance to hydrocarbons and oils because of the polar nature of the
acrylonitrile (very polar CN group in contrast to the nonpolar benzene group).
The higher the acrylonitrile content, the greater the heat and chemical resistance,
impact strength, toughness, scratch resistance and barrier properties. SAN is frequently used in households as well as in industry.
Studies of blends of PCL and SAN have provided the rare opportunity of investigating various types of phase behavior such as phase separation, phase dissolution
and crystallization, and many research groups have examined this blend [23–25].
Both, PCL and SAN are miscible only when SAN contains 828 wt% of acrylonitrile, and near to the borders of this “miscibility window,” LCST behavior is
observed. For this study, SAN with 27.5 wt% AN was selected. The PCL/SAN-27.5
blend exhibited LCST behavior depending on the blend composition, but in this
study attention was focused mainly on a blend having a critical composition of
PCL/SAN (80/20).
In this part, the critical blend underwent phase separation at a ﬁxed temperature
above LCST for various times, yielding different periodic distances of SD structure. The phase-separated blend was subsequently quenched to various temperatures below the melting point (Tm) of PCL and then isothermally annealed. The
kinetics of structure development during isothermal annealing was analyzed
quantitatively by light scattering, and the developed structure was observed using
TEM. The development of a phase-separated structure above LCST and following
crystallization was also observed using optical microscopy.
5.5.5
Samples Preparation

The PCL used in these studies (PCL-767; Mw ¼ 40 400 g mol1, Mw/Mn ¼ 2.61)
was obtained from the Union Carbide Corporation. Copolymers of styrene and
acrylonitrile (SAN) were synthesized at 60  C using ethylbenzene as a solvent and
azoisobutyronitrile (AIBN), at a concentration of 0.02 mol l1 as the initiator. The
conversion was less than 5%. The acrylonitrile content in SAN was in range 10–
35 wt%. SAN containing 27.5 wt% acrylonitrile (brieﬂy, SAN-27.5) exhibited an
interesting phase behavior and was studied extensively; the molecular weight data
acquired were Mw ¼ 169 000 g mol1, Mw/Mn ¼ 2.09. The blends were prepared
by casting a 5 wt% solution of both polymers in 1,2-dichloroethane onto a cover
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glass; the solvent was evaporated at room temperature and the samples were then
dried for several days in a vacuum oven at 60  C.
Phase separation and phase dissolution of the blend are described in the following section [26].
5.5.6
Phase Separation and Phase Dissolution in Poly(e-Caprolactone)/Poly(Styreneco-Acrylonitrile) Blend

The phase diagram of the PCL/SAN-27.5 blend is shown in Figure 5.6. All specimens of PCL/SAN-27.5 blends were optically clear, and no structure was observed
microscopically at 80  C (i.e., above the melting temperature of PCL). When the
specimens were heated above LCST, however, they became opaque and a twophase structure was observed.
The blend was ﬁrst annealed below LCST in one-phase region (point A in
Figure 5.6). The sample was then transferred onto another hot stage to various
temperatures set above LCST (point B), and annealed isothermally. Phase separation proceeded to various levels depending on the temperature and duration of
annealing at point B. Finally, the phase-separated sample was quenched to various
phase dissolution temperatures (50–115  C) below LCST (point C).
In Figure 5.7, the structural development in 80/20 PCL/SAN-27.5 after the temperature jump from 80 to 130  C is shown. Initially, no structure was seen, but
after 5 min a two-phase structure with a unique periodicity and phase connectivity
was detected. The contrast of the structure became higher with the time of annealing (30 min), after which the structure became coarser and larger with time (60,
90, and 120 min).
Figure 5.8 shows a typical example of the change in scattering proﬁle with
annealing (demixing) time t at 130  C. Here, the scattered light intensity IVv is
shown as a function of the scattering vector q (see Eq. (5.2)). At t ¼ 0 min, the
scattering intensity is very weak and the proﬁle has hardly any angle dependence,

Figure 5.6 Phase diagram of PCL/SAN-27.5 blend.
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Figure 5.7 Optical micrographs of PCL/SAN-27.5 (80/20) blend showing phase separation at
constant temperature 130  C developing in time. (a) 5 min; (b) 30 min; (c) 60 min; (d) 90 min;
(e) 120 min.
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Figure 5.8 Change of light-scattering Vv profile of PCL/SAN-27.5 (80/20) blend during isother-

mal phase separation at 130  C.

which suggests a homogeneous mixture. This mixture begins to phase-separate
when annealed at 130  C, as shown by the increase in the scattering intensity. The
existence of a scattering peak that is moving to lower values of angle suggests that
demixing proceeds via a SD mechanism.

5.5 Time-Resolved Light Scattering

Figure 5.9 Time evolution of the characteristic wavenumber at maximum qm, intensity at maximum

Im and b/a ratio for PCL/SAN-27.5 (80/20) blend during isothermal phase separation at 130  C.

According to Eqs (5.17) and (5.18), the duration of the early stage was between 0
and 25 min (see Figure 5.9), the intermediate stage was 25–70 min, and the late
stage 70–220 min.
The variation of Lm over time for PCL/SAN-27.5 (80/20) blends at two different
temperatures of 130 and 150  C is plotted in Figure 5.10. The values of Lm can be

Figure 5.10 Wavelength of concentration fluctuations Lm (from Vv scattering) versus time for
PCL/SAN-27.5 (80/20) blend. Samples were heated to 80  C for 1 min (one-phase region) and
then transferred to another hot stage at 130  C or 150  C (two-phase region).
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Figure 5.11 Change of light-scattering profile of PCL/SAN-27.5 (80/20) blend during isothermal
phase dissolution at 90  C after phase separation at 130  C for 220 min.

used for designing the desired size of domains and, indeed, this plot was used to
prepare two different samples with apparently the same wavelength of the concentration ﬂuctuations Lm being about 4.3 mm. The ﬁrst sample was prepared by SD
at 130  C for 220 min, and the second sample at 150  C for 38 min. These two,
supposedly identical, samples were then subjected to phase dissolution (PD) at
90  C.
The results are shown in Figures 5.11 and 5.12. The light-scattering instrument
was set to measure precisely the intensity at smaller angles (compared to
Figure 5.10). It should be noted that the initial peak at 0 min was slightly broader

Figure 5.12 Change of light-scattering profile of PCL/SAN-27.5 (80/20) blend during isothermal
phase dissolution at 90  C after phase separation at 150  C for 38 min.

5.5 Time-Resolved Light Scattering

in the case of the sample phase-separated at 150  C compared to that separated
at 130  C. This indicated a quite narrow particle size distribution of the phaseseparated structure created at 130  C, and the coexistence of larger and smaller
particles created at 150  C.
In both cases, the light-scattering peak was decreasing and the position of the
maximum shifting towards the lower angle. There are several possible interpretations of this shift of the peak maximum in Figures 5.11 and 5.12, one of which is
the faster decay of the high-q Fourier components in the concentration pattern.
Only the slower components with long wavelengths (small q) survive for longer
times. This results in an effective peak shift towards small q (small angles) during
the dissolution process.
This is shown schematically in Figure 5.13, for particles 1 and 2. While the large
particle #1 survives up to Figure 5.13c, particle #2 in Figure 5.13c is already dissolved. Light scattering at the late stage of phase dissolution detects only the

Figure 5.13 Model of phase dissolution development in time derived from the light-scattering

data shown in Figures 5.6 and 5.7.
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remaining particle #1. Another possible interpretation of the peak shift towards a
smaller angle would be a coalescence of close particles #3 and #4. Actual growth
of the particles during phase dissolution is also possible, as was observed directly
using TEM by Okada [27], and calculated by Cheng, using a model [28]. This is
shown schematically by particle #5. In this particular PCL/SAN (80/20) system,
the particles were formed by the SAN-rich phase. SAN has rather high Tg (ca.
103  C), while for PCL Tg ¼ 66  C and Tm ﬃ 60  C. The molecular weight of SAN
(Mw ¼ 169 000 g mol1) is also higher compared to PCL (Mw ¼ 40 400 g mol1).
The above-mentioned facts might contribute to a much higher mobility of PCL
compared to SAN at the PD temperature (90  C). Thus, it is possible that PCL
molecules diffuse into SAN particles faster than the SAN molecules are leaving,
and this would result in a swelling of the SAN particles.
With regards to phase separation, the existence of a scattering peak that is moving to lower values of the scattering angle (as shown in Figure 5.8) indicates that
demixing proceeds via a SD mechanism.
As noted above, and described by Eq. (5.14), during the early stage of SD the
intensity should increase exponentially with time, and this was indeed observed
(see Figure 5.14). By using natural logarithms of intensity, the plot will yield
straight lines during the initial stage, after which the growth (or decay) rate R(q)
of concentration ﬂuctuations can be estimated from the initial slope of a ln(IVv)
versus t plot (shown in Figure 5.16 for phase separation, and in Figure 5.15 for
phase dissolution) for different angles (or q values).
After such detailed analysis, it is possible to calculate the R(q)/q2 versus q2 plot,
as it is shown in Figure 5.16 for SD and Figure 5.17 for PD, for various temperatures. The apparent diffusion coefﬁcient Dapp is deﬁned by Eq. (5.19), and can be

Figure 5.14 Change of ln(IVv) in time during spinodal decomposition at 130  C (from light scattering). Evaluation of slopes for various angles.

5.5 Time-Resolved Light Scattering

Figure 5.15 Change of ln(IVv) in time during phase dissolution at 90  C (from light scattering).
Evaluation of slopes for various angles.

obtained from the R(q)/q2 versus q2 plot as the intercept of the R(q)/q2 axis in
Figures 5.16 and 5.17.
The apparent diffusion coefﬁcient Dapp obtained in this way was positive for
phase dissolution, and negative for phase separation. It is interesting to compare
the absolute values of Dapp for SD and PD in one plot (see Figure 5.18).

Figure 5.16 Plot of R(q)/q2 versus q2 of PCL/SAN-27.5 (80/20) blend: spinodal decomposition
at 125–180  C. R(q) values were obtained by an analysis of the slopes shown in Figure 5.10.
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Figure 5.17 Plot of R(q)/q2 versus q2 of PCL/SAN-27.5 (80/20) blend; phase dissolution at 90,

105, and 115  C after previous spinodal decomposition at 150  C for 15 min.

The Dapp for phase dissolution was found to have values between 3 and
11 1017 m2 s1 over the temperature range of 50 to 115  C. Closer to LCST, the
values decrease; they are also low in the range of 50–65  C. The diffusion should
be slower at a lower temperature due to a lower mobility. In the present case, the
presence of a virtual UCST of about 40  C, as was found earlier for similar

Figure 5.18 Apparent diffusion coefficient for phase dissolution (squares) and phase separation
(circles) as a function of annealing temperature. The lower critical solution temperature (LCST)
is shown by the arrow.

5.5 Time-Resolved Light Scattering

systems [29], should cause the decrease in Dapp. Comparable values of Dapp for
phase separation (but of opposite sign, i.e., negative values) were found in the
temperature range of 125 to 150  C. By further increasing the temperature the SD
would proceed much more quickly, an example being value of Dapp at 180  C
which was more than 10-fold higher than the fastest phase dissolution. From the
exponential-like curve, it could be assumed that this difference would most likely
be even higher (perhaps 100-fold or even 1000-fold) if the temperature were to be
increased to, for example, 200–220  C.
5.5.7
Crystallization Kinetics by Optical Microscopy and by Hv Light Scattering

The specimens were forced to undergo demixing into different levels, which was
evaluated quantitatively by using the Vv light-scattering technique described above,
and then crystallized by quenching to a temperature below Tm. The starting point
of the kinetics analysis was the crystallization of PCL/SAN-27.5 (80/20) from the
homogeneous state (one phase), achieved by annealing the sample at 100  C for
1 min. After annealing, the sample was transferred to another hot stage at 40  C,
where the time development of spherulites was observed using optical microscopy.
An example of the growth of spherulites over time is shown in Figure 5.19 (a plot
of the spherulite radius versus time of crystallization is shown in Figure 5.21).
As the size and shape of spherulites differed slightly, values for about three
spherulites were averaged. Typically, a linear dependence was always obtained,
with the slope of the line being equivalent to the spherulite growth rate, G.
The samples were also forced to undergo SD to different levels, represented by
different times of SD at 150 , and then quenched to a crystallization temperature
of 40  C. An example of spherulite growth from these phase-separated structures
is shown in Figure 5.20. The ﬁrst observation led to the conclusion that, after SD,
the number of small spherulites would be higher, implying a greater number of
nucleation centers. The size of the spherulites was clearly larger than the size of
the domains, which meant that crystallization had proceeded via the PCL-rich
matrix, somehow ignoring the obstacles represented in this case by SAN-rich
domains. Quantitative and more detailed conclusions are difﬁcult to draw using
only optical microscopy, and consequently both light-scattering and TEM imaging
were applied for this purpose (as will be described later). The variations in spherulite radius are plotted in Figure 5.21. where, again, the growth was linear with
time. The growth rate appeared to be accelerated by SD, in that the further SD
proceeded the faster was the crystallization. Although crystallization did not proceed in SAN-rich domains, it was not stopped at the SAN-rich borders, due to the
interconnectivity of the PCL-rich phase; rather, it proceeded in the PCL-rich phase.
As shown in Figure 5.22, the crystallization kinetics was accelerated during the
early and middle stages of SD. With increasing SD time, the crystallization kinetics G increases; the reason for this is an increased concentration of PCL in the
PCL-rich regions. On the other hand, G is almost constant with demixing time in
the late stage of SD, mainly because there was no further evolution of
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Figure 5.19 Optical micrographs of PCL/SAN-27.5 (80/20) blend that was heated in the onephase region (100  C for 1 min) and then quenched to the crystallization temperature (40  C).
Spherulite growth times: (a) 14 min; (b) 26 min; (c) 34 min.

concentration ﬂuctuations at the late stage of SD (only Lm increases in line with
the demixing time).
One other interesting phenomenon is the ordering of the PCL lamellae inside
spherulites. However, a greater understanding of this situation can be acquired by
applying Hv light scattering in association with TEM imaging.
Hv light scattering represents a powerful technique for investigating crystallization in polymer blends. The main advantage of the technique is that, compared to
optical microscopy – for which only a limited number of spherulites can be chosen – Hv light scattering can provide information on the whole system.

5.5 Time-Resolved Light Scattering

Figure 5.20 Optical micrographs of PCL/SAN-27.5 (80/20) blend that was heated in the one-

phase region (100  C for 1 min), phase-separated for 40 min at 150  C, and then finally crystallized at 40  C. Time of development: (a) 2 min; (b) 4 min; (c) 8 min.

For this study, a crystallization temperature of 40  C was chosen. The observed scattering patterns were of the four-leaf-clover type similar to that shown in Figure 5.3,
but the clover patterns became smaller with time of crystallization. Figure 5.23
shows the one-dimensional Hv scattering proﬁles at an azimuthal angle of 45 for a
sample crystallized after 20 min of SD. The average radius of the spherulites RHv can
be calculated from the position of the maximum in scattering intensity, qm, by using
Eq. (5.20). In order to discuss the time variation of the internal spherulitic structure,
it is convenient to employ the scattering proﬁles at an azimuthal angle 45 using a
reduced scattering angle, w (see Eq. (5.21)). By using w, the scattering proﬁles are
corrected to the reduced proﬁles with the peak maximum at w ¼ 4, as shown in
Figure 5.24. The sharpness of the peaks is different for the samples with different
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phase region (0 min) with samples that have
Figure 5.21 Variation of spherulite radius R
with crystallization time for PCL/SAN-27.5 (80/ undergone different times of spinodal decom20) at 40  C by optical microscopy. Comparison position (SD) at 150  C.
is made for sample crystallized from the one-

times of SD. An increased radial disorder leads to an increased relative IHv scattered
intensity at angles larger than that of the maximum. In order to compare quantitatively the order inside the spherulite, it is convenient to deﬁne a so-called order
parameter (Pr) (see Eq. (5.22)); the situation is shown schematically in Figure 5.24,
while how Pr changes during crystallization is shown in Figure 5.25. At the start of
crystallization, ordering inside the spherulite is higher, but it then decreases and

Figure 5.22 Growth rate (G) of spherulites at 40  C versus time of spinodal decomposition (SD)

at 150  C.

5.5 Time-Resolved Light Scattering

Figure 5.23 Change of Hv scattering profiles with time after quenching the PCL/SAN-27.5 (80/
20) blend to 40  C after 20 min of spinodal decomposition at 150  C. Azimuthal angle m ¼ 45 .

remains at an almost constant level. This behavior was observed for the sample crystallized from the homogeneous phase, and also for samples crystallized after different times of SD.
The explanation for this phenomenon is that, at the start of crystallization, the
lamellae of PCL grow from the center of the spherulite in a radial direction, such
that Pr is high. However, after a short time branching begins in regions where the
PCL concentration is lower, and this causes a decrease in Pr. The radial growth

Figure 5.24 Schematic picture of determination of order parameter I(4)/I(8) and I(4)/I(15).
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Figure 5.25 Order parameter versus time of crystallization at 40  C for (80/20) blend quenched

from homogeneous state (100  C for 1 min).

and branching then reach an equilibrium, so that Pr becomes constant; this constant value was used to compare samples crystallized from different stages of SD
(as shown in Figure 5.26).
In Figure 5.26, two values of Pr – I(4)/I(8) and I(4)/I(15) – are plotted as a function of time of SD at 150  C. All samples were crystallized at a constant temperature

Figure 5.26 Order parameter versus time of spinodal decomposition (SD) at 150  C.

5.5 Time-Resolved Light Scattering

of 40  C. Regardless of which Pr is considered, an interesting phenomenon emerged
whereby, Pr initially increased (in about 10 min) but then slowly decreased with
increasing time of SD. By using the Vv light-scattering analysis at 150  C, it is possible to identify a change from the middle to late stages of SD at about 10 min. From
the data in Figure 5.26, it is apparent that ordering of the spherulites is increased for
samples crystallized after SD in the early and middle stages. However, by the late
stage Pr decreases continually with increasing time of SD.
In order to better understand this phenomenon, however, it was necessary to
perform a TEM analysis, for which the following samples were chosen. All samples had the same blend composition PCL/SAN-27.5 (80/20) and were crystallized
at 40  C for 14 h after a different prior history. The ﬁrst sample (Figure 5.27) was
crystallized from the homogeneous phase attained by annealing the sample at
80  C for 1 min. In this case, the lamellae were short and oriented in many directions, in contrast to the radial growth of spherulites. It appeared that the SAN was
partly segregated from the growing front, and partly remained in an amorphous
mixture with PCL between the PCL lamellae. As RuO4 “stains” benzene rings
(i.e., SAN), the broad dark region might represent areas where the concentration
of SAN had increased due to segregation during crystallization. On many occasions the lamellae terminate in these areas and begin to grow in new directions,
which could explain the low Pr value.
Three additional samples with different degrees of phase separation (Figure 5.28,
5 min; Figure 5.29, 15 min; Figure 5.30, 40 min) were also examined, and a clear
two-phase system could be seen in all three cases. In Figure 5.28, which represents
5 min of SD (middle stage), the lamellae are highly oriented in one direction,
which corresponds to a high Pr. An interesting phenomenon in this case is
that the lamellae grow through the SAN-rich areas (dark) without any change
of direction; moreover, the number of lamellae in these areas is, as expected,
smaller because of the lower concentration of PCL in these SAN-rich areas.
In Figure 5.29, the system phase had been separated for 15 min before

Figure 5.27 TEM image of PCL/SAN-27.5 (80/20) sample crystallized at 40  C for 14 h after this
history: 80  C for 1 min.
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Figure 5.28 TEM image of PCL/SAN-27.5 (80/20) sample crystallized at 40  C for 14 h after this
history: 100  C for 1 min, 150  C for 5 min.

crystallization (late stage), and the concentration inside the SAN-rich domains
had already reached an equilibrium value. The difference here is the size of
the SAN-rich domains, which are larger. As the PCL concentration inside the
SAN-rich domains crosses the critical level that would allow crystallization, the
lamellae are unable to penetrate these domains, probably due to a mobility
effect. The Tg of these domains is probably higher than the crystallization temperature, and the mixture of PCL and SAN becomes frozen inside these
domains. The alignment of lamellae in the PCL-rich matrix is rather high,
which corresponds with a high Pr-value. The growth of spherulite continues
through the bridges between the SAN-rich domains.
The last sample (Figure 5.30) had undergone 40 min of SD (again, the late
stage), and the size of the domains had gradually increased. The difference compared to Figure 5.29 is that the alignment of lamellae is much worse, with

Figure 5.29 TEM image of PCL/SAN-27.5 (80/20) sample crystallized at 40  C for 14 h after this

history: 100  C for 1 min, 150  C for 15 min.

5.5 Time-Resolved Light Scattering

Figure 5.30 TEM image of PCL/SAN-27.5 (80/20) sample crystallized at 40  C for 14 h after this
history: 100  C for 1 min, 150  C for 40 min.

lamellae growing in all directions, which corresponds to a lower Pr-value. In both
cases (Figures 5.29 and 5.30), the surface of the SAN-rich domain is darker, which
suggests that the SAN concentration in this interface is higher than that inside the
domain. This situation could be explained by the crystallization of almost all the
PCL from this area, while the SAN remained. Inside the domains, the concentration of amorphous PCL was higher than at the surface of the domains.
In the SAN-rich phase, the crystallization growth rate is much slower (crystallization may even be prevented by the mobility effect) than in the PCL-rich phase.
This is due to an increasing Tg of the blend when the SAN content is increasing
(the Tg of pure PCL is ca. 60 , while that of SAN is ca. 105  C). However, as the
PCL-rich phase is highly interconnected, the lamellae will growing much faster in
this phase, somehow ignoring the slow SAN-rich domains. At this blend composition (PCL/SAN 80/20), the growth of large spherulites is not prevented by SD;
rather, due to the formation of a PCL-rich phase during SD, the SAN concentration in this phase will gradually decrease to an equilibrium value; as a consequence, the Tg of the phase will decrease, resulting ultimately in a higher rate of
crystallization.
The PCL/SAN-27.5 blend provided an excellent opportunity to investigate phase
dissolution kinetics and to add some experimental data (that are still quite rare) to
this subject. First, attention was focused on phase separation above LCST (at
122  C), and examined this qualitatively with optical microscopy (at 130  C) and
then quantitatively by light scattering at various temperatures (125–180  C). The
SD mechanism of phase separation was conﬁrmed by a detailed data analysis
based on Cahn–Hilliard theory. Second, the phase-separated structure was
quenched to various temperatures below LCST (50–115  C) to study phase dissolution. The latter was affected by the temperature of previously performed SD and,
based on light-scattering data, a model of phase dissolution mechanism was created. Several possible interpretations exist to explain the shift in the peak maximum during phase dissolution, one of which is a faster decay of the high-q
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Fourier components in the concentration pattern. Only those slower components
with long wavelengths (small q) will survive for longer times, and this results in an
effective peak shift towards small q (small angles) during the dissolution process.
Again, for PD it was possible to use linearized theory to obtain an apparent diffusion coefﬁcient Dapp. Finally, when the Dapp values were compared for SD and PD,
the fastest PD was seen to be about 10-fold slower than the fastest SD over a
measured temperature range.
By using optical microscopy, the crystallization kinetics was observed for samples crystallized after decomposition into different stages of SD. A major acceleration of the crystallization kinetics was observed for samples that had undergone
SD in the early and middle stages. This can be explained by a gradual change of
concentration in the PCL-rich domains. However, during the late stage the concentration reaches an equilibrium value and the crystallization kinetics reach
almost constant level.
The Hv light-scattering technique enabled a quantitative evaluation of the ordering of PCL lamellae inside the spherulites which, in the present case, were always
bigger than in the phase-separated domains. The results of this analysis indicated
that the radial ordering of lamellae would be increased for samples crystallized
after SD to the early and middle stages, but this would gradually decrease in the
case of samples separated to the late stage of SD.
The TEM images explained the rather surprising results of the previous analysis. In samples crystallized from the homogeneous phase the ordering of lamellae
was rather poor, and SAN was probably partly segregated during crystallization.
However, when the amount of segregated SAN exceeded a certain level the lamellae began to grow in new directions. For samples crystallized after separation to
the middle stage of SD, ordering of the lamellae was much higher, and they grew
through the SAN-rich areas without changing direction. For samples crystallized
after SD to the late stage, the PCL lamellae could not penetrate the SAN-rich
domains, and crystallization was halted at the borders of the SAN-rich domains.
As the PCL-rich phase is interconnected, crystallization can proceed through
bridges between SAN-rich domains; lamellae growth would then continue by
branching which, of course, would decreases the radial ordering of lamellae inside
the spherulite. Notably, the more decomposition proceeded, the less ordered were
the lamellae.
5.5.8
Competition of Phase Dissolution and Crystallization

The variation of Lm in time for PCL/SAN-27.5 blends at a temperature of 150  C
is plotted in Figure 5.10. Here, the values of Lm can be used to design the desired
size of domains.
Initially, the early stage of SD was chosen to observe differences in structure
after annealing isothermally below Tm at three different temperatures. TEM images
of the annealed samples are shown in Figure 5.31 and, depending on the annealing temperature (Ta), the ﬁnal structures were very different. In Figure 5.31a

5.5 Time-Resolved Light Scattering

Figure 5.31 TEM images of PCL/SAN-27.5 (80/20) blend after SD at 150  C for 3 min, followed

by annealing at lower temperatures. (a) 40  C; (b) 45  C; (c) 51  C.

(Ta ¼ 40  C), an SD structure with a periodic distance of 0.4 mm was preserved.
However, after annealing at a higher temperature (Ta ¼ 45  C) the structure had a
longer periodic distance (Figure 5.31b); also evident was the presence of a gray
gradient between the dark and bright regions, which suggested an appreciable
progress of PD. In Figure 5.31c, a completely different structure of the sample
annealed at a higher temperature, close to the Tm of PCL (Ta ¼ 51  C) for a long
time (three days), could be seen. In this case, the SD structure had completely
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disappeared, which suggested that PD had been completed and crystallization had
proceeded in the single-phase mixture.
The results in Figure 5.31 suggest that both PD and crystallization occur at low
temperatures, below Tm (<LCST). This point was justiﬁed by TEM observations of
a specimen after a longer period of SD, chosen to achieve a higher degree of
SD (Figure 5.32). A typical SD structure was apparent at lower magniﬁcation
(Figure 5.32a); however, at higher magniﬁcation of the same structure
(Figure 5.32b), the dark region (due to RuO4 “staining” of the phenyl ring) could
be assigned to the SAN-rich region, the bright matrix to the PCL-rich region, and
thin bright stripes to the PCL crystal lamellae. The lamellae were seen clearly only
at the edge of SAN-rich domains. Taken together, these results may suggest that
the core of the domain would be a single-phase mixture vitriﬁed without crystallization, probably resulting from the lower mobility of the PCL chains in the highTg region of high SAN content. Contrast between the stripes would become
weaker at the outer edge, and be too faint to be clearly visualized in the matrix.
Bearing in mind that this striped pattern results from a deep staining of SAN
segregated between the PCL lamellae, the gradient of stripes may correspond to a
concentration gradient that is created by PD before crystallization.

Figure 5.32 TEM images of PCL/SAN-27.5 (80/20) blend after SD at 150  C for 15 min, followed by
annealing at 40  C for 14 h.; (a) Low magnification ( 2000); (b) High magnification ( 50 000).

5.5 Time-Resolved Light Scattering

A quantitative discussion of the competition of crystallization and PD was made
possible by an analysis of the light-scattering data. Vv scattering is sensitive to both
PD and crystallization, whereas Hv detects only crystallization. In order to discuss
the kinetics, it is convenient to use the invariant Q, that is, the integrated scattering intensity [30]
1
ð

Q¼

I ðqÞq2 dq

ð5:23Þ

0

where q is the scattering vector mentioned above, and I(q) is the intensity of scattered light at q. The Hv invariant QHv is described by the mean-square optical
anisotropy kd2i (proportional to volume fraction of spherulites) and QVv is
ascribed to both kd2i, and the mean-square density ﬂuctuation kg2i. The results
are shown in Figure 5.33. Here, the specimen underwent ﬁrst a phase separation
at 150  C for 3 min, followed by a temperature drop to two lower temperatures:
33  C and 46  C. In case of 33  C (Figure 5.33a), both Hv and Vv invariants
increased rapidly, implying that the crystallization takes place very quickly but that
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Figure 5.33 Vv and Hv invariants of blend decomposed at 150  C for 3 min, as a function of time

after temperature drop to: (a) 33  C and (b) 46  C.
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PD barely proceeds. The PD was most likely prevented by the rapid formation of
crystal lamellae. In contrast, at 46  C (Figure 5.33b). there was a decrease in the Vv
invariant at an early stage, followed by slow increases in Vv and Hv (note that the
x-axis in Figure 5.33b is in hours, while that in Figure 5.33a is in minutes).
This suggests that PD initially occurs, rendering a one-phase mixture, and then
crystallization follows. Thus, crystallization prevails over PD at low temperatures
(Figure 5.33a), while dissolution proceeds followed by crystallization at high temperatures (close to Tm; see Figure 5.33b). Which of these processes ultimately
occurs will depend most likely on the crystallization temperature.
Such competition may also depend on the degree of SD before the temperature
drop. In Figure 5.34, four samples were phase-separated to different levels of SD
depending on the period of SD time at 150  C. All samples showed a decrease in
Vv invariant from the start, implying the progress of PD, followed by increases in
both Vv and Hv invariants, implying subsequent crystallization. The longer the SD
time, the later was the onset of Vv invariant growth, whereas the onset of Hv
invariant was seen after about 2 h for all samples. These results suggest that the
situation for the samples after short SD periods (3 and 15 min) is similar to that
80
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Figure 5.34 Change in invariant with time after temperature drop to 50  C, after different times

of SD at 150  C (3, 15, 40 and 60 min). (a) Vv; (b) Hv.
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Hv invariant / a.u.

in Figure 5.33b; that is, PD proceeds, followed by crystallization. In contrast, when
samples are phase-separated for longer periods (40 and 60 min), it is clear that PD
and crystallization are competing. In the former cases (short SD time), there was
no signiﬁcant difference in the increase of Hv invariant, which probably suggests
that crystallization occurs in a single-phase mixture after the completion of PD in
both samples. In the latter cases (long SD time), crystallization can proceed quickly
in a well-demixed PCL-rich phase (with low SAN concentration as impurity).
A longer SD time may yield a lower SAN content in the PCL-rich region, and
hence crystallization should be faster (compare D and in Figure 5.34b); however,
the dissolution should be slower (compare D and in Figure 5.34a), as the SD has
already reached the later stage of SD, yielding a longer spacing of SD structure and
a higher SAN content in SAN-rich regions (with the higher Tg).
From the increase in Hv invariant with time (see Figure 5.35) after a temperature drop from 150  C, it is possible to estimate the rate of crystallization; for
example, t1/21, where t1/2 is the time required to reach half of the invariant’s
maximum level. The rate of crystallization described by t1/21 as a function of
crystallization temperature is plotted in Figure 5.36; notably, crystallization is
faster at lower temperatures.
The two rate-related constants t1/2 and Dapp are plotted in Figure 5.37 as functions of temperature (Ta). The apparent diffusion coefﬁcient Dapp curve exhibits a
maximum at about 80  C, but at LCST (122  C) the Dapp is thought to have a zero
value. At a lower temperature, the thermodynamic driving force for PD should be
stronger, and so a faster PD is expected. At much lower temperatures, chain
mobility should be decreased when approaching Tg. Another possibility for a
decrease in Dapp with decreasing temperature is the presence of a virtual UCST, at
which Dapp should be zero. Nevertheless, there is a certain temperature range (44–
50  C), over which the competition between crystallization and PED can be clearly
seen. For the results shown in Figure 5.33a, PD does not occur at low temperature
(30  C), and the rapid crystallization will suppress dissolution. However, the
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Figure 5.35 Change of Hv invariant in time at 33  C. Evaluation of t1/2, the half-time of crystalli-
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possible existence of a virtual UCST could also make PD impossible, for thermodynamic reasons. Such behavior has been observed in the past for a PCL/SAN26.4 blend with a virtual UCST of about 35  C [29].
The results of optical microscopy observations, TEM imaging and light scattering, mainly for samples phase-separated at an early stage of SD, are summarized
in Table 5.1. At high temperatures, very long induction period (many hours) were
observed before crystallization commenced, providing sufﬁcient time for PD to be
completed. At low temperatures, however, the crystallization was very fast (a few
minutes) and the SD structure was pinned by the growing spherulites. Only at
intermediate temperatures was it possible to observe competition between the two
processes.

log(τ1/2-1x 106/s-1)
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Figure 5.37 Crystallization rate constant t1/21 (&) and the apparent diffusion coefficient for

dissolution as a function of annealing temperature ( ). Triangles show Tg, Tm, and LCST
temperatures.

5.6 Determination of Virtual UCST Behavior
Table 5.1

Three temperature ranges: summary.

Temperature range 1
(30–43  C)

Temperature range 2
(44–50  C)

Temperature range 3
(51–55  C)

Very fast crystallization
G ¼ 100–3000 mm h1
2–50 mm min1

Slower crystallization
G ¼ 1–50 mm h1
0.1–1 mm min1

Extremely slow
crystallization
G ¼ 0.1–1 mm h1

Phase dissolution is very
slow 0.1–1 mm h1

Phase dissolution is a little
faster, around 1 mm h1

Phase dissolution is faster,
around 1–21 mm1 h1

Crystallization is faster than
phase dissolution, and
crystals pin the phaseseparated structure so that
phase dissolution cannot
occur

Phase dissolution is
competing with
crystallization

Extremely long induction
period of crystallization;
Before crystallization starts,
phase dissolution ﬁnishes

Main process: crystallization

Competition

First phase dissolution,
second crystallization

A PCL/SAN-27.5 blend provided an excellent and rare opportunity to investigate
the competition of PD and crystallization below the Tm of PCL. Selecting different
times of annealing above LCST allowed the starting SD structure to be set up.
Based on results of TEM imaging and light-scattering analyses, crystallization at
lower temperatures (<44  C) was much faster than the PD, while the SD structure
was pinned by the rapidly growing PCL crystal lamellae. Above 50  C, however,
crystallization was very slow and PD was completed before crystallization started.
At intermediate temperatures, PD was seen to compete with the crystallization.
The less-decomposed sample dissolved more quickly, before crystallization
began, whereas the highly decomposed sample dissolved partially and the SD
structure was ﬁxed by the growing crystal lamellae. A detailed study of PD kinetics
using light scattering also suggested the existence of a virtual UCST phase boundary (ca. 40  C), below which temperature PD would be impossible.

5.6
Determination of Virtual UCST Behavior

The scattering of light caused by crystalline polymers arises in part from ﬂuctuations in the average refractive index, and in part from ﬂuctuations in the orientation of anisotropic entities [31]. These contributions can be quantitatively
separated by applying polarized light. The contribution from anisotropic ﬂuctuations can be detected in a Hv conﬁguration, while contributions of density (refractive index) and orientation ﬂuctuations are detected by a Vv conﬁguration [30].
Time-resolved scattering proﬁles obtained for Vv and Hv optical alignments are
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Figure 5.38 Change of Vv and Hv scattering profiles with time after quenching the PCL/SAN-26.4

(60/40) blend to 23  C; Hv profiles are at the azimuthal angle m ¼ 45 .

shown in Figure 5.38. There is a signiﬁcant change in the Vv proﬁle from the start
of the measurement (0 s) until 85 s, whereas the Hv proﬁle remains at a zero level
until 100 s, after which a signiﬁcant increase in intensity occurs; hence, whilst the
Hv proﬁle does not change for a certain period of time, the Vv scattering increases
rapidly. This implies that density ﬂuctuations caused by two isotropic phases precede the evolution of optical anisotropy. In other words, before crystallization
starts, a liquid–liquid phase separation occurs–that is, the sample seems to be
crystallized below the UCST in the two-phase region.
For the quantitative evaluation of kinetics of crystallization and liquid–liquid
phase separation, it is convenient to use the invariant Q, that is, the integrated
scattering intensity [30] (see Eq. (5.23))
The time variations of the invariants QHv and QVv are plotted in Figure 5.39.
The values of both invariants increase with the time of annealing; QHv begins to
increase after a certain time lag when QVv has already reached a relatively higher
level. The rapid increase in QVv and the slow increase in QHv after the time lag
may suggest that liquid–liquid phase separation precedes crystallization. In other
words, the crystallization temperature locates below the UCST, and crystallization
begins when phase separation has proceeded to a certain level.
It is also possible to discuss the location of the UCST from the relative increase
in QVv, normalized by that of QHv. The initial slope of the time variation of QHv
(the straight line tangent in Figure 5.39), QHv/dt, is thought to represent the rate
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Figure 5.39 Time-dependence of Vv and Hv invariants for PCL/SAN-26.4 (60/40).

of crystallization [32] for systems without phase separation, while QVv/dt is composed of two rates below the UCST-(1) crystallization and (2) liquid–liquid phase
separation. The ratio (QVv/dt)/(QHv/dt) is a relative measure of the rate of the crystallization and phase separation. For neat PCL, the ratio remains constant (ca. 1)
for all measured temperatures. However, a totally different situation arises after
quenching the blend (Figure 5.40), when a clear discontinuity appears. At lower
temperatures, the ratio exhibits a relatively large value of about 7, after which a
sharp decrease occurs to about 1, and this remains constant at higher temperatures. Thus, the temperature at which the ratio deviates from 1 is the spinodal
temperature (Ts); the implication here is that above Ts only crystallization takes

Figure 5.40 Temperature-dependence of the relative value (dQVv/dt)/(dQHv/dt).
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Figure 5.41 Time-dependence of the scattered light intensity of different scattering vectors q
after temperature drop to 25  C for PCL/SAN-12.4 (60/40) blend.

place, whereas below Ts liquid–liquid phase separation proceeds, suggesting a
UCST-type of phase behavior.
For further analysis of the liquid–liquid phase separation, it should be noted
that at the very early stage the contribution of crystallization to the overall Vv scattering is almost zero (see Figures 5.38 and 5.39). Consequently, it is possible to
discuss the details of liquid–liquid phase separation by the initial time variation of
IVv, at a time window before the onset of crystallization. Below the UCST, the linear theory of SD [10] can be applied for data analysis. In the initial stage of phase
separation, the intensity of the scattered light (I) will vary exponentially with time t
(see Eq. (5.14)). It is possible to estimate the growth rate R(q) for ﬂuctuations from
the initial slope of a lnI versus t plot (Figure 5.41) for different values of q. Figure 5.42 shows the R(q) spectrum for different temperatures; for temperatures
below the UCST the curves exhibit a maximum at qm. The position of the maximum changes in line with the distance from Ts; the dependence of qm on the difference between the spinodal and annealing temperatures can be easily deduced.
Equation (5.24) is obtained from Eq. (5.15) in the case that [dR(q)/dq] is set to zero
 2 
@ f
@c2
ð5:24Þ
q2m ¼ 
4k
de Gennes theory for the SD of incompressible mixtures [33] leads to
@2f
x  xs
¼
@c2
xs

ð5:25Þ

where x is the Flory–Huggins interaction parameter and xs is the interaction
parameter at the spinodal. Furthermore, it was shown that [15]
x  xs
/ jT  T s j
ð5:26Þ
xs
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Figure 5.42 Dependence of R(q) on q for different temperatures.

From Eqs (5.24)–(5.26), it follows that
q2m / jT  T s j

It also follows that at the spinodal (T ¼ Ts)
 2 
@ f
¼ q2m ¼ 0
@c 2 T;p

ð5:27Þ

ð5:28Þ

Thus, the temperature-dependence of qm2 can be used to obtain Ts, as shown in
Figure 5.43. When Eqs (5.7) and (5.8) were applied, Ts was taken as the intercept
from the extrapolation of the straight line to qm2 ¼ 0.

Figure 5.43 Temperature-dependence of qm2 of a PCL/SAN-12.4 (60/40) blend.
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Figure 5.44 Plot of R(q)/q2 versus q2 for different temperatures of a PCL/SAN-12.4 (60/40)

blend.

Furthermore, the spinodal temperature can be obtained from the temperaturedependence of the apparent diffusion constant (Dapp), which is deﬁned by Eq. (5.19).
By using Eqs (5.15) and (5.19), Dapp can be obtained from R(q)/q2 versus q2 plots
as the intercept of the R(q)/q2 axis, as shown in Figure 5.44. Since M / T, according to the Stokes–Einstein equation, and because of Eqs (5.25) and (5.26), the temperature-dependence of Dapp in the vicinity of the spinodal is given by
Dapp / T jT  T s j

ð5:29Þ

The spinodal temperature can be obtained from the Dapp/T versus T plot as the
intercept of the straight line with the temperature axes (Figure 5.45), because at
the spinodal temperature Dapp is 0.
The spinodal temperatures were obtained for a ﬁxed blend ratio (PCL/SAN 60/
40) and three different copolymer compositions by using three different methods,
as discussed above. All obtained values of Ts were plotted as a function of the
copolymer composition (Figure 5.46), creating a UCST border of PCL/SAN
blends. It is reasonable that the curve has a minimum because, according to thermodynamic calculations, the miscibility window might be a “closed” area under
some circumstances [34]. An experimentally obtained LCST border and a calculated miscibility loop are also shown in Figure 5.46 [29].
TEM was applied in order to support the light-scattering methods used to determine UCST behavior. Figure 5.47a and b show TEM images of a sample crystallized at 46  C, above the virtual UCST. A TEM image of the same sample
quenched to 24  C, below the UCST, is shown in Figure 5.47c, where the white
regions are PCL-rich and the black regions are SAN-rich (the black is produced by
RuO4-staining of the phenyl ring). In Figure 5.47a and b, the white lamellae of
PCL can be seen very clearly, and between them the amorphous region composed
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Figure 5.45 Temperature dependence of Dapp/T for a PCL/SAN-12.4 (60/40) blend.

of a PCL/SAN mixture. This implies that crystallization of the blend had occurred
above the UCST, from a homogeneous mixture. A completely different structure
can be seen in Figure 5.47c, where SAN-rich domains (dark regions of ca. 0.1 mm)
can be clearly distinguished from the continuous PCL-rich phase (which appears
as a white background and contains large amounts of amorphous and crystalline
PCL). The PCL lamellae cannot be detected because the amount of SAN present
may be too small to provide an effective staining contrast. This structure proposes
that crystallization had occurred after liquid–liquid phase separation had achieved
a certain level, with the sample having been quenched below the UCST.

Figure 5.46 Miscibility loop of PCL/SAN blends.
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Figure 5.47 (a, b) TEM images of a PCL/SAN-12.4 (60/40) sample quenched to 46  C (above
UCST) with two different magnifications; (c) The same sample quenched to 24  C (below UCST).

5.6.1
Evaluation of Particle Size in Immiscible Blends

Light scattering is a very convenient method for evaluating particle size according
to Eqs (5.5)–(5.7). It is also possible to visualize structure development over time,
as shown in Figure 5.48, where coarsening proceeds over a period of time at elevated temperatures [35]. In the present studies a very interesting foam-like structure was discovered when a PCL/SAN (70/30) blend was prepared by precipitation

References

Figure 5.48 Time variation of the average particle size, D, of a PCL/SAN (70/30) blend prepared
by precipitation into methanol, by light scattering, during static annealing at 200  C and at 170  C.

into methanol, during static annealing at 200  C. Notably, the SAN (at 30% content) formed only thin walls.
At this point, the possibility should also be mentioned of phase separation via a
nucleation and growth mechanism [36].
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6
Characterization of Polymer Blends by X-Ray Scattering:
SAXS and WAXS
Jitendra Sharma

6.1
Introduction

The X-ray scattering techniques that have in the past been used conventionally in
solid-state physics are beginning to experience a wider applicability in soft matter
research. By virtue of length scale accessibility, X-ray scattering embraces systems
such as polymer melts, blends and solutions, as well as complex ﬂuids such as
microemulsions, colloidal dispersions and micellar solutions. Structural information over approximately three decade of length scales – 1 nm, 10 nm, and 100 nm
– can easily be obtained using X-scattering at wide-, small-, and ultra-small-angles,
respectively. Among these techniques, two complementary approaches – namely,
wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) – are
today used extensively for studies of polymer blends. With regards to the description of WAXS, it should be emphasized here that workers in the ﬁeld interchangeably use three different terms – WAXS, XRD (X-ray diffraction), and WAXD
(wide-angle X-ray diffraction).
The interaction of X-rays with matter, in general, results in two different types of
event/phenomena: (i) scattering by the individual electrons; and (ii) interference
among the scattered waves. While the term scattering refers only to the former,
diffraction is a combination of both. Strictly speaking, WAXS refers only to the ﬁrst
event (i.e., scattering), whereas XRD refers to both events (scattering and diffraction). When the pattern of interest is diffuse, or contains a diffuse component (as
in the case of semi-crystalline polymers), or is situated in the region of small
angles, the term “scattering” is used exclusively, even if it also involves a contribution from interference. Previously, the term XRD has often been used for cases
when the sample is fully crystalline – that is, so regular as to concentrate the scattered X-rays around sharply deﬁned scattering directions in the form of narrow
crystalline peaks (as in WAXS from semi-crystalline polymers). Thus, when referring to the description of polymer blends and related text, WAXS would be a far
more acceptable and general term.

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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WAXS is a diffraction experiment that consists primarily of scanning large diffraction angles to cover a wide range of scattering variables down to very small
length scale (from 1 nm to a few nanometers, which corresponds roughly to the
size of chemical bonds) or d-spacing of unit cells in crystalline polymers. As such,
the crystallinity of polymers can easily be determined by comparing the area
under crystalline peaks to the total scattered intensity in a WAXS scan [1]. It is
therefore, an important tool for the structural characterization and determination
of the degree and state of crystallization in polymer melts and blends.
SAXS, on the other hand, probes structural order or length scales larger
than the unit cell (10 nm) in polymers. With advances in instrumentation (e.g.,
high-speed detectors) and computational methods, combined with the advent of
modern synchrotron radiation facilities (i.e., intense X-ray source) and enhanced
capabilities for faster data collection, processing and analysis, these techniques
offer distinct advantages in terms of structural investigations at higher spatial resolution and smaller time scales (suitable for the in-situ examination of processes
such as crystallization and melting).
Similar to XRD and nuclear magnetic resonance (NMR) measurements, X-ray
scattering experiments with polymer blends also require a few milligrams of puriﬁed material as the sample. More recently, both WAXS and SAXS have proven to
be relevant as robust characterization tools for the structural analysis of soft matter systems [1–7]. In principle, SAXS functions in much the same way as XRD,
even allowing some instruments to employ both techniques when using same
X-ray source, but with two different cameras. For both types of measurement, a
ﬂat surface of the sample is illuminated by a narrow beam of well-collimated
monochromatic X-rays as a radiation source. The sample is then either rotated (or
tilted) over a range of angles with respect to the beam, so as to produce a linear
scan (as shown in Figure 6.1a) similar to those used in classical XRD set-ups
(using the Bragg–Brentano conﬁguration). Such symmetrical-reﬂection geometry
or a two-dimensional detector (as shown in Figure 6.1b) is then used to capture
the entire scattering pattern simultaneously in one action, which is useful for

Figure 6.1 Schematic of experimental X-ray set-up. (a) In reflection-mode for XRD (common

with the Bragg–Brentano type configuration) and GISAXS; (b) In transmission-mode for WAXS
(or XRD) and SAXS.

6.1 Introduction

both WAXS (or XRD) and SAXS measurements in symmetrical-transmission
geometry. A conﬁguration of the former type (i.e., reﬂection-mode) is also common with grazing-incidence small-angle X-ray scattering (GISAX), while the latter
(i.e., transmission-mode geometry) is exploited at synchrotron X-ray source facilities for simultaneous SAXS/WAXS measurements. The main difference between
SAXS and WAXS measurements on an instrument is due to the detector being
placed either close to (for the wider angles involved in WAXS) or at a distance far
away (for the smaller angles needed in SAXS) from the sample. Both, SAXS/
WAXS and crystallography involve the scattering/diffraction of a highly collimated
beam of X-rays that is scattered/diffracted by the sample and measured at an
angle of 2q with respect to the direct beam. For simultaneous WAXS/SAXS
measurements, the ﬁrst detector (WAXS) would leave a space close to the
center to allow the diffracted intensity at lower angles to be detected by a
second detector (SAXS) far away from the ﬁrst, so as to fulﬁl the criterion:
2q ðSAXSÞ  2q ðWAXSÞ.
For an X-ray of wavelength, l, diffracted at an angle q by planes of lattice separated by a distance d apart, it follows from Bragg’s law (Figure 6.2) that:
ml ¼ 2d sin q

ð6:1Þ

where m is the order of diffraction and for a ﬁrst-order diffraction (m ¼ 1),
d sin q ¼

l
2

ð6:2Þ

This imposes the limit of resolution; that is, the minimum distance (dmin) at
which two particles/atoms can be distinguished, for an X-ray to be
dmin ¼

l
2

ð6:3Þ

However, in actual macromolecular systems, experimentally measured (via SAXS)
values (1–5 nm or more) are much higher than those predicted theoretically in

Figure 6.2 Diffraction of X-rays from planes of lattice separated by distance d.
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Eq. (6.3). This is because sizes of the crystals of macromolecules are generally
high with the added complexity of the presence of internal disorder in the system.
In the reciprocal space (s), Eq. (6.2) may be rewritten as:
s¼

1 2 sin q
¼
d
l

ð6:4Þ

Here, s is modulus of the scattering wave vector, and is an important experimental
parameter (this point is discussed later in the text).
6.1.1
Development of SAXS Techniques for Polymers

Following the discovery of X-rays by R€ontgen and subsequent developments in
crystallography around 1915, there was a signiﬁcant delay in developing SAXS as
a fully ﬂedged blown-out technique for studying polymers [8]. The reason for this
can largely be ascribed to the experimental difﬁculties encountered in measuring
X-ray scattering at small angles, coupled with the non-availability of an intense Xray source (i.e., difﬁculties due to the low intensity of X-rays produced from conventional sources). As noted by Chu and Hsiao [9] in their review of SAXS on
polymers, scattered intensity measurements at angles close to the incident X-ray
beam was one of the primary experimental difﬁculties encountered by the early
investigators in the ﬁeld. To measure a d-spacing of 10 nm with the Cu Ka line of
0.154 nm, the required scattering angle is 0.880 (or a Bragg angle of 0.440). Similarly, a 100 nm periodicity measurement would require one-tenth of this scattering
angle (i.e., 0.0880). For a probing order of d ¼ 1000 nm (the order of structural
hierarchies in macromolecular systems), scattering measurements at q ¼
0:0088 ð32 s or 0:16 mradÞ must be carried out 16 mm away from the incident
beam, with the sample placed 100 m away from the detector in order to reduce
background or stray X-rays at small angles and to minimize parasitic scattering
contributions.
6.1.2
Instrumentation and the Synchrotron Advantage

With high power density and a small divergence of the incident beam, synchrotron X-rays offer improved tools for monitoring in-situ processes (following cryoor heat treatment) such as crystallization, and the subsequent structural changes
that occur in semi-crystalline polymers. Thus, the availability of synchrotron X-ray
sources has enabled precise time-resolved SAXS/WAXS measurements to be
made, using fast detectors.
With conventional X-ray sources, a Kratky-type of SAXS instrument with a
“block” collimation system [10] (see Figure 6.3) is often used [11]. For ﬂux optimization and resolution (of the X-ray beam), such instruments have used a slit
geometry for collimation and a simple ﬁlter for monochromatization. However,
these instruments suffer from the disadvantage that, due to anisotropy resolution

6.2 Basics of X-Ray Scattering

Figure 6.3 Schematic of “block” collimation system in a Kratky-camera. Here, S is the entrance
slit, B1 and B2 are the two collimating blocks, R is the plane of detection, and F is a focal plane.

function, they are not suitable for studying all types of polymeric/colloidal system.
A pin-hole conﬁguration is often used in the X-ray source of high-power rotating
anodes and synchrotron facilities, while Bragg scattering from a single crystal is
used for monochromatization. Detectors of various types, notably area-sensitive
detectors, gas-proportional detectors and image plate detectors, including chargecoupled devices (CCDs), are used for recording scattered X-rays.

6.2
Basics of X-Ray Scattering

Scattering is a process that involves the deviation of a beam of radiation or particles from its initial trajectory by the inhomogeneities in the medium which it traverses. Thus, scattering experiments are easy to conceptualize and require only a
source, a sample, and a detector (see Figure 6.1). Solution scattering is relatively
easier to perform as it does not require special sample processing such as crystallization or cryo-cooling. For aqueous solutions of macromolecules, the scattering
arises from the inhomogeneities due to solute particles. The interaction of X-rays
with (the electrons of) atoms in the irradiated volume gives rise to scattered radiations. As X-rays interact largely with electrons, it is rather convenient to treat
objects as a continuous distribution of scattering density (electron density in case
of X-rays) and not just discrete atoms.
6.2.1
Elastic Scattering of Electromagnetic Radiation by Single Electron

To understand the scattering of electromagnetic radiation from a single electron, it
can be assumed that a monochromatic plane wave linearly polarized along the
x-axis with electric ﬁeld EðtÞ ¼ E 0 eivt is scattered elastically by an electron placed
at the origin of the Cartesian coordinate system. For an observer located at
distance r from the origin, the electric ﬁeld of the resultant wave is given by:
Eðr; tÞ ¼ EðtÞ

e2 sin Y v2
mc2 r v20  v2

ð6:5Þ
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where Y is the angle between the direction of polarization and the observer’s line
of sight. Clearly, there exists a linear relationship between the ﬁelds of the scattered intensity and the incident waves. The three pre-factors are:
1) A constant, which is numerically equal to the classical electron radius, r0.
2) A geometric factor for the projection of incident electric ﬁeld in a direction
perpendicular to the observer’s line of sight.
3) A frequency factor containing the natural frequency v0 of the undamped oscillator (representing the motion of electron).


For visible light (l  5000 A), the frequency factor reduces to v2 =v20 as v  v0 .
This is known as Rayleigh scattering, wherein the scattered intensity at r is in
phase with the incident wave and proportional to v2 . Light scattering (elastic or
quasi-elastic) is an ideal probe to extract information about intermolecular interactions in solution within this domain, but very little information on the structural
details can be extracted (owing to the long wavelength of light), except in the case
of larger entities.

In the case of X-rays (l  1 A), v0  v, The resultant frequency factor becomes
equal to 1 as the phase of scattered wave is p shifted and the amplitude of the
scattered wave becomes independent of frequency. The phenomenon is called
Thompson scattering. Equation (6.5), thus reduces to
sin Y
Eðr; tÞ ¼ EðtÞr 0
ð6:6Þ
r
As seen in Figure 6.4, the differential scattering cross-section given by
ds number of scattered particles per solid angle per second
J
¼
¼
dV
incident flux
J0

ð6:7Þ

where J0 and J are the incident and scattered ﬂux density, respectively.
Like crystallography, SAXS is also based on the elastic (Thompson) scattering of
photons by electrons of the macromolecular entities. As the monochromatic beam
of X-rays hits the object, the electrons of its atoms (except for heavy atoms, which
play no role in small-angle scattering) resonate with the frequency of X-rays and
become sources of coherent secondary waves. The intensity of the secondary
waves is given by the Thompson formula:
Ið2qÞ ¼ r 20

1 þ cos2 ð2qÞ 1
I0
2
r2

ð6:8Þ

Figure 6.4 Incident (plane wave) and scattered flux (spherical wave) in the X-ray scattering.
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where r is the distance of the object from the point of registration, I 0 is the intensity of the incident beam, and r 0 is the classical electron radius (and
r 20 ¼ 7:95  1026 cm2 )
r0 ¼

e2
¼ 0:282  1012 cm
mc 2

ð6:9Þ

and
ds
1 þ cos2 ð2qÞ 1
¼ r 20
dV
2
r2

ð6:10Þ

At small angles, cosð2qÞ ﬃ 1. And, so
ds
ﬃ r 20 ¼ 7:95  1026 cm2
dV

ð6:11Þ

which is equal to square of the modulus of scattering length,
jbj2 ¼

ds
dV

therefore, the scattering length of a single electron will be
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ cos2 ð2qÞ
be ¼ r 0
2

ð6:12Þ

ð6:13Þ

As per deﬁnition, the scattering factor, f, of an object is simply the ratio of scattering amplitude of the object/atom to that of an electron under identical conditions.
The scattering factor of an electron, therefore, always equals unity, that is, f e ¼ 1.
6.2.2
Scattering by Assembly of Electrons: Scattering Geometry and Interference

Figure 6.5 shows the scattering geometry from the two-point center of an
assembled matter. Neglecting the insigniﬁcant incoherent (Compton) scattering at

Figure 6.5 Scattering from two-point center of matter, and the corresponding momentum
transfer (at right).
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small angles, the resultant scattered intensity can be obtained by taking the absolute value of the square of sum of amplitudes contributed by the superimposing
coherent (Thompson) scattered waves that differ only in phase, j (depending on
the position of electron in space), but not amplitude. If the directions of the incident and scattered rays are given by the unit vectors ~
S 0 and ~
S 1 , respectively, then
the phase difference of point i and j (deﬁned by the vector r ij with respect to the
origin) may be calculated as follows:
Path difference;

D ¼ D1 þ D2 ¼ ~
S 0 :r ij þ~
S 1 :r ij
¼ ð~
S 1 ~
S 0 Þ:r ij ¼ ~
S :r ij

ð6:14Þ
ð6:15Þ

The phase difference will be
Phase change;

Dw ¼

2p
2p
D¼ ~
S :r ij
l
l

ð6:16Þ

The corresponding momentum transfer, q, is expressed in terms of the incident




and scattered wave vectors, ~
k 0 ¼ 2p ~
S 0 and ~
S 1 , respectively, as
k 1 ¼ 2p ~
l

l

    2p
  ~ 
~
k 0 and ~
k 0  ¼ k 1  ¼
q ¼~
k 1 ~
l

ð6:17Þ

The phase change in terms of momentum transfer is therefore
Dw ¼ ~
q :r ij

From the Figure 6.5, it can easily be seen that the magnitude of ~
S is

  

~   ~
S 0 Þ ¼ 2 sin q
S  ¼ ðS 1  ~

ð6:18Þ

ð6:19Þ

Therefore, the magnitude of wave vector q is similar to s (modulus of the scattering vector), and using Eq. (6.19), is given by
 
4p
sin q
ð6:20Þ
jqj ¼ q ¼ 2ps ¼
l
which could be linked to the space between lattice planes d, using Eq. (6.4)
d¼

2p
q

ð6:21Þ

and thus provides the link between real space distance and the reciprocal space.
6.2.3
Scattered Intensity

The amplitude of the incident X-ray (as shown in Figures 6.3 and 6.4), consisting
of electromagnetic waves, may be represented by a plane wave:
Að~
r ; tÞ ¼ A0 expðvt  ~
k :~
rÞ

ð6:22Þ
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The wave amplitude of X-ray scattered (E 0 ¼ E 00 eiðvtþ∅0 Þ eiq:r j ) from an electron j at
the position rj (with respect to an arbitrary origin) is
Aj ð~
q Þ ¼ f e expði~
q :~
r jÞ

ð6:23Þ

So, the total amplitude of scattered waves (of X-rays) from two such electrons
at positions ri and rj, respectively, will simply be given by the sum of the two
amplitudes
Atot ð~
q Þ ¼ Ai ð~
q Þ þ Aj ð~
q Þ ¼ f e expði~
q :~
r j Þ þ f e expði~
q :~
r iÞ

¼ f e expði~
q :~
r j Þ 1 þ exp i~
q :ð~
r i ~
r jÞ
¼ f e expði~
q :~
r j Þf1 þ expi~
q :~
r ij g

ð6:24Þ
ð6:25Þ

Since experimental detectors measure the intensity IðqÞ and not amplitude
Atot ð~
q Þ. The intensity is obtained by taking a product of the amplitude Atot ð~
qÞ
with its complex conjugate. Therefore, intensity of scattered radiation at the detector is given by:
2

Ið~
q Þ ¼ jAtot ð~
q Þj

ð6:26Þ

Following the same analogy for a collection of N electrons, the scattered intensity
will be
2


N

2 X



Ið~
q Þ ¼ Aj ð~
qÞ ¼
f e expði~
q :~
r jÞ 
F 2 ð~
qÞ
ð6:27Þ

 j¼1
Following which, the scattered wave amplitude due to collection of N electrons
located at r i may be deﬁned using the Fourier series of the distribution
Fð~
qÞ¼

N
X

f e expði~
q :~
r jÞ

ð6:28Þ

j¼1

If the scatterers take all orientations (e.g., in a gas or solution), the total intensity
will be obtained by taking an ensemble average over all orientations and the phase
factor is spherically averaged to give
hIðqÞi ¼ hIð~
q ÞiV

and hexpði~
q :~
r j ÞiV ¼

sinðqrÞ
qr

ð6:29Þ

Using Eq. (6.29) in Eq. (6.28), the scattering factor or the atomic form factor for an
atom with radial electron density rðrÞ is simply obtained by replacing summation
with integral, following which
ð
sinðqrÞ
FðqÞ ¼ 4p rðrÞr 2
dr
qr

ð6:30Þ

Clearly, Fð0Þ ¼ Z, gives the total number of electrons in the atom. For small-angle
scattering (2q < 5 ), the angular dependence of the scattering factor F(q) may be
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neglected for lighter elements as it remains constant with a value nearly equal to
F(0).
Using Eq. (6.30), the scattered intensity reduces to
ð1
sinðqrÞ 2
r dr;
IðqÞ ¼ 4p
c0 ðrÞ
ð6:31Þ
qr
0
where
PðrÞ ¼ c0 ðrÞr 2 ;

ð6:32Þ

is the pair distance distribution function and gives the histogram of all the intraparticle distances. Hence,
ð1
sinðqrÞ
dr;
ð6:33Þ
IðqÞ ¼ 4p
PðrÞ
qr
0
For a homogenous sample, the scattering proﬁle can easily be derived from the
pair-distribution function, PðrÞ, and is expressed as
ð Dmax
sinðqrÞ
IðqÞ ¼ 4p
PðrÞ
dr;
ð6:34Þ
qr
0
where, Dmax is the maximum linear dimension of the scattering particle.

6.3
Small- and Wide-Angle X-Ray Scattering (SAXS and WAXS)

Depending on the available experimental conditions such as sample-to-detector
distance, and the X-ray wavelength, the diffraction pattern of the sample under
investigation can be measured as intensity versus either the s-vector
(s ¼ ð2 sin qÞ=l) or the q-vector (q ¼ 2ps) or versus 2q, which is the angle of scattering/diffraction. In terms of 2q, a diffraction experiment involving 2q > 1 is
generally referred to as wide-angle X-ray scattering/diffraction (WAXS/WAXD),
those with 1 > 2q > 0:3 are described as medium-angle X-ray scattering
(MAXS), and those with 2q < 0:3 fall into the category of SAXS. The representation of intensity versus wave vector (s or q) is useful for small-angle scattering
(SAS) measurements as it allows the diffraction patterns to be recorded in terms
of a parameter (s or q) that can easily be compared irrespective of the source of
radiation (light, neutron and X-ray, etc.) used in the experiment. According to
Bragg’s law, the s or q values (i.e., s or q ) at which a peak in the intensity is
observed, corresponds to d ¼ s1 ¼ 2p=q , the distance of separation between diffracting crystalline planes. Thus, the real-space dimension and the magnitude of
measured s-vector or q-vector are inversely related to each other. Therefore, larger
structural features such as crystallinity/periodicity are generally measured in a
SAXS experiment, whereas smaller features involving chain (homopolymer)/
microdomain (block copolymers) ordering are investigated using WAXS. Besides
the contribution from instrumental factors, any deviation from perfect ordering in
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the system leads to a broadening of the diffraction peaks (observed at these
angles). Even for a disordered phase, it is possible to observe peaks (albeit they
are substantially broadened) in the wide-angle regime. While the positions of
such peaks reﬂect the distance of short range order in an amorphous phase, the
area under the peak provides an estimate of the amount/fraction of such phase in
the material. Hence both, SAXS and WAXS, hold great promise for the structural
analysis of different building blocks in soft matter systems.
In solid systems with regularly positioned macromolecules, the waves reinforce/
interfere to produce typical diffraction peaks (XRD) that allow the collection of
crystallographic information relating to the system. In addition, from the observed
intensities of the diffraction peaks it is possible to easily reconstruct the threedimensional electron density rðrÞ and the high-resolution crystal structure of the
system [12]. However, in SAXS studies of macromolecular solutions, the molecules move freely and are randomly oriented, and hence no peaks or low-intensity
peaks with only poor resolution are observed. However, despite the loss of information on the details of orientation, SAXS offers an estimation of the magnitude
of inter-atomic distances and overall structural parameters, and hence a lowresolution shape of the particle from the observed data. Consequently, SAXS is
today considered as an established technique for the investigation of non-periodic
structures (e.g., scattering media such as macromolecules in solution or inhomogeneities in solid matrix) with dimensions ranging from about 1 nm to several hundred nanometers. Several excellent reviews and textbooks are available
describing the fundamentals of X-ray small-angle scattering [11–18].

6.4
Polymer Blend Morphology

A typical crystalline material often consists of crystalline planes separated by distances of the order 0.1 to 1 nm. Soft condensed matter, in particular, comprises a
wide variety of complex materials/ﬂuids marked by the presence of hierarchical
structural arrangement ranging from 10 to 100 nm. In terms of thermodynamics,
the phase behavior of polymer blends is governed by the minimization of the free
energy arising from the balance between the entropy and enthalpy of the system.
To a ﬁrst approximation, they are evaluated on the basis of the molecular weight
(deﬁned by the degree of polymerization), and the Flory–Huggins interaction
parameter x, which describes the interaction between the different chain
segments.
6.4.1
Blends of Homopolymers

Semi-crystalline polymers often manifest a lamellar morphology consisting of
stacks of laminar crystals with a characteristic thickness of lc, intercalated by an
amorphous region represented by a length scale, la. Polymer blends that consists
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of two (binary) or more (ternary, etc.) polymers may have at least one or more
crystalline/semi-crystalline components. A binary polymer blend (A/B, where “A”
is a crystallizable polymer component while “B” is amorphous) may simply have
crystals of “A” dispersed in the amorphous phase “B” or, in a yet another scenario,
the growth of spherulites of “A,” consisting of both lamellar crystalline and amorphous regions, might have taken place in the matrix of “B” (the amorphous component). In the latter case, the amorphous “B” may be located in the
interspherulitic region, interﬁbrillar regions, interlamellar regions or a complex
combination of these [19–22]. All such semi-crystalline polymers or their blends
are manifested by two characteristic lengths, lc and la, wherein L ðor Lp Þ ¼ la þ lc
deﬁnes a long period which is on the order of 10 nm.
The different characteristic length scales so deﬁned in a semi-crystalline polymer or a blend consisting of at least one crystallizable component are thus accessible in X-ray scattering experiments and are probed by varying the scattering angle
(SAXS or WAXD) that depends on the available sample to detector distance of the
instrumental set-up.
6.4.1.1 Structural Characterization: SAXS Data
Important morphological parameters such as the long period (L), crystal thickness
(lc), and amorphous layer thickness (la) of semi-crystalline polymer melts and
blends can be determined using SAXS via two different approaches. In the ﬁrst
approach, standard models such as the Hosemann–Tsvankin [23] and the Vonk–
Kortleve [24,25] for lamellar stacks are ﬁtted to data obtained for the SAXS proﬁle.
The second approach is based on performing a Fourier transform for the SAXS
proﬁle to produce a one-dimensional correlation function, c(z) (which is Fourier
transform of the measured I(q) in SAXS) or an interphase distribution function
(IDF) in real space.
In scattering measurements, structural information from a three-dimensional
(3D) system is often recorded in two-dimensional (2D) form, and hence an I(q)
versus q data does not offer an ideal representation to extract meaningful structural details of the system. To resolve this issue, the data are multiplied by q2,
which is termed the “Lorentz-correction.”

Correlation Function (CF) Method This Lorentz-corrected SAXS proﬁle (Iq2 versus q) is used to calculate the one-dimensional (1D) correlation function, c(z),
given by
ð
1 1
cðzÞ ¼
IðqÞq2 cosðqzÞdq
ð6:35Þ
Q 0
where q ¼ ð4p=lÞsinðqÞ when q is the scattering angle and z represents the direction perpendicular to the surfaces of lamellae along which the electron density is
measured, and Q (the normalization factor) is the scattering invariant deﬁned by
ð1
Q¼
IðqÞq2 dq ¼ cð0Þ
ð6:36Þ
0
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Interphase Distribution Function (IDF) Method The IDF, g 1 ðzÞ, is equal to the
second derivative of the correlation function, cðzÞ, and is given by
g 1 ðzÞ ¼ c00 ðzÞ

ð6:37Þ

Thus, the morphological parameters can be deduced from the simple geometric
analysis of cðzÞ and g 1 ðzÞ and by locating their maxima and minima.
However, due to experimental limitations, only a limited/ﬁnite q-range is accessible/measured, and hence extrapolation of measured intensity data to both a lowand a high-q region is necessary before the Fourier transform. The Debye–Bueche
model [26,27] deﬁned by
IðqÞ ¼

Ið0Þ
1 þ a20 q2

2

ð6:38Þ

is used conveniently to ﬁt the limited q-range data for an extrapolated zero-q intensity estimate. Here, Ið0Þ represents the intensity at zero-q and a0 is the correlation
length. The slope and intercept of a straight-line curve ﬁt to the plot of IðqÞ1=2
versus q2 readily gives these two parameters. Similarly, the high-q data can be
extrapolated using the Porod–Ruland model [28], where the tail of the curve (at
high-q) is ﬁtted with a function expressed as a superimposition of positive and
negative deviations from Porod’s law [29–31]:
IðqÞ ¼ K p

expðs2 q2 Þ
þ Ib
q4

ð6:39Þ

where K p is the Porod constant, Ib is the background intensity caused by thermal
density ﬂuctuations, and s is a parameter (characterizing a sigmoidal electrondensity in the layer) related to the thickness of the crystal-amorphous interface
(i.e., the transition layer). These parameters (K p , s and Ib ) are thus obtained from
the curve ﬁtting of intensity proﬁle at large-q region.
Figure 6.6a shows the Lorentz-corrected SAXS proﬁles of miscible polymer
blends of homopolymer poly(vinylidene ﬂuoride) (PVF2) with varying compositions (10–30 wt%) of poly(1,4-butylene adipate) (PBA) in the semicrystalline/semicrystalline state (20  C) [32]. From the Lorentz-corrected SAXS proﬁle (Iq2 versus
q) of the blends, the long period or the interlamellar spacing of PVF2 in the blend
can be estimated using Bragg’s law (L ¼ 2p=q , where q is the ﬁrst peak in the
low-q region). For other parameters (lc and la), use can be made of the correlation
function (after the low- and high-q extrapolation of the intensity versus wave-vector
SAXS data) through the following equations [33,34]:
xcl ð1  xcl Þ ¼ Z 1

ð6:40Þ

where “Z1” on the Z-axis is the position of ﬁrst intercept of the correlation function and xcl is the linear crystallinity within the lamellar structure; this is so
(“linear”) deﬁned to distinguish it from volume/bulk crystallinity in the sample,
owing to the fact that it does not account for the presence of extended domains
(of matrix material) outside the scattering entities. By deﬁnition, the linear

221

222

6 Characterization of Polymer Blends by X-Ray Scattering: SAXS and WAXS

Figure 6.6 (a) Plot of Lorentz-corrected SAXS

profiles of miscible polymer blends of PVF2
with PBA (10–30 wt%) in the semicrystalline/
semicrystalline state (20  C); (b) Deduction of
Long Period (L), Crystalline-phase thickness

(C or lc), and amorphous phase thickness (A or
la) ¼ L  lc from correlation function of pure
PVF2 homopolymer. Reproduced with
permission from Ref. [32];  1997, American
Chemical Society.

crystallinity is obtained from the relationship:
xcl ¼ lc =L

ð6:41Þ

where the values of long period (L) and crystalline-phase thickness (lc) are estimated from the ﬁrst maxima of the correlation function and intercept of the initial
slope and its intercept with the baseline (drawn through the point of ﬁrst minima
parallel to the z-axis) and follows the relationship:
la ¼ ð1  xcl ÞL

or la ¼ L  lc

ð6:42Þ

Figure 6.6b depicts the deduction of relevant parameters (L, lc and la) for pure
homopolymer PVF2 using the correlation function method [32] which satisﬁes
Eqs (6.40)–(6.42). However, the values of xcl and (1  xcl ) so determined cannot be
uniquely assigned to the crystalline and amorphous phases (they could also be
opposite). Being quadratic, Eq. (6.40) has two solutions (one is xcl corresponding
to lc and other linked to la), with the constraint that their sum is equal to 1. However, based on the analysis presented so far, the two different lengths (lc and la)
obtained from the initial slope and ﬁrst minima in the correlation function
method, it is unclear whether the opposite (i.e., lc could be la and vice-versa) is
untrue (based on these data alone), which is interestingly an aspect of the Babinet
principle. An experimental determination of unique xcl could be made if the value
for the volume fraction of bulk crystallinity (∅c ) is known from measurements
such as WAXS/XRD (see below) or differential scanning calorimetry (DSC) [19].
Otherwise, according to Wang et al. [34], the longer length (thickness) obtained
from a high value of xcl ð> 0:5Þ gives lc, while the shorter length (la) is simply
obtained by applying the formula, la ¼ L  lc. In the case of a lower value of linear
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crystallinity, xcl ð< 0:5Þ, the values of obtained lc and la are simply exchanged. The
volume fraction of lamellar stacks, ∅s , in sample is given by
∅s ¼ ∅c =xcl

ð6:43Þ

which links the linear crystallinity, xcl , to the bulk crystallinity, ∅c (measured by
density or thermal analysis), and is valid when the spherulites are volume ﬁlling.
Since ∅s is always less than equal to unity, the bulk crystallinity cannot be higher
than the linear crystallinity. The volume fraction of the bulk crystallinity (∅c ) can
also be estimated from the index of crystallinity (xc ) obtained from WAXD/XRD
via [35]
∅c ¼

xc =dc
xc =dc þ ð1  xc Þ=da

ð6:44Þ

where dc and da are the mass densities of the crystalline and amorphous phase,
respectively.
However, the results of recent studies by Cruz et al. [36] have suggested that the
positions of the ﬁrst minima and ﬁrst maxima in the 1D correlation function may
be perturbed by a broad size distribution of lamellae. Therefore, an alternative
approach via the IDF calculation deﬁned in Eq. (6.37) may be adopted to derive
the morphological parameters in polymer blends, as shown in Figure 6.7a and b.
Figure 6.7a depicts the IDF proﬁle from different compositions of melt-miscible
crystalline/amorphous blends of PCL/PVC (i.e., polycaprolactone (PCL)/poly(vinyl
chloride). The maxima and minima in the obtained IDF proﬁle, and their deconvolution, provides an estimate of the long period, L (negative peak) and the thickness of crystalline (lc) and amorphous layers (la) as either l1 and l2 or vice-versa, as
shown in Figure 6.7b. The entire IDF proﬁle has been ﬁtted to the superimposition of three peak contributions: two positive peaks (corresponding to lc
and la) and one negative peak (L), assuming their Gaussian distribution.

Figure 6.7 (a) The interphase distribution
function (IDF) for the listed compositions of
PCL/PVC blends; (b) Morphological parameters obtained from the deconvolution of the

obtained maxima and minima in the IDF.
Reproduced with permission from Ref. [20];
 1998, American Chemical Society.
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6.4.1.2 Crystallinity: WAXS Data

Degree of Crystallinity The index of crystallinity (xc ) is evaluated from WAXS
data by taking the ratio of crystalline diffraction area to the total diffraction area of
the diffraction proﬁle, and is given by
xc ¼

Acry
Crystalline diffraction area
¼
Acry þ Aam
Total diffraction area

ð6:45Þ

After appropriate background corrections, Aam , represents the area of the amorphous halo, whereas Acry is the total area under all Bragg peaks in a WAXS proﬁle.
For the purpose, the entire WAXS proﬁle obtained experimentally can be ﬁtted
using a peak-ﬁtting program after assigning narrow peaks for Bragg reﬂections
and one or more broader peaks for the amorphous halo. The number and positions of Bragg peaks so obtained provides information about the number of
crystallographically distinguishable phases present in the system.
Size of Crystals During crystallization measurements, the intensity varies over
several orders from the initial amorphous halo to Bragg peaks. Intensity dynamic
range and spatial resolution are critical in WAXS. An estimate of the size (at submicron level) of crystallite linked to broadening of peaks in diffraction pattern can
be obtained using the Scherrer equation:
t¼

K 1=2 l
b cos q

ð6:46Þ

where t is the mean size of the crystallite, b is the full-width at half-maximum
(FWHM) of the Bragg peak (in radians), K 1=2 is the Scherrer constant (the value of
which will depend on the shape of the crystallite), and q is the angular position of
the scattering plane.
Data recoded from WAXS measurements are often exploited for the analysis of
different types of phase (e.g., a, b, or c) present in the constituent phase of a
polymer system. For example, the different phases in the blends (iPP1/iPP2) of
isotactic polypropylene (iPP) with varying degrees of stereoregularity are identiﬁed
from their WAXS proﬁle (see Figure 6.8). Accordingly, all the iPP1/iPP2 blends
with indicated compositions presented in their WAXS proﬁles are crystallized in
a or c forms, or in the distorted form (a/c form) intermediate to the a and c.
6.4.2
Blends of Block Copolymers

In block copolymers (BCPs), the frustration of chains offered by the covalent connectivity of the blocks prevents them from undergoing macrophase separation on
a large scale, and this induces a microphase separation of the blocks resulting in
the formation 10–100 nm scale periodic structures with different shapes and
geometries (depending on the fraction f of the component copolymers and the
product xN) viz., lamellar, hexagonal closed pack (HCP), body-centered cubic
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Figure 6.8 (a) Lorentz-corrected SAXS profiles
and (b) corresponding WAXS profiles of polymer blends (iPP1/iPP2) of isotactic polypropylene (iPP) with varying degrees of
stereoregularity (with indicated compositions),

wherein iPP1 has a greater degree of stereoregularity than iPP2. Reproduced with permission from Ref. [35];  2010, American
Chemical Society.

(BCC), and gyroid. Blending such BCPs with homopolymers has resulted in interesting changes in their structure and morphology [37,38].
Both, SAXS and SANS are powerful tools for investigating microphase separation and/or the periodic structures in BCPs. The selection of radiation for the
study depends primarily on the choice of polymers, which determines the contrast
[39]. For example, nonpolar systems such as PS–polydiene, which are governed by
relatively large x parameters, exhibit a sizeable electron density difference between
components and thus provide a good X-ray contrast. On the other hand, choosing
structurally similar polymers such as isomers increases the block compatibility
[40,41] and thus eliminates the X-ray contrast, rendering SANS more suitable for
investigations of structures. Figure 6.9 shows the SAXS scattering proﬁle for a
neat diblock copolymer poly(4-vinylphenol-b-styrene) (PVPh-b-PS) in the diagram,
and when it is blended with the homopolymer poly(4-vinylpyridine) (P4VP), designated as HS and HS/V, respectively (in the diagram). As the volume fraction of
P4VP was increased from 6% to 13%, 15%, 22%, 29% and 71%, the HS/V blends
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Figure 6.9 SAXS profile of pure HS and its

blends (HS/V) with varying compositions
mentioned over each curve in the diagrams.
(a) HS/V blend compositions (94/6, 90/10,
87/13, 85/15); (b) HS/V blend compositions
(78/22,76/24, 71/29, 48/52, and 29/71). The

arrows in the diagram shows the peak ratios
(relative to the first peak position marked as
q ) or reflections planes for the corresponding
ordered structures. Reproduced with permission from Ref. [38];  2010, American Chemical Society.

underwent a series of order-order phase transitions from the lamellar, gyroid, hexagonally packed cylinder, to BCC structures [38].
Binary blends of crystalline-amorphous diblock copolymers are interesting systems to study, and are also a good substitute for miscible crystalline/crystalline
homopolymer blends with a large asymmetry in the rate of crystallization (over a
given range of temperatures) [42]. Here, the components of the binary blend consisted of diblock copolymers of poly(e-caprolactone)-block-polybutadiene copolymer
(henceforth referred to as the PCL-b-PB copolymer) with a large asymmetry in the
rate of crystallization for the crystallizable block (PCL). The crystallization of such
a neat diblock copolymer is marked by the transformation of the microdomain
structure into a lamellar morphology – that is, alternating structures of crystalline
and amorphous layers [43].
The morphology of alternate crystalline and amorphous layers in PCL-b-PB
copolymers is more complicated, however, than of those found in the case of miscible crystalline/crystalline homopolymer blends (with a large crystallization rate
asymmetry). In the case of the former, a covalent connectivity of the amorphous
and crystalline blocks prevented a macrophase separation or complete rejection of
the amorphous blocks from the crystalline region/blocks. The SAXS curves
obtained during the melting (or crystallization) transformations in the PCL-b-PB

6.4 Polymer Blend Morphology

copolymers often showed two well-separated characteristic peaks corresponding to
the microdomain structure (at high-s) of dimension D (the repeating distance of
the microdomain structure), and lamellar morphology (at low-s) of dimension L
(long spacing of lamellar morphology) prevailing in the system. However, late
stage melting of the copolymer was marked by a combined bimodal distribution
of the diffraction peaks, as shown in Figure 6.10. The contribution of each peak
can be separated computationally from the combined curve by approximating
individual peaks with the phenomenological functions of Gaussian IG(s), and Lorentzian IL(s), while the combined curve is approximated by pseudo-Voigt function
IV(s) expressed as a linear combination of the former two in the ratio g:1  g and
deﬁned as follows:
pﬃﬃﬃﬃﬃﬃﬃﬃ


2A ln 2
4 ln2
I G ðsÞ ¼ pﬃﬃﬃ
exp  2 ðs  smax Þ2
ð6:47Þ
pW
W

1
2A
4
ð6:48Þ
I L ðsÞ ¼
1 þ 2 ðs  smax Þ2
pW
W

Figure 6.10 Experimental SAXS peaks obtained
from late-stage melting of poly(e-caprolactone)block-polybutadiene copolymers. The solid line
in the figure depicts the best-fit curve which is
a sum of two pseudo-Voigt functions represented by the broken curves (in the diagram),

and belongs to two different scattering peaks
arising from microdomain structure (at high-s)
and the lamellar morphology (at low-s), respectively. Reproduced with permission from Ref.
[43];  1998, American Chemical Society.
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and
IV ðsÞ ¼ gI G ðsÞ þ ð1  gÞIL ðsÞ

ð6:49Þ

where W is the FWHM of the peak, smax is the maximum of s, and A is proportional to the peak area. Whereas, Eqs (6.47)–(6.49), presented here to study the
late-stage melting behavior peaks of PCL-b-PB copolymers are only empirical in
nature and follow no theoretical basis for the same, it would not be out of place to
mention that Eq. (6.48) is generally applicable for analyzing and resolving SAXS
peaks arising from the lamellar morphology and microstructure domains when
they are very close, and even during the crystallization of binary blends of PCL-bPB copolymers [42].
6.4.3
Time-Resolved Studies: Kinetics of Crystallization and Melting

Understanding the mechanism of polymer crystallization is not only important
from the point of view of fundamental physics, but also stipulates its need in
industrial applications. Structural features associated with the nucleation and
growth of crystals in synthetic polymers helps to optimize their manufacturing
and processing conditions. Polymers undergo crystallization through chain folding and subsequent ordering, mostly into a lamellar morphology of the folded
chains (as discussed earlier). However, there is no uniﬁed theory to describe satisfactorily which situation is universally applicable to all polymeric systems. To date,
several structural models of polymer crystals have been proposed. Initially, the
fringed micelle model assumed that polymer crystals would consist of partly crystalline and partly amorphous domains; hence, this was termed the semi-crystalline
model. Within the crystal, ordered arrays (known as crystallite) are separated from
each other by an amorphous domain. Another model that closely followed the
fringed micelle model was termed the folded chain lamellar model. Accordingly,
the crystalline region takes the form of thin platelets or thin lamellae (crystallites)
which carry polymer chains that are aligned perpendicular to the ﬂat surface of
the platelets and fold repeatedly. Later, an adjacent re-entry model and a switchboard model were also proposed. Owing to such arguments, an understanding of
the kinetics and structural pathways of melt crystallization and the melting of
polymers becomes even more important. Currently, one of the most widely
accepted theories for the kinetics of isothermal crystallization is due to Avrami,
and is given by the equation:
X ðtÞ ¼ 1  eKt

n

ð6:50Þ

where X(t) is the extent of crystallization at time t, K is the overall crystallization
rate constant which contains contribution from both nucleation and growth, and n
is known as the Avrami exponent. Depending on the presence or absence of a preexisting seed nuclei, nucleation is classiﬁed as either primary nucleation
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(homogeneous) or secondary nucleation (heterogeneous). The Avrami exponent
may be expressed as
n ¼ nd þ n n

ð6:51Þ

where nd is the dimensionality of growing crystals and has integer values of 1, 2,
or 3. Values of 2 and 3 are found commonly in polymers and are due to 2D lamellar aggregates and 3D aggregates of radial lamellae (spherulites), respectively. nn
represents the time dependence of nucleation, and can have values of either 0
(instantaneous or heterogeneous nucleation) or 1 (sporadic or homogeneous
nucleation). Since nucleation sometimes lies in between completely instantaneous
to completely homogeneous, a non-integer Avrami exponent is also possible.
Despite intense research in the ﬁeld, the kinetics/mechanism of crystallization
remains poorly understood. Whereas, traditional studies with X-rays involved the
investigations of and information relating to ordered regions, a more detailed
understanding of the mechanism requires information regarding the time evolution of both the crystalline and amorphous phases simultaneously during the transformations. However, with the advent of synchrotron sources enabling a faster data
collection, mapping the path of isothermal crystallization, or the reverse phenomenon of melting in semi-crystalline polymers and blends over a temperature range
of 10  C close to the melting transition, using SAXS/WAXS, have become even
more easier and widespread. Time-resolved SAXS measurements using synchrotron sources (often referred to as SR-SAXS) have emerged as a robust tool for
studying the kinetics of crystallization and melting in polymeric systems. Simultaneous information concerning the morphology and key structural features of polymer melting or crystallization can be obtained using either SAXS (for lamellar
crystal arrangements) and/or WAXS (for polymer chain ordering) measurements.
In conventional X-ray scattering studies, the parameters of interest for monitoring these processes (i.e., changes in morphology) involved crystallinity (xc or Xc),
long period (L or Lp), and the SAXS integrated intensity or the invariant Q. These
measurements are often combined with simultaneous optical microscopy/spectroscopy and thermal property measurements aimed at identifying the different
regions of nucleation and growth of crystallization in semi-crystalline homopolymer and diblock copolymer blends during such transitions. A number of
experiments employing simultaneous SAXS and calorimetric measurements have
been reported on polymeric systems, namely both syndiotactic [44,45] and isotactic [46–48] polypropylene, and polyethylene and its copolymers [49–57]. The characteristic features observed in SAXS measurements of the melting process
include: (i) a gradual decrease in the integrated intensity from the semi-crystalline
microstructure as the melting temperature (Tm) is approached and vanishes completely at Tm; (ii) the interference maximum shifts towards lower angles at temperatures close to Tm (during heating); and (iii) the intensity of interference
maximum becomes less prominent simultaneously, and the overall pattern gradually evolves towards that of single particle scattering with a maximum at zero
angles. These SAXS signatures are generally reversed in the case of crystallization.
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Figure 6.11 Time evolution of (a) SAXS and (b) WAXS profiles for the isothermal crystallization
of PCL/PEG blend at 48  C. The inset in panel (a) shows the correlation function estimated from
the SAXS data at evolution time of 4100 s after quenching. Adapted from Ref. [58].

The competition between liquid–liquid phase separation (LLPS) and early-stage
crystallization plays a signiﬁcant role in determining the ﬁnal structure and morphology of semicrystalline/amorphous polymer blends, as described by Chuang et
al. (see Ref. [58] and references therein). Such coupling between LLPS and crystallization may cause the polymer blend to become kinetically trapped in a non-equilibrium state, leading to structures and morphology that may affect the properties
of the blend. Such experiments have challenged the classical view of understanding crystallization as a mere two-stage process of nucleation followed by a growth
mechanism. Figure 6.11 shows the typical SAXS and WAXS proﬁles obtained
from isothermal crystallization of poly(e-caprolactone)/poly(ethylene glycol) blends
(henceforth referred as PCL/PEG blends) at 48  C (when the sample temperature
fell rapidly from 160  C to 48  C), below the Tm of PCL (62  C). In the SAXS

data, a detectable broad halo appears after 2000 s in the vicinity of q ¼ 0:031 A1
which gradually develops into a sharp peak after 4500 s, signifying the formation
of well-deﬁned lamellar stacks. Shifting of the peak with time to larger q-values
indicates the condensing of these stacks as crystallization proceeds. The inset in
Figure 6.11a shows the plot of correlation function, c(x), estimated from the
SAXS data after 4100 s of crystallization. The values of the long period L ¼
15.4 nm (ﬁrst maxima of the correlation function), thickness (l1 ¼ 7.1 nm) of the
thinner and thicker (l2 ¼ L  l1 ¼ 8:3 nm) phase of the lamellar stacks are estimated from the correlation function using the method described earlier. These
values suggested a corresponding value of linear crystallinity as either 0.46
(X1 ¼ l1 =L) or 0.54 (X2 ¼ l2 =L). In line with DSC predictions (bulk crystallinity,
∅c  0:47), l1 is assigned to amorphous layer thickness, la, while l2 is associated
with the thickness of the crystalline layers, lc. The estimated values of the parameters L, la, lc and SAXS invariant Q, and their evolution at different times of crystallization, are depicted in Figure 6.12, along with crystallinity, Xc (from WAXS) and
Xc DSC (from DSC). The results suggested that PCL/PEG blend crystallization is a

6.5 Conclusions

Figure 6.12 Time evolution of the parameters L, la, lc and the SAXS invariant, Q, along with crystallinity, Xc (from WAXS) and Xc DSC (from DSC) for the isothermal crystallization of PCL/PEG
blend. The four stages of structural evolution are also marked in the figure. Adapted from Ref. [58].

four-stage process consisting of induction (I), nucleation (II), growth (III), and late
stage (IV), as shown in the ﬁgure.

6.5
Conclusions

This chapter has provided a brief presentation of the underlying theories, and the
analytical tools and techniques used to characterize polymer blends by X-ray scattering (SAXS and WAXS). The text was not aimed at reviewing the studies conducted with all types of polymer blends – that is, miscible versus immiscible
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blends, or any combinations thereof with semicrystalline/semicrystalline, semicrystalline/amorphous and amorphous/amorphous components – speciﬁc examples have been given to explain the concept and tools involved for analyzing the
experimental data. Data analysis in the ﬁeld of scattering is mostly limited by the
availability of speciﬁc models, the information is obtained in the reciprocal space,
and as such their conversion to useful real space information remains a major
challenge in the ﬁeld. For example, the challenges posed by a need to improve the
optics of SAXS instrumentation, the loss of information caused by smearing/
de-smearing and background correction procedures, and the conversion of 3D
data to two dimensions, as are obtained in such experiments, calls for an intense
research effort. The results of recent studies [59,60] have conﬁrmed that signiﬁcant improvements in the quality of structural information from the oriented part
of the scattering can be achieved through image reconstruction (via the automatic
processing of SAXS images), followed by computation of the chord distribution
function (CDF), and through WAXS image processing in the microﬁbrillar composites produced from oriented polymer blends.
Finally, the advent of synchrotron-mediated (intense) sources of X-rays has led
to dramatic improvements in the study of dynamics and transient processes such
as crystallization in polymer blends. Moreover, the capability of measuring nanoscale dimensions via small-angle scattering will have great potential for future
investigations of nanostructured materials and devices.
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7
Characterization of Polymer Blends and Block Copolymers by
Neutron Scattering: Miscibility and Nanoscale Morphology
Kell Mortensen

7.1
Introduction

The interaction between materials and radiation takes a variety of forms, including absorption and ﬂuorescence, refraction, scattering and reﬂection. These types
of interaction are all tightly related in terms of physical quantities. In this chapter,
attention will be focused on the scattering term, when used to determine materials’ properties such as miscibility and nanoscale structure. The method relies on
the wave-character of the radiation; this is the case whether using electromagnetic
beams of light or X-rays with oscillating electric and magnetic ﬁelds, or particle
radiation such as neutrons or electrons. In the latter cases, it is the de Broglie
wave character of the particles that is the relevant quantity.
Insight into structural properties using scattering techniques appears as a result
of the interference between radiation that is scattered from different sites in the
sample. A simple illustration is given in the Young interference experiment,
shown in Figure 7.1, where the radiation of plane waves propagate through two
slits, making an interference pattern that depend on the separation distance
between the two slits, and the wavelength of the radiation.

7.2
Small-Angle Scattering

The principle of small-angle scattering is illustrated schematically in Figures 7.2
and 7.4. A sample is placed in a collimated, monochromatic beam and the scattered beam is monitored. The detected scattering pattern reﬂects the structural
properties of the sample. Small-angle scattering by X-rays (SAXS) or by neutrons
(SANS) are ideal techniques for studying structures on the length scale of 1 to
500 nm, that is, nanoscale structural properties such as macromolecules, nanoparticles or molecular density ﬂuctuations. Neutron sources for SANS experiments
may be either continuous (typical for reactor sources) or pulsed (typical for spallation sources). For the pulsed sources, the demand for a monochromatic beam
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 7.1 Experiments using scattering methods rely on interference between wave-like radia-

tion, here illustrated schematically in Young’s two-slit experiment.

can be obtained using the time-proﬁle of the elastic scattered beam, or the beam
can be monochromatized as required in the reactor case. SAXS instruments may
be either laboratory instruments based on an irradiated anode source, or located at
synchrotron facilities.

Figure 7.2 Illustration of small-angle scattering.

7.2 Small-Angle Scattering

The scattered beam is, beyond trivial factors such as incoming ﬂux, transmission and geometric factors, proportional to two terms: (i) a contrast factor
reﬂecting the ability of individual atoms to interact with the radiation; and (ii)
the structure factor resulting from interference effects of scattering originating
from different sites in the sample, providing information on structural
properties.
Reﬂectometry is somewhat related to small-angle scattering, especially grazingincidence reﬂectometry. Simple reﬂectometry measures the reﬂected beam from a
surface or interface of the sample investigated.
7.2.1
Contrast

In order to measure structural properties, there must be difference between the
ability to scatter radiation from the characteristic elements to be studied. There
must also be a contrast, as seen by the applied radiation.
Neutrons are probably best known as elementary particles that comprise the nuclei
of atoms. Typical nuclei contain approximately similar numbers of protons and neutrons. The free neutron has, as any particle, an associated wavelength determined by
the mass, mn , and the velocity, vn , according to the de Broglie relation:
ln ¼

h
m n vn

where
h ﬃ is Planck’s constant. At ambient temperatures, T ¼ 300 K, vn ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

kB T=mn  3000 m s1 giving the thermal neutron wavelength: ln ¼ 1.4 A. This
value, which is of the same order of magnitude as that of X-radiation, makes neutrons effective as structural probes on the nanometer length scale.
The interaction between neutrons and matter is complex, and includes magnetic terms as the neutron itself is magnetic. The interaction between a neutron
and a nuclei can generally not be calculated ab initio, but is given in tables based
on experimental values of scattering lengths and scattering cross-sections. The
interaction between the electrons and the neutron is primarily via the magnetic
moment. The magnetic interaction makes neutron scattering ideal for studying
magnetic structures and ﬂuctuations.
For nonmagnetic materials, the magnetic moments of the nuclei are completely
uncorrelated. The magnetic scattering is therefore not coherent, but gives rise to
an isotropic incoherent background that may be quite large for some materials.
An important example here is hydrogen 1 H, which has a large incoherent scattering contribution. Oxygen 16 O and carbon 12 C, on the other hand, are examples of
elements that produce very little incoherent background due to the vanishing
magnetic moment in these nuclei.
The nonmagnetic interaction gives rise to coherent scattering, where interference effects are effective. This is the part of the scattering that provides
insight into the structural properties. The interaction with neutrons not only
depends on the atomic number within the periodic system; indeed, different
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Scattering length and incoherent scattering cross-section of typical nuclei of soft
matter materials. Nuclei with no index represent natural, mixed isotopes [http://www.ncnr.nist.
gov/resources/n-lengths].

Table 7.1

Nuclei

Coherent scattering length

Incoherent cross-section

b

s ic
0:3739  1012 cm
0:3741  1012 cm
0:6671  1012 cm
0:6646  1012 cm
0:936  1012 cm
0:5803  1012 cm
0:4149  1012 cm

H
H
2
H¼D
C
N
O
Si
1

80:26  1024 cm2
80:27  1024 cm2
2:05  1024 cm2
0:001  1024 cm2
0:5  1024 cm2
0:0  1024 cm2
0:004  1024 cm2

isotopes of the same atom may have signiﬁcantly different abilities to scatter
neutrons, and even different signs in the related scattering length, b. A most
important example of this is hydrogen, where the most common 1 H isotope
(H) and the heavy hydrogen counterpart, 2 H, deuterium (D) have signiﬁcant
different scattering lengths: bH ¼ 0:3739  1012 cm and bD ¼ 0:6671
1012 cm. The scattering lengths and incoherent scattering cross-sections for
selected isotopes are listed in Table 7.1.
Chemically, the two hydrogen isotopes are similar, and speciﬁc structural identities can thereby be highlighted by replacing H with D at given chemical sites;
speciﬁc units can be “colored” to make them visible in the neutron beam.
Important examples using deuterium labeling include polymer melts, where
individual polymer coils can be highlighted by mixing similar polymers with
respectively H and D atoms in the chain; this is illustrated in Figure 7.3.
The characteristics of small-angle scattering does not allow atomic resolution. It
is desirable, therefore, to substitute the nuclear scattering lengths, b, with a continuous scattering length density function, r, which averages the b-values over an
appropriate volume V, which should be small compared to the instrumental resolution. r is thus deﬁned as
r¼

1X
NAd X
bi ¼
bi
V V
MV V

ð7:1Þ

which is summed over the nuclear bi-values within the volume V. N A is Avogadro’s number, d the mass density, and MV the molar mass corresponding to the
chosen volume. For a liquid, one would typically calculate r based on the sum
over a single solvent molecule, while for a polymer it would be that of the monomer unit.
For X-rays, the interaction between radiation and matter is primarily via interaction between the electrons and the oscillatory electric ﬁeld of the electromagnetic
beam. E ¼ E  cosðvtÞ. An electron will, in the X-ray beam, be accelerated by the
oscillating electric ﬁeld; an accelerated charged particle, on the other hand, will

7.2 Small-Angle Scattering

Figure 7.3 Neutron scattering contrasts of
polymer blend, illustrating good and weak contrast. The weak contrast examples illustrate the
contrast within typical polymer blends. The
good contrast example illustrates how contrast
between the A and B-polymers can be

enhanced using D-labeling. The coil contrast
example shows how “single” coils can be
labeled to study the conformation of individual
polymer chains in the mixed and in the demixed states. The units may be interpreted as the
Kuhn-length of the polymer chain.

irradiate radiation itself with frequency equal to the accelerating ﬁeld. The result is
X-ray irradiated from the electron:
Erad / 

e2 E
me c2 r

ð7:2Þ

The pre-factor in Eq. (7.2) is the scattering length, b, for an individual electron,
that is,
be ¼ 

e2
¼ 0:282  104 A
me c 2

ð7:3Þ

with the dimension of length. be of the electron is also called the Thompson scattering length. To obtain the scattering of an atom, it is necessary to integrate over
all electrons in the atom which, for small angles (small q) approach be times the
number of electrons, that is,
batom  be  Z:

Different polymers have typically rather similar electron densities, giving only
weak X-ray contrasts. Neutron scattering is therefore usually superior for
studying the thermodynamics of polymer blends, using speciﬁc deuterium
labeling.
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Figure 7.4 Phase difference for scattering from different sites into given angle 2u.

7.2.2
Scattering Function

Figure 7.4 describes schematically the radiation scattered into a given angle 2q
from two sites in the sample, Ri and Rj . The incoming radiation is characterized
by the wavelength l and direction given by wave vector k.
The elastically scattered wave has the same wavelength, and we consider the
term scattered into a given angle 2q deﬁned by the scattered wave vector kq. The
phase difference Dw between radiation origination from the two sites Ri and Rj is,
from the ﬁgure, seen to be 2p=l times the path length difference, which may be
expressed as
Dw ¼ rij  ðkq  k Þ ¼ rij  q

ð7:4Þ

where rij ¼ Ri  Rj , and q  ðkq  k Þ is the scattering vector. The numerical value
of q is
q ¼ jqj ¼

4p
sinq
l

ð7:5Þ

The radiation is for light, X-ray and neutrons expressed in terms of a plane wave
with amplitude oscillating in time (t) and space (R) which, using complex notation, is expressed as
AðR; tÞ ¼ A exp½iðvt  k  RÞ

ð7:6Þ

where the real part of Eq. (7.6) reﬂects the physical value. The radiation scattered
from various sites may vary, thus reﬂecting the ability for different atoms to interact with the beam. The probability that the plane wave is scattered from a given
site Ri of the sample is deﬁned in terms of the scattering length density, r, as
discussed above.

7.2 Small-Angle Scattering

The amplitude of the radiation at a site R and time t scattered from a point Ri
into the angle 2q (i.e., with wave vector kq and momentum transfer q) depends on
the ability to scatter at the site Ri (rðRi Þ) and the phase is given by the speciﬁc
scattering site Dwi ¼ Ri  q:
AðqÞRi ¼ A rðRi Þexp½iðvt  Dwi  kq  RÞ
¼ A rðRi Þexp½iðq  Ri Þexp½iðvt  kq  RÞ

ð7:7Þ

The phase-factor exp½i q  Ri  explicitly gives the phase relative to that of the noninteracting beam. The total radiation amplitude scattered into a given scattering
vector kq, that is, a scattering momentum q, is the simple sum over all sites in the
sample:
X
X
AðqÞ ¼
AðqÞRi ¼ A
rðRi Þexp½iðq  Ri Þexp½iðvt  kq  RÞ
ð7:8Þ
Ri

sample

Now, it is only possibly to measure beam-intensity, but not the direct in time and
space oscillating wave. The intensity is equal to the numerically squared value of
jAðqÞj or, in complex numbers, the product of AðqÞ and the complex conjugated
AðqÞ . Moreover, we measure the ensemble average, thus giving:
XX
~IðqÞ ¼ I 
hrðRi ÞrðRj Þexp½iðq  rij Þi
ð7:9Þ
i

j

with A2 ¼ I equal to the intensity of the incoming beam, and where h. . .i denotes
ensemble average. Now, let us normalize with respect to I , giving the scattering
function:
XX
IðqÞ ¼
hrðRi ÞrðRj Þexp½iðq  rij Þi
ð7:10Þ
i

j

Let us further substitute the summations with integrals using that rðRÞ can be
treated as a continuous function. The scattering function Eq. (7.10) can then be
reformulated into integral-form, expressed as
R R
IðqÞ ¼ Ri Rj hrðRi ÞrðRj Þiexp½iq  rij dRj dRi
R R
ð7:11Þ
¼ R r hrðRÞrðR þ rÞiexp½iq  rdr dR
where Ri and Rj are substituted with respectively R and R þ r. The averaged correlation function hrðRÞrðR þ rÞi does not depend on the speciﬁc sites R and R þ r,
but only on the distance r. The R-integral of Eq. (7.11) can thus be eliminated,
thereby giving
R
IðqÞ ¼ V  R hrðRÞrðR þ rÞiexp½iq  rdr
¼ V  cðrÞexp½iq  rdr

ð7:12Þ

with the correlation function cðrÞ  hrðRÞrðR þ rÞi. We thus see that, mathematically, the scattering function is the Fourier transform of the ensemble-averaged
correlation function cðrÞ correlating densities separated by distances r. For an isolated polymer chain, the correlation function describes the probability of ﬁnding
segments of the chain separated by a distance r. In experimental systems this
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Figure 7.5 Composition fluctuations in a polymer blend illustrated by blends of black and

grey chains.

may be polymer chains in dilute solution, or few labeled chains in an environment of nonlabeled (see Figure 7.3). In polymer blends, the correlation function
describes the spatial correlation of concentration ﬂuctuations, as illustrated in
Figure 7.5.
7.2.3
Gaussian Chain

The conformation of ideal polymer chains corresponds to that of a random walk.
The mutual distance between segments within the chain obey Gaussian statistics
[1]. The size of polymer chains is often given in terms of the end-to-end distance,
R , or the radius of gyration, Rg . The radius of gyration is experimentally accessible
from scattering experiments.

7.2 Small-Angle Scattering

The end-to-end vector is given by
N
X
R ¼
Ri

ð7:13Þ

i¼1

where N is the number of Kuhn-segments (proportional to the degree of polymerization) and Ri is the vector of the i-th segment. For an isotropic collection of
chains the average end-to-end vector must be zero: hR i ¼ 0. The mean-square
end-to-end distance, on the other hand, is non-zero:
N X
N
X
hR2 i ¼
hRi  Rj i ¼ Na2
ð7:14Þ
i¼1 j¼1

where a is the segment length: a ¼ jRi j. The center of mass of the coil is
Rc ¼

N
1X
Ri ;
N i¼1

ð7:15Þ

and the radius of gyration, Rg , is by deﬁnition given as
R2g ¼

N
1X
hðRi  Rc Þ2 i
N i¼1

ð7:16Þ

which with Eq. (7.15) inserted gives
R2g ¼

N X
N
1 X
hðRi  Rj Þ2 i
2
2N i¼1 j¼1

ð7:17Þ

Gaussian polymer coils obey the relation (see e.g., Doi, [1])
hðRj  Ri Þ2 i ¼ a2 jj  ij

ð7:18Þ

The radius of gyration is therefore
R2g ¼

N X
N
1 X
jj  ija2
2
2N i¼1 j¼1

ð7:19Þ

For large N we may replace the sum with integrals, getting
Z NZ N
a2
1
1
R2g ¼
jj  ijdj di ¼ Na2 ¼ hR2 i
6
6
2N 2 0 0

ð7:20Þ

Gaussian chains are characterized by the distribution function of the two segments separated by n segments (see e.g., Ref. [1]):

3=2 

3
3r2
ð7:21Þ
Pðr; nÞ ¼
exp

2na2
2pna2
Inserting this into the expression for the correlation function in the scattering function, we get the form factor of a Gaussian polymer chain equal the Debye function, g D :
PðqÞ ¼ g D ðq; Rg Þ ¼

2 x
ðe  1 þ xÞ;
x2

x ¼ R2g q2

ð7:22Þ
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7.3
Thermodynamics of Polymer Blends and Solutions. Flory–Huggins Theory

The phase behavior of polymer blends and solutions is, like any other mixtures,
governed by enthalpic interactions between the different units and entropic
effects, as described in thermodynamics [1]. The stable phase is determined from
the minimum in free energy.
Flory and Huggins proposed a simple theory to calculate the free energy [2].
This theory will be presented based on the lattice model, assuming that polymer
segments all occupy equal unit volume (see Figure 7.6). Assume that we have an
ensemble of V lattice sites available, of which nA of the polymer chains are A
coils, each characterized having N A segments, that is, a volume fraction equal
wA ¼ nA N A =V. Correspondingly, there are nB coils of polymer B, each with N B
segments, corresponding to a volume fraction wB ¼ nB N B =V. Note that an
incompressible material is assumed, corresponding to wA þ wB ¼ 1. The partition
function of the system is given by
Z¼

X

exp½E i =kB T;

ð7:23Þ

i

where E i is the energy associated to a given conﬁguration, i, of the A- and B-polymers. In the Flory–Huggins model, Z is calculated in a mean-ﬁeld approach where
 and the number of
the site-dependent energy E i is replaced with a mean value E,
conﬁgurations available for respectively the nA and the nB polymer chains are
taken into account by a prefactor W. The partition function Z then becomes
 B TÞ
Z ’ W expðE=k

Figure 7.6 The lattice model for a polymer blend.

ð7:24Þ
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With the Helmholtz free energy
F ¼ kB T lnðZÞ ¼ TS þ U;

ð7:25Þ

where S is the entropy and U the enthalpy; we thus get the result

F ¼ kB T lnðWÞ þ E

ð7:26Þ

It can be seen thereby that W represents the entropy of the system: kB ln W ¼ S,
 is the enthalpic energy.
while E
The average energy in the mixed state is calculated based on the average number of neighboring sites of respectively A and B segments (see Figure 7.6). The
enthalpic interaction energy associated with these pairs will be denoted respec can then be written as
tively -eAA , -eBB and -eAB . The average energy E


 mixed ¼ Vz 1 eAA w2 þ 1 eBB w2 þ eAB w w
E
ð7:27Þ
A B
A
B
2
2
where z is the number of nearest neighbors. The corresponding energy of
the demixed state is the simple sum of the eAA -energy of the wA VA -sites and
eBB -energies of the wB VB -sites,
 demixed ¼ Vzðw eAA =2 þ w eBB =2Þ:
E
A
B

ð7:28Þ

The change in average enthalpic energy upon mixing is thereby
¼E
 mixed  E
 demixed ¼ x w w kB T
DE
A B

ð7:29Þ

where we have used that wB ¼ 1  wA and where x is the Flory–Huggins interaction parameter
x

1 z
ðeAA þ eBB  2eAB Þ
kB T 2

ð7:30Þ

The ensemble conﬁguration term W, and thereby the entropy, is calculated
assuming that each chain can be placed randomly on the lattice, independent of
each other. In the homogeneous state, each polymer chain has then
wA ðmixedÞ ¼ w B ðmixedÞ ¼ V

ð7:31Þ

possible positions of center of mass (translational states), while in the demixed
state, the A- and B-polymers have respectively
wA ðdemixedÞ ¼ N A nA ¼ wA V

and

wB ðdemixedÞ ¼ N B nB ¼ wB V

ð7:32Þ

possible states. The entropy change by mixing, Ds ¼ kB ln wðmixedÞ 
kB ln wðdemixedÞ is thus
Dsi ¼ kB lnðVÞ  kB lnðwi VÞ ¼ kB ln wi ;

i ¼ A or B

ð7:33Þ

for each of the two polymer systems. Since the volume fractions are less than 1,
Eq. (7.33) tells us that the entropy change DsA and DsB upon mixing is always
positive; that is, the entropy term of the free energy drag the system toward mix~ the entropy contribution from
ing. To calculate the total entropy of mixing, DS,
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each polymer molecule DsA and DsB is summed:
~mix ¼ nA DsA þ nB DsB ¼ kB nA ln wA  kB nB ln wB
DS

ð7:34Þ

Substituting nA ¼ wA V=N A and nB ¼ wA V=N A , and dividing by the number of
lattice sites, we get the change of entropy per unit volume:


w
w
DSmix ¼ kB A ln wA þ B ln wB
ð7:35Þ
NA
NB
The Helmholtz free energy of mixing is the sum of entropic and enthalpic contribution according to

F m ¼ TDS þ DE

ð7:36Þ

which, using Eqs (7.29) and (7.35), is rewritten into the Flory–Huggins formula


w
w
ð7:37Þ
F m ðwÞ ¼ kB T A ln wA þ B ln wB þ xwA wB
NA
NB
For classical, low-molar-mass liquids (corresponding to N A and N B equal to 1 in
Eq. (7.37)), the driving force for mixing is typically the gain in entropy. For polymer blends, the large molecular sizes (large N-values) markedly reduce the
entropic gain. The result is the general statement, that typical polymers do not
mix. Only when the enthalpic forces under special circumstances effectively
becomes very small, will the entropy cause polymers to mix.
Whether a system of two polymers, A and B remains phase-separated or will
mix can be predicted from the w dependence of the free energy function, F m ðwÞ.
Suppose that the free energy function F m has a U-shaped w-dependence, and consider a sample with polymer A concentration equal to w. If the blend tend to
demix into concentrations w1 and w2 it will have the free energy, F demix , this being
the concentration-weighted average of the energies in the two concentrations w1
and w2 . With the U-shaped w-dependence of F m , the demixed energy will be
larger than the mixed, and the system equilibrium is in the mixed state. If the
w-dependence of the free energy of mixing F m , on the other hand is \-shaped,
the free energy of the phase separated state is lower than that of the mixed, and
the thermodynamic stable state is phase separated. Thermodynamically, the free
energy has a U-shaped w-dependence of F m nearby the two binodal points (B1 and
B2), which can be shown to fulﬁll the relation


@F m 
@F m 
¼
ð7:38Þ
@w wB1
@w wB2
Thus, for phase-separated systems, the concentrations wB1 and wB2 of the two
thermodynamic stable phases are uniquely determined by the points of common
tangent. The inﬂection points separating U- from I-shaped FðwÞ will accordingly
represent an instability points, the so-called spinodal points given by the condition


@ 2 F m 
@ 2 F m 
¼
¼0
ð7:39Þ

@w2 wS1
@w2 wS2

7.4 The Scattering Function and Thermodynamics

Systems with concentrations between the two spinodal points will be unstable and
decompose spontaneously. Polymer mixtures with overall concentrations between
the binodal and the spinodal, will be metastable, and decompose following a
nucleation-and-growth mechanism. For polymer blends with concentrations “outside” the two binodals, the system is mixed in a thermodynamically stable single
phase.
The free energy function depends generally on temperature – that is, the binodal and spinodal concentrations varies on changing temperature. At a given temperature, the two binodals and the two spinodals all meet at one point in the
concentration–temperature phase-diagram. This is the critical point given by
@ 3Fm
¼0
@w3

ð7:40Þ

For a symmetric polymer blend, N A ¼ N B ¼ N, the equations above lead to a critical point given by relation
xc N ¼ 2

ð7:41Þ

7.4
The Scattering Function and Thermodynamics

In the preceding chapter we have, based on the Flory–Huggins theory, discussed
the basis for the phase behavior of polymer blends. Miscible polymer blends and
polymer solutions have, even in the mixed one-phase system, spatial variations in
the polymer concentration. These concentration ﬂuctuations reﬂect the thermodynamic parameters of the free energy, as described in the Flory–Huggins model.
In a real polymer material, the ﬂuctuations are not limited to chemical composition ﬂuctuations. Thermal density ﬂuctuations will generally also be present and
can be measured. According to the ﬂuctuation–dissipation theorem, these ﬂuctuations are characterized by the material compressibility @ln V=@P, where V is the
volume and P the pressure [3]. In neutron scattering experiments using labeled
chains (see Figure 7.3), the thermal ﬂuctuations are negligible as compared to
composition ﬂuctuations. We will, for simplicity, neglect thermal density ﬂuctuations and assume a constant segment density; that is, in the lattice model (Figure 7.6) we assume that every lattice site is ﬁlled with polymer segments imposed
by the constraint
wA ðRÞ þ wB ðRÞ ¼ 1

ð7:42Þ

satisﬁed for all sites R. The concentration ﬂuctuations can be measured directly by
scattering methods; hence, scattering experiments can provide insight into the
thermodynamics of polymer systems.
The ensemble-averaged concentrations wA ¼ hwA ðRÞi and wB ¼ hwB ðRÞi must
fulﬁll the same relation wA þ wB ¼ 1. The ﬂuctuation terms are advantageously
described by the deviation of the segment density from average at each lattice site;
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rather than the concentrations themselves:
dwA ðRÞ ¼ wA ðRÞ  wA
dwB ðRÞ ¼ wB ðRÞ  wB

ð7:43Þ

With the density constraint the ﬂuctuation dwA and dwB terms holds:
dwA ðRÞ þ dwB ðRÞ ¼ 0

ð7:44Þ

The product
dwi ðRÞdwj ðR þ rÞ

i ¼ A; B;

j ¼ A; B:

ð7:45Þ

characterizing the spatially correlated ﬂuctuations is a unique measure of the thermodynamics. Equation (7.45) describes the correlation between segments i in a
position R with those of species j in position R þ r.
Usually, these correlations would be expect to have a relatively short range, since
distant segments will be completely independent. The products in Eq. (7.45) will
accordingly be nonzero only for relatively small values of r.
The thermodynamics of the system is described in terms of the ensemble average, cij ðrÞ, of the spatially correlated ﬂuctuations:
cij ðrÞ ¼ hdwi ðRÞdwj ðR þ rÞi

i ¼ A; B;

j ¼ A; B:

ð7:46Þ

where h  i denotes the ensemble average. With dwA ¼ dwB , it follows that
cAA ðrÞ ¼ cBB ðrÞ ¼ cAB ðrÞ ¼ cBA ðrÞ;

ð7:47Þ

which leads to the important and very simple result: The concentration ﬂuctuations of an incompressible two component system are characterized by a single
correlation function cðrÞ which, by deﬁnition, will be associated with the self-correlation function:
cðrÞ  cAA ðrÞ:

ð7:48Þ

The correlation function is, as mentioned above, tightly related to the thermodynamics of the system. Furthermore, the Fourier transform of the spatial correlation functions can be measured directly in neutron scattering experiments, as
outlined in Eq. (7.12). This will be discussed further below.
7.4.1
The Forward Scattering

The experimentally accessible correlation function, cij ðrÞ ¼ hwi ðRÞwj ðR þ rÞi, can
be expressed in terms of thermodynamic parameters. In order to calculate the
correlation functions cij ðrÞ, we follow basically the route of de Gennes [4] and Doi
[1], using the fact that the correlation function can be shown to express the proportionality constant when using linear response theory to treat energy changes.
To ﬁnd the thermodynamic relationship to the correlation function, we start to
calculate the response on the total energy upon perturbating individual segments
with a weak external potential. Let us assume that the potentials uA ðRÞ and uB ðRÞ

7.4 The Scattering Function and Thermodynamics

act on, respectively, A and B segments in site R. The resulting change in the system’s potential energy is then
Z
U e ¼ ½uA ðRÞwA ðRÞ þ uB ðRÞwB ðRÞdR
ð7:49Þ
where the subscript e denotes
R “external” and where we have used a continuous
P
description of the ensemble ( R ) rather than the lattice representation ( R ). The
uA and uB external potentials acting on individual sites will cause local deviation
from average composition; that is, generally we may expect that wA ðRÞ is not equal
to wA and wB ðRÞ is not equal to wB . With U  being the intrinsic energy of the
system, the equilibrium average can be written as
R
dwA ðRÞexp½ðU  þ U e Þ=ðkB TÞdr
R
ð7:50Þ
dwA ðRÞ ¼
exp½ðU  þ U e Þ=kB Tdr
according to statistical mechanics ([5]). We rewrite the formula into the form
hdwA ðRÞexp½U e =ðkB TÞi
ð7:51Þ
hexp½U e =ðkB TÞi
R
R
where h  i  ð  ÞeU  =kB T dr= eU  =kB T dr denotes the equilibrium average
without external ﬁelds. For weak external ﬁelds, U e =kB T
1 we can make the
approximations
dwA ðRÞ ¼

expðU e =ðkB TÞ  1  U e =ðkB TÞ

and

1
 1 þ U e =ðkB TÞ
1  U e =ðkB TÞ

making Eq. (7.51) into the form
dwA ðRÞ  hdwA ðRÞið1 þ hU e =kB TiÞ  hdwA U e =kB Ti

ð7:52Þ

to ﬁrst order in U e =ðkB TÞ. The ﬁrst term in Eq. (7.52) vanishes, as the equilibrium
average of dwA ðRÞ by deﬁnition is zero without external ﬁelds. With Eq. (7.49) it
thus follows from Eq. (7.52) that
dwA ðRÞ  

1
hdwA ðRÞU e i
kB T

which, when using the expression for U  can be rewritten into
Z
1
hdwA ðRÞ ½wA uA ðR þ rÞ þ wB uB ðR þ rÞdrþ
dwA ðRÞ  
kB T R
dwA ðRÞ ½dwA ðR þ rÞuA ðR þ rÞ þ dwB ðR þ rÞuB ðR þ rÞdðR þ rÞi
ð7:53Þ

Assuming that the potentials uA ðRÞ and uB ðRÞ varies little over the length scale
of ﬂuctuations, the ﬁrst term vanished due to mean zero of dwA ðRÞ. The ﬂuctuation term then becomes
Z
1
hdwA ðRÞdwA ðR þ rÞiuA ðR þ rÞdrþ
dwA ðRÞ ¼ 
ð7:54Þ
kBRT

hdwA ðRÞdwB ðR þ rÞiuB ðR þ rÞdr
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The result Eq. (7.54), originally derived by de Gennes [4], is most important. It
expresses the linear response theory that the thermal averaged local concentration
ﬂuctuations depends linearly on the ﬁelds acting on any other sites, with proportionality constants equal the spatial correlation functions cAA ðrÞ and cAB ðrÞ, as
deﬁned in Eq. (7.46). Using further that dwB ðRÞ ¼ dwA ðRÞ, Eq. (7.54) may be
rewritten into
Z
1
hdwA ðRÞdwA ðR þ rÞi½uA ðR þ rÞ  uB ðR þ rÞdr
dwA ðRÞ ¼ 
kB T Z
ð7:55Þ
1
cðrÞ½uA ðR þ rÞ  uB ðR þ rÞdr
¼
kB T
where the deﬁnition Eq. (7.48), c  cAA , is used.
The correlation function c is expected to be of relative short range, that is, c is
likely non-zero only for r-values up to some coil-diameters in the mixed phase. We
will therefore, as above, assume that the spatial variation of uA ðRÞ, uB ðRÞ is gradual, so that these potentials can be considered constant over the range where cðrÞ
has a nonzero value. In this case, Eq. (7.55) can be approximated as follows
Z
1
dwA ðRÞ ’ 
½uA ðRÞ  uB ðRÞ cðrÞdr
ð7:56Þ
kB T
The Fourier transform of cðrÞ is the structure factor IðqÞ (Eq. (7.12)) given by
Z
IðqÞ ¼ cðrÞexp½iq  rdr:
ð7:57Þ
The integral in Eq. (7.56) can thereby be expressed in terms of the structure factor
at zero q-value, that is,
dwA ðRÞ ¼ 

1
Ið0Þ½uA ðRÞ  uB ðRÞ
kB T

ð7:58Þ

With uA ðRÞ and uB ðRÞ assumed to be almost constant, the deviation dwA ðRÞ is
determined from the condition of thermodynamic equilibrium as expressed by
the chemical potentials mA and mB . In the absence of external ﬁelds, we have,
according to thermodynamics:


@F m 
þ ½mA ðrÞ  mB ðrÞ ¼ C
ð7:59Þ
@w r
where C is a constant independent of concentration. With perturbations with the
small external potentials, uA ðRÞ and uB ðRÞ, the local chemical potentials mA ðRÞ
and mB ðRÞ will change by these respective values. The changes in the free-energy
derivative is expressed in terms of the associated change in concentration


 2 
@F m 
@ F m 
D
’
dwðRÞ
ð7:60Þ

@w R
@w2 R
assuming that the ﬂuctuation-term dwðRÞ is small. From these perturbations in
respectively free energy and chemical potential, Eq. (7.59) thereby gives the
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condition for thermodynamic equilibrium
 2 
@ Fm
dwðRÞ þ ½uA ðRÞ  uB ðRÞ ¼ 0
ð7:61Þ
@w2
and thereby
 2 1
@ Fm
dwðRÞ ¼ 
½uA ðRÞ  uB ðRÞ
ð7:62Þ
@w2
Combining Eq. (7.62) with Eq. (7.58) describes thereby the ﬂuctuation correlation
function in terms of thermodynamics
 2 1
Z
@ Fm
Ið0Þ ¼ cðrÞdr ¼ kB T
;
ð7:63Þ
@w2
that is, the structure factor, Ið0Þ, is directly related to the thermodynamics of the
polymer blend. The spinodal point of polymer blends, @ 2 F m =@w2 ¼ 0, can thus be
obtained experimentally by measuring the structure factor at q ¼ 0, and extract the
temperature where the I1 ð0Þ approach zero (see Figure 7.7).
Figure 7.7 shows an experimental example of such studies, showing the forward
scattering Ið0Þ of a polymer blend of polystyrene (PS) and poly(vinylmethylether)
(PVME) with a given concentration (wPS ¼ 0:32) [6]. The forward scattering is
obtained from experimental IðqÞ data extrapolating q ! 0. A number of equivalent
data, obtained for various concentrations, may give the whole spinodal curve.
The coexistence curve, or the binodal, can also be obtained from the same scattering experiments, identifying the abrupt and (usually, due to the relative slow

Figure 7.7 Small-angle neutron scattering data
I1 ð0Þ versus T 1 identifying the spinodal and
the binodal temperatures. (a) I1 ð0Þ versus
T 1 schematically; (b) An experimental example of a polymer blend of polystyrene (PS) and

poly(vinyl methylether) (PVME) giving the
experimental spinodal and binodal values. The
linear I1 ð0Þ versus T 1 is in accordance with
the RPA result (Eq. (7.82)), with x / T 1 .
Experimental data reproduced from Ref. [6].
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Figure 7.8 By measuring the forward scattering Iðq ¼ 0Þ it is possible experimentally to deter-

mine the spinodal curve (second derivative of free energy, @ 2 F m =@f2 , is zero) of the binary
phase diagram, since @ 2 F m =@f2 ¼ I1 ð0Þ.

nucleation and growth mechanism) time-dependent deviation in the I1 versus
T 1 plot (T B in the Figure 7.7).
By measuring the temperature dependence of Ið0Þ for a variety of concentrations, as sketched in Figure 7.8, the spinodal phase boundary can be mapped out
for polymer blends.
7.4.2
Random Phase Approximation (RPA)

In the next section, an attempt will be made to evaluate further details on the
composition ﬂuctuations as related to the experimental scattering function, IðqÞ.
The calculations will be based on the result (see Eq. (7.55)) that the pair correlation function is expressed in terms of linear response theory. The calculations will
further be made using a mean-ﬁeld approximation principally where the excluded
volume effects, the density constrain and the interactions between chains are
taken into account as perturbations, expressed in terms of potential energies. This
calculation is called the random phase approximation (RPA).
Initially, consider the case where polymers A and B are placed on the lattice at
random, without any excluded volume effects or interaction energies. In this case,
there is by deﬁnition no correlation in the positioning of polymers segments A and
B, and the correlation term hdwA ðRÞdwB ðR þ rÞi obviously equals zero. The correlations hdwA ðRÞdwA ðR þ rÞi and hdwB ðRÞdwB ðR þ rÞi between A  A and B  B
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segments, on the other hand, are both ﬁnite since the segments of the polymers are
linked together making up A and B polymer chains, respectively. If external ﬁelds
uA ðRÞ and uB ðRÞ are applied to this system, the resulting change in the concentration dwA ðRÞ is then responding
with the change in ﬂuctuations (Eq. (7.54))
Z
1
dwA ðRÞ ¼ 
ð7:64Þ
cAA ðrÞuA ðR þ rÞdr
kB T
where the response function is identical to the pair correlation function, as discussed above in Eq. (7.55). Now, in reality there are of course both enthalpic interactions between the chains and volume constraint. These terms will be taken into
account as perturbations using a mean ﬁeld approximation.
If the concentrations of A and B segments in position R are respectively
wA ðRÞ ¼ wA þ dwA ðRÞ and wB ðRÞ ¼ wB þ dwB ðRÞ, the enthalpic ﬁelds acting on
the segments A and B are given by respectively,
w A ðRÞ ¼ z½eAA wA ðRÞ þ eAB wB ðRÞ
w B ðRÞ ¼ z½eBA wA ðRÞ þ eBB wB ðRÞ

and

ð7:65Þ

The conservation of volume condition: wA ðRÞ þ wB ðRÞ ¼ 1, will thermodynamically correspond to a force acting on each site, expressed as a potential,
VðRÞ. The total energy U excl representing the excluded volume effect is then calculated by integrating VðRÞ over volume:
Z
Z
U excl  VðRÞdR ¼ VðRÞ½wA ðRÞ þ wB ðRÞdR
ð7:66Þ
where in the last equality we have replaced a factor 1 with the identical ½wA ðRÞ þ
wB ðRÞ sum. The internal ﬁelds acting on segments A and B are the sums, respectively wA þ V and w B þ V. In the linear response theory dwA and dwB can thus be
expressed as
Z
1
dwA ðRÞ ¼
ð7:67Þ
cAA ðRÞ½uA ðR þ rÞ þ w A ðR þ rÞ þ VðR þ rÞdr
kB T
Z
1
dwB ðRÞ ¼
ð7:68Þ
cBB ðRÞ½uB ðR þ rÞ þ w B ðR þ rÞ þ VðR þ rÞdr
kB T
The constraint wA ðRÞ þ wB ðRÞ ¼ 1 gives, as discussed already above,
dwA ðRÞ þ dwB ðRÞ ¼ 0

ð7:69Þ

Equations (7.67)–(7.69) form a set of simultaneous equations for the unknowns
dwA ðRÞ, dwB ðRÞ, and VðRÞ. To solve these equations, we will use the Fourier
transform of dwðRÞ and VðRÞ. In setting the formula Eq. (7.67) for the concentration ﬂuctuation expressed in terms of the spatial correlation function, the Fourier
transformed dwðRÞ acquires the form
Z
1
dyA ðqÞ ¼
dwA ðrÞexp½iq  rdr
V
Z Z
1 1
ð7:70Þ
½uA  uB 
cðrÞexp½iq  rdR dr
’
V kB T
1
¼
IðqÞ½uA  uB ;
kB T
where we used the formula for the structure factor, IðqÞ (Eq. (7.12)).
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After some mathematical rewritings, using the expression for the unperturbed
structure factor of
Z noninteracting polymer chains
IAA ðqÞ ¼

cAA ðrÞeiqr dr;

ð7:71Þ

that wA ðRÞ ¼ z½eAA wA ðRÞ þ eAB wB ðRÞ, and that qðqÞ is the Fourier transform of
the potential VðRÞ, we ﬁnd


1 
dyA ðqÞ ¼ 
ð7:72Þ
I AA ðqÞ uA  z eAA dyA ðqÞ þ eAB dyB ðqÞ þ qðqÞ
kB T
The corresponding expression for the Fourier transform dyB ðqÞ of dwB ðrÞ is


1 
dyB ðqÞ ¼ 
ð7:73Þ
I ðqÞ uB  z eBA dyA ðqÞ þ eBB dyB ðqÞ þ qðqÞ
kB T BB
The sum, dyA ðqÞ þ dyB ðqÞ,
Z of these two Fourier transforms is zero, according to
dyA ðqÞ þ dyB ðqÞ ¼

½dwA ðrÞ þ dwB ðrÞeiqr

dr ¼ 0

ð7:74Þ

Solving the three Eqs (7.72)–(7.74) with the three unknowns dyA , dyB and q give

1
1
1
1
dyA ðqÞ ¼ 
ð7:75Þ
þ
 2x ðuA  uB Þ
kB T IAA ðqÞ IBB ðqÞ
Here, x ¼ z=ð2kB TÞ½eAA þ eBB  2eAB  is the Flory–Huggins interaction parameter
deﬁned above (Eq. (7.30)). From Eq. (7.70) the structure factor IðqÞ is thereby
given by the rather simple expression
1
1
1
¼
þ
 2x
ð7:76Þ
IðqÞ I AA ðqÞ I BB ðqÞ
Equation (7.76) may be rewritten into the more general RPA form,
N
IðqÞ ¼
F blend ðqÞ  2xN
where the function FðqÞ for blends is given by


1
1
1
1 IAA ðqÞ þ I BB ðqÞ
F blend ðqÞ ¼
þ
¼


N I AA ðqÞ I BB ðqÞ
N I AA ðqÞI BB ðqÞ
with the “average” degree of polymerization, N, deﬁned as
NANB
N¼
NA þ NB

ð7:77Þ

ð7:78Þ

ð7:79Þ

The individual polymer coils obey Gaussian statistics with the associated Debyefunction (Eq. (7.22)) giving the bare structure factors, that is,
I ðqÞ ¼ wNg D ðq; NÞ;

ð7:80Þ

Using further the approximation


1
1
g D ðxÞ ¼ 2=ðx 4 Þ  expðx2 Þ  1 þ x 2  1  x2 
3
1 þ 13 x 2
the RPA expression, Eq. (7.76) becomes
1
1 þ q2 R2A =3 1 þ q2 R2B =3
þ
 2x
¼
IðqÞ
wA N A
wB N B

ð7:81Þ

ð7:82Þ
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which we rewrite into


 
1
1
R2A
R2B
q2
I 1 ðqÞ ¼
þ
 2x þ
þ
3wA N A 3wB N B
wA N A wB N B

ð7:83Þ

that is, the scattering function has the simple Lorentzian (Ornstein–Zernike) form:
I 1 ðqÞ ¼ I 1 ð0Þ½1 þ j2 q2 

where
I 1 ð0Þ ¼

1
1
þ
 2x
wA N A wB N B

ð7:84Þ
ð7:85Þ

is the forward scattering already discussed above, relating directly to the thermodynamics of the system. The correlation length j

1=2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2A
R2B
j¼
þ
Ið0Þ
ð7:86Þ
3wA N A 3wB N B
describes the spatial extend of the ﬂuctuations. We see that the RPA theory expresses
thermodynamic properties of polymer blends, as described within the Flory–Huggins model, in terms of experimental accessible parameters. Measurements of the
scattering function as a function of composition and temperatures provide both the
spinodal phase boundary, and the temperature and concentration dependent Flory–
Huggins interaction parameter (x). The Flory–Huggins model describes the
enthalpic interactions in terms of temperature independent neighboring interactions eij , giving a T 1 -dependent x-parameter. The mean ﬁeld treatment thus predict
the following scaling for forward scattering and correlation length:
Ið0Þ / T 1

and

j / T 1=2

ð7:87Þ

as already used in Figures 7.7 and 7.8. Figures 7.9 and 7.10 shows experimental
scattering functions for two polymer systems: a polystyrene/poly(vinyl

Figure 7.9 Small-angle neutron scattering

experiments of polymer blends of polystyrene
(PS) and poly(methylstyrene) (PMS) showing
the agreement with the RPA-result: I1 ðqÞ linear in q2 . The inset shows schematically the
phase diagram, which for the PS/PMS system

is of the UCST-type. The PS polymers are deuterated (PSd) in order to obtain contrast
between the two polymers in the neutron scattering experiment. Experimental data reproduced from Ref. [7].
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Figure 7.10 Small-angle neutron scattering
experiments of polymer blends of polystyrene
(PS) and poly(vinylmethylether) (PVME) showing the agreement with the RPA-result: I1 ðqÞ
linear in q2 . The insert shows schematically the
phase diagram, which for the PS/PVME system

is of the LCST-type. The PS polymers are deuterated (PSd) in order to obtain contrast
between the two polymers in the neutron scattering experiment. Experimental data reproduced from Ref. [7].

methylether) blend and a polystyrene/poly(methylstyrene) blend, plotted as I1
versus q2 . The results are in agreement with the RPA result Eq. (7.82) and exhibit
the expected linear relationships based on Flory–Huggins thermodynamics and
mean-ﬁeld random phase approximation. It may be noted that for the PS/PMS
system, the I1 ð0Þ-parameter decreases upon lowering the temperature (i.e., Ið0Þ
increases) implying that the system is mixed at high temperature and demixed at
low temperature, an upper critical solution temperature (UCST) system. The
PVME/PS system is opposite, having a lower critical solution temperature (LCST).
The x-parameter is, according to the deﬁnition (Eq. (7.30)), assumed to be
purely enthalpic and short-ranged. It reﬂects segmental nearest neighbor interactions, which are likely to be dominated by dipole–dipole interactions. Experimentally determined x-values appear to be more complex; only high-molar-mass
polymers have effectively a segmental x-parameter where end-effects are negligible, and the temperature-dependence is seldom pure T 1 . In spite of such difﬁculties, the mean-ﬁeld random phase approximation and Flory–Huggins theory
provide an excellent basis for analyzing polymer thermodynamics.
7.4.3
Beyond Mean Field

The RPA method is based on a completely random organization of the polymer
chains where the effects of interactions are estimated using a perturbation calculation. Such mean ﬁeld calculations are only valid as long as the length scale of the
ﬂuctuations are small compared to characteristic lengths of the system (the
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Ginzburg criteria). In a region close to the critical point, T c , thermal composition
ﬂuctuations may signiﬁcantly renormalize the thermodynamics. In polymers, relevant length scales separating valid mean-ﬁeld from non-mean-ﬁeld characteristics
may be the correlation length of ﬂuctuations j as compared to the polymer segmental length b (the lattice site). For correlation lengths j larger than the lattice sites,
random positioning is no longer consistent, and more advanced theories that selfconsistently include the effect of thermal composition ﬂuctuations are needed.
The thermal composition ﬂuctuations tend to stabilize the “disordered” phase,
giving rise to a renormalized critical temperature. The relation between the meanﬁeld value T MF
and the real T c is expressed by the Ginzburg relation [8]:
c
T mf
c ¼ T c =ð1  GÞ;

ð7:88Þ

where G is the Ginzburg number. In a plot showing the inverse forward scattering
I 1 ð0Þ versus reciprocal reduced temperature, t1 , the Ginzburg number clearly
appear as the crossover temperature from linear (mean ﬁeld) to nonlinear characteristics. Here, the reduced temperature is deﬁned as t ¼ j1  T c =Tj. For critical
composition w ¼ wc , analogous to those of Figures 7.7 and 7.8, one will ﬁnd deviation from linear relationship. Polymer blends behave like classical ﬂuids showing a
three-dimensional Ising-type of scaling behavior [9,10], that is,

c
jT c  Tj
Ið0Þ /
with c ¼ 1:24
ð7:89Þ
T
as T approaches T c . An experimental example is provided in Figure 7.11, showing critical scattering of the polymer blend of polystyrene and polybutadiene (dPB/PS) [11,12].
5
dPB/PS
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Figure 7.11 Inverse forward scattering I1 ð0Þ

versus inverse temperature for a mixture of
dPB and PB of near critical composition. The
solid line represents the best fit using the

crossover function while the dotted lines shows
the asymptotic mean-field and 3d-Ising laws,
respectively. Adapted from Ref. [12].
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Experimentally determined susceptibility, Ið0Þ versus T, like that shown in Figure 7.11, can effectively be analyzed by applying a single function describing Ið0Þ
within the whole one-phase regime. Based on an e-expansion model, one may
develop a function that describes the experimental data very well [13], as seen in
Figure 7.11. The parameters of the crossover function are the Ginzburg number, the
critical temperature, and the critical exponents.
The experimental example shown in Figure 7.11 indicates clearly that the validity of the mean-ﬁeld Flory–Huggins model for binary polymer blends is somewhat
limited. The relevant temperature regime of most miscible polymer blends are in
fact in the crossover range rather than in the mean-ﬁeld, as originally anticipated.
Experiments have shown that the deviation from mean-ﬁeld characteristics, as
expressed by the Ginzburg number, is markedly dependent on the degree of
polymerization. The temperature range of non-meanﬁeld characteristics scale as
jT mf  T c j / N a ;

ð7:90Þ

with the exponent a of the order of 1 to 2 [14], but approaching a low-N value that
is up to two orders of magnitude larger than that of classical liquids. The latter is
the reason that most polymers in reality obey non-meanﬁeld characteristics. Only
for polymer blends with N-values larger than approximately 1000 can one ﬁnd
mean-ﬁeld characteristics even very close to the critical point.

7.5
Block Copolymers

Polymers are, by deﬁnition, molecules composed by a large number of small
chemical units, the monomers. Above, we have discussed A- and B-homopolymers,
assuming that all A-polymers are composed of the same single A-monomer, and
B-polymers by another speciﬁc B-monomer. Such chemical equality is often the
situation in synthetic polymers, as for example polyethylene purely composed of
–CH2– ethylene monomers. Many natural polymers, on the other hand, are composed of several different monomers; example of these include proteins, which
are polymeric chains composed of different amino acids; such polymers are
termed copolymers.
One important class of synthetic copolymers is composed of two different
monomers which, in the general discussion, will be abbreviated A and B. The A
and B segments may be positioned randomly within the chain, or in “blocks” of
respectively A and B. Diblock copolymers composed of two linear polymer blocks
linked covalently together are the most simple of this class. Diblock copolymers
are closely related to blends of homopolymers; both systems are composed of two
linear polymer chains, but the covalent bond between the A- and the B-blocks has
of course signiﬁcant implications on the physical properties.
Polymers of different chemistry are generally not miscible, as discussed above.
The A- and B-molecules of an AB-diblock copolymer melt will therefore tend to
cluster into domains rich in respectively A and B units. In opposition to polymer
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blends, the bond between the A and B blocks prevents macroscopic phase separation. The clustering of block copolymers is therefore restricted to the nanometer
length scale of the polymer blocks: they form a micro phase-separated state.
In diblock copolymer melts, the free energy of a micro-phase-separated state can
be shown to favor ordered domain structures where the mutual organization of Aand B-domains form regular lattices. The equilibrium structure depends on the
relative size of the respective polymer blocks, the overall polymer size and the
temperature (or rather the product xN of the Flory–Huggins interaction parameter and the degree of polymerization).
The phenomenological theory of block copolymers is quite analogous to that of
polymer blends, discussed above. The thermodynamic properties are also here
determined as an interplay between conﬁgurational entropy and enthalpic contributions according to the Flory–Huggins model of the Gibbs free energy (see Section 7.3; see also Ref. [15]). It should be emphasized however that,
thermodynamically, block copolymer melts are single-component system, independent of any local structural features.
Let us consider an AB-diblock copolymer with volume fraction f of A-segments
and (1  f ) of B-segments. With the total diblock degree of polymerization (or
rather number of Kuhn segments) N, each chain will have
NA ¼ f N
N B ¼ ð1  f ÞN

A-segments
B-segments

ð7:91Þ

As in the development of the RPA equations for polymer blends, we will
assume a uniform mixing of the A- and B-blocks, and consider the response on
the spatial distribution function of A- and B-segments as a response when external
ﬁelds uA ðRÞ and uB ðRÞ are applied to the system.
In the blend of homopolymers A and B, the random positioning implied that
the correlation functions cAB ¼ cBA ¼ 0. In block copolymers, two A and B blocks
are covalently bound, and the cAB -correlation term in Eq. (7.64) will accordingly
not vanish. Following the arguments relating to Eqs (7.67) and (7.68) we will,
when including the AB-cross terms, obtain

1

eff
I ðqÞueff
dyA ðqÞ ¼ 
A þ I AB ðqÞuB
kB T AA
ð7:92Þ

1

eff
IAB ðqÞueff
dyB ðqÞ ¼ 
A þ I BB ðqÞuB
kB T
where we have deﬁned
ueff
A ¼ uA  z½eAA dyA ðqÞ þ eAB dyB ðqÞ þ V
ueff
B ¼ uB  z½eAB dyA ðqÞ þ eBB dyB ðqÞ þ V

ð7:93Þ

Combining this with the dyA þ dyB ¼ 0 restriction, we can in analogy with derivation for blends in Section 7.4.2, solve the equations for diblock copolymers and
get the result:
"
#1
1 IAA ðqÞ þ IBB ðqÞ þ 2IAB ðqÞ
dyA ðqÞ ¼

2x
ðuA  uB Þ
ð7:94Þ
kB T I AA ðqÞI BB ðqÞ  ðIAB ðqÞÞ2
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which, in analogy with Eq. (7.77), may be rewritten into the form
dyA ðqÞ ¼

1
N
ðuA  uB Þ
kB T F diblock ðqÞ  2xN

ð7:95Þ

with
F diblock ðqÞ ¼

1 I AA ðqÞ þ IBB ðqÞ þ 2I AB ðqÞ
N IAA ðqÞI BB ðqÞ  ðIAB ðqÞÞ2

ð7:96Þ

which is similar to the corresponding F-function for polymer blends (Eq. (7.78)),
except for the AB-cross-terms. We will assume that the diblock copolymer in the
homogeneous state obeys Gaussian statistics similar to the linear homopolymers
discussed above (Eq. (7.22)). The partial structure factor IAA of the individual block
copolymer can then be expressed as
 2

Z
Z
1 NA NA
b

IAA ðqÞ ¼
exp  jn  mj dn dm ¼ Nhðf ; N; qÞ
ð7:97Þ
N 0
6
0
where hðf ; N; qÞ is a generalized Debye-function given by
hðf ; N; qÞ ¼


2
f x þ ef x  1 with
2
x

x ¼ q2 R2g

ð7:98Þ

A corresponding calculation gives the partial structure factor IBB
IBB ðqÞ ¼ Nhð1  f ; N; qÞ

ð7:99Þ

The partial structure factor I AB for the diblock copolymer is correspondingly
 2

Z
Z
1 NA N
b
IAB ðqÞ ¼
exp  jn  mj dn dm
N 0
6
NA
giving
IAB ðqÞ ¼

N
½hð1; N; qÞ  hðf ; N; qÞ  hð1  f ; N; qÞ
2

ð7:100Þ

Substituting these results into Eq. (7.94) gives the RPA-structure factor for a
diblock copolymer melt
IðqÞ ¼

N
F diblock ðf ; N; qÞ  2xN

ð7:101Þ

which has the same form as that of the blend given in Eq. (7.77), but with another
F-function:
hð1; N; qÞ
F diblock ðf ; N; qÞ ¼
1
hðf ; N; qÞhð1  f ; N; qÞ  ½hð1; N; qÞ  hðf ; N; qÞ  hð1  f ; N; qÞ
4
ð7:102Þ
The structure factor Eq. (7.101) with F given by Eq. (7.102) was originally
derived by Leibler [15]. The structure factor approaches zero for both q ! 0 and
q ! 1, and has a distinct maximum at a q -value reﬂecting the overall size of the
copolymer, and which can be calculated from the derivative: dIðqÞ=dq ¼ 0. For

7.5 Block Copolymers

symmetric block copolymers, f ¼ 0:5, this gives
q ’ 1:945=Rg

ð7:103Þ

The scattering function at q ¼ q , Iðq Þ, markedly depends on the interaction
parameter x, and diverges according to Eq. (7.101) at the critical value xc :
Fðf ; N; q Þ
;
ð7:104Þ
xc 
2N
which with x 1=T corresponds to a critical temperature T c . Beyond T c the
block-copolymer system is unstable and will phase-separate on the length scale of
the polymer coils: so-called micro-phase separation. The critical temperature
T c corresponds to the spinodal point for polymer blends.
Figure 7.12 shows examples of experimental IðqÞ as measured at different temperature and ﬁts using the analytical Leibler function. The experimental data are
indeed ﬁtted very well by the structure factor of the RPA theory. The solid curves
shown in the ﬁgure represents best ﬁts convoluted by the experimental resolution
function. In the insert is shown the effect of instrumental smearing. In typical
data analysis, both the polymer radius of gyration Rg and the Flory–Huggins interaction parameter x are used as adjustable parameters.
Plotting the inverse of the peak-value, I1 ðq Þ, as a function of reciprocal temperature, T 1 (or interaction parameter x) one should, according to the mean-ﬁeld
treatment, obtain a straight line in analogy with the I 1 ð0Þ-susceptibility of blends,
Eq. (7.87), which approaches zero at the critical point, here the spinodal temperature. For symmetric block copolymers, f ¼ 0:5, Eqs (7.101) and (7.102) lead to the
critical value, xc N:
xc N ¼ 10:495;

Figure 7.12 Example of experimental scatter-

ð7:105Þ

instrumental smearing. The effect of smearing
is shown in the insert, giving the resulting Leiing function of a diblock copolymer, and fits
using the meanfield RPA theory (solid line).
bler function at 160  C, with and without
The fits represent the model function including smearing.
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Figure 7.13 Experimental susceptibility given
by the maximum value of the scattering function: I1 ðq Þ plotted versus inverse temperature. The data illustrates the marked influence

in the fluctuation renormalization near the
T ODT . The figure shows data of a symmetric
PE-PEP diblock copolymer with N ¼ 1930.
Experimental data adapted from Ref. [17].

which may be compared with the corresponding critical value of symmetric, N A ¼
N B binary blends (Eq. (7.41)): xc N ¼ 2.
The mean-ﬁeld theory of Leibler agrees very well with experimental observations
based on X-ray and neutron scattering when obtained relatively far from the
microphase separation temperature (MST). In the vicinity of the MST, however,
mean-ﬁeld treatment is less accurate. Both, Leibler and Fredrickson and Helfand
noted that the effective Hamiltonian appropriate for diblock copolymers is in the
Brazovskii-universality class [15,16]. Based on the Hartree treatment used in the
Brazovskii theory, Fredrickson and Helfand found that the structure factor can still
be written as the mean-ﬁeld expression Eq. (7.101), but with renormalized values
~ [16]. The ﬂuctuation renormalization makes the order parameter I 1 ðq Þ
~
x and N
nonlinear in x, and thereby nonlinear in T 1 . This is shown in the experimental
example given in Figure 7.13.
7.5.1
Ordered Phases

Until now, we have discussed the disordered phase in some detail, but have not
really mentioned phase behavior beyond the point where the order-parameter
diverges. In fact, block copolymers do not reach the critical point, but rather
undergo a weak ﬁrst-order phase transition into a mesoscopic ordered structure.
A signiﬁcant amount of the attention paid to block copolymers in recent years has
been concerned with these self-assembled microstructures. Various geometries
occur, depending on the volume fraction, f , the mismatch in entropic stretching
energy of the different blocks, and the degree of ﬂuctuations as manifested
through the degree of polymerization, N [18].
Most theoretical models that have been proposed are effectively based on hard
core interactions by implementing the incompressibility constraint where the
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average segment concentration is forced to be uniform. The remaining interactions are assumed to be local. The thermodynamic stable phases are determined
by minimizing the free energy density for a given xN-value. With this approach,
Leibler determined the stability of the classical ordered structures and the condition for mesophase transitions. In the symmetric f ¼ 0:5 case, the transition
should be of second order, going from the disordered directly to the lamellar
structure. For f 6¼ 0:5, the transition is weakly ﬁrst order. In the very near vicinity
of the disordered phase, the minority component forms spherical micellar
domains that are arranged on a bcc lattice with the matrix consisting of the majority component. Upon a further decrease in T(increase in xN), the mean-ﬁeld RPA
predicts a ﬁrst-order transition to the hexagonal-ordered phase, where cylinders
are formed by the minority component. Finally, after an even further decrease in
T, a ﬁrst-order transition to the lamellar structure is predicted.
Leibler’s studies can be mapped onto the Brazovskii Hamiltonian, allowing calculations beyond mean-ﬁeld [16]. The effect of ﬂuctuation renormalization is not only
to shift the phase boundaries to larger xN-values, but also to change the second-order
critical point to a line of ﬁrst-order transition between the disordered and the lamellar phase. In addition, the ﬂuctuation renormalization causes a direct transition from
the disordered phase to the hexagonal rod phase. The cubic bcc phase is substantially
limited to highly asymmetric block copolymer architectures, but this depends on the
overall degree of polymerization. Matsen and Bates used self-consistent ﬁeld theory
to show the bicontinuous Ia3d-symmetric gyroid structure near the order–disorder
transition regime located between the hexagonal and lamellar phases [19].
The experimental challenge related to the ordered block copolymer structures concerns the unique crystallographic identiﬁcation of the phases, and also veriﬁcation of
the stability of an apparent observed ordered nanostructure. Since the characteristic
dynamics of high-molar-mass polymer systems is often very slow, it is very difﬁcult
to conclude that an observed ordered phase is thermodynamically stable. A crystallographic description of the ordered structure has, in principle, to be solved much like
the investigation of any classic crystal, but the large length scale and the amorphous
building units will, of course, provide a number of special features.
Small-angle X-ray and neutron scattering has been used to solve the ordered
microstructures of block copolymers. By identifying the sequence of Bragg-reﬂections, the ordered structure can be identiﬁed according to standard crystallographic tables. The relative intensity of the different Bragg-peaks can further be
used to obtain information beyond just the ordering symmetry. Typical block
copolymer samples show, however, usually only rather weak higher-order reﬂections; this is both a result of relative low coherence of many ordered phases, paracrystallinity, and due to the intrinsic structural characteristics. The building blocks
of the block copolymer have sizes comparable to the lattice distance, causing
major reductions in the intensity of the high-order reﬂections. Moreover, the concentration proﬁle – and thereby the proﬁle of the scattering contrast – has near the
order–disorder transition close to sinusoidal proﬁle. With the scattering function
being the Fourier transform of the contrast proﬁle, such a sinusoidal proﬁle will
give a signiﬁcant intensity only in the ﬁrst harmonics.
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Figure 7.14 Schematic illustration of shearing a block copolymer into single domain texture, and

the corresponding SANS scattering pattern.

Insight into structures can be signiﬁcantly improved if the polymer sample is
ﬁrst transformed into a single-domain texture, and this may be achieved by applying an appropriate ﬁeld. Shear has, in particular, been proven to be excellent for
determining ﬁeld-induced bulk orientation, and the shear set-up and corresponding experimental SANS pattern are shown in Figure 7.14. Speciﬁc domain-orientations may even be controlled by using appropriate shear amplitude and frequency
[20]. This is shown in the experimental shear-diagram in Figure 7.15, which illustrates the characteristic texture of a polystyrene–poly(ethylene propylene)–polystyrene block copolymer network.
SANS experiments with shear-aligned samples have been used to reveal the
block copolymer phase diagram. As each diblock copolymer is, from a thermodynamic aspect, principally a one-component system, it may be formulated as a
diagram of ordered microstructures given as a function of the volume fraction of
the block copolymer component, f, and the product of the degree of polymerization (N) and the interaction parameter (x) (which is proportional to the reciprocal
temperature) [18,21]. Beyond the classical phases, these experimental diagrams
show lamellar, hexagonal and bcc, as well as bicontinuous Ia
3d, and modulated
lamellar structures. An example of an experimental block-copolymer phase diagram, as obtained from SANS studies of a large variety of synthesized polystyrene–polyisoprene diblock copolymers, is shown in Figure 7.16 [18,21].
Examples of experimental scattering patterns revealing the different ordered
phases are provided in Figures 7.14 and 7.15.
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Figure 7.15 The texture of ordered diblock copolymers can be controlled in great detail applying

shear with given shear-amplitude g and shear-frequency v. Adapted from Ref. [20].
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8
Ultrasound in Polymer Blends
Sangmook Lee and Jae Wook Lee

8.1
Introduction

Recently, many engineers working in the ﬁeld of polymer blends have shown
interest in ultrasound as a characterization tool for quality control and as an
energy source for the compatibilization of immiscible polymer blends and nanocomposites [1–7]. Ultrasound is the name given to sound waves having frequencies higher than those to which the human ear can respond. The uses of
ultrasound within a large frequency range may be divided broadly into two areas,
as shown in Figure 8.1 [8].
The ﬁrst area involves low-amplitude propagation, which is commonly referred
to as high-frequency ultrasound. Typically, high-frequency ultrasound is used to
measure the velocity and absorption coefﬁcient of waves in the 1–10 MHz range.
Typically, it is used for diagnostic scanning, in chemical analyses, for characterizing and monitoring the composition of polymer blends, for measuring extrusion
ﬂow instabilities, and for monitoring injection-molding processes [9–18].
The second area involves high-energy (low-frequency) waves, and is known as
low-power ultrasound. In this case, the waves are in the 20–100 kHz range and
are used for cleaning, plastic welding and, more recently, to effect chemical
reactivity [19–26]. Low-power ultrasound has great acoustic energy that is capable
of inducing cavitation in liquids. When polymers undergo sonication during melt
processing the polymer chains are subjected to extremely large shear forces,
intense local heating, a high pressure with a very short lifetime, and are
also stretched severely by microbubbles that ﬁrst form and then collapse [27,28]
(Figure 8.2). If the energy is sufﬁciently large it can cause the bonds in the chain
to be broken [27,29]. In the case of polymers, low-power ultrasound can be used
for polymer chain modiﬁcation, for the compatibilization of immiscible blends,
and for dispersing nanoparticles in polymer melts [30–37]. In many cases the
mechanical properties of the materials show no signs of deterioration, despite a
lowering of both the molecular weight and viscosity.

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.

270

8 Ultrasound in Polymer Blends

Figure 8.1 The frequency range of ultrasound.

Figure 8.2 Graphical representation of the lifetime of a cavitation bubble.

8.2
High-Frequency Ultrasound

Low-power or high-frequency ultrasound was used to characterize polymer blends
by indirect contact with the polymers. According to the measuring state, the applications of high-frequency ultrasound can be described as either static characterization (static method) or in-line monitoring (dynamic method).
8.2.1
Static Characterization

Various sophisticated instrumental methods have been developed to characterize
polymer blends and compatibility, including thermal, microscopy, spectroscopy
and other processing techniques. Recently, ultrasound has also been applied
extensively to the study of polymer blend properties in both solutions and solids.
The ultrasonic velocity and attenuation by the interaction of the propagating wave
were used to investigate the various physical properties of the polymer blends,
including density, compatibility, molecular orientation, and phase inversion.
8.2.1.1 Miscibility of Solution Blends
Varada Rajulu et al. [13] carried out miscibility studies of polystyrene/poly(vinyl
pyrrolidone) (PS/PVP) and poly(methyl methacrylate)/poly(vinylpyrrolidone)

8.2 High-Frequency Ultrasound

Figure 8.3 Schematic representation of an ultrasonic interferometer [13].

(PMMA/PVP) in a cosolvent of dimethyl formamide and cyclohexanone in various
blend compositions by using ultrasonic interferometry, as shown in Figure 8.3.
The ultrasonic velocity was calculated directly as:
Ultrasonic velocity ðnÞ ¼ wavelength ðlÞ  frequency ðf Þ

The interaction parameters suggested by Sun et al. [38] were obtained using viscosity data to determine the miscibility. The ultrasonic velocity of the blend solutions as a function of PVP content is shown in Figure 8.4. For PS/PVP blends,
there was an almost insigniﬁcant effect of the blend ratio on ultrasonic velocity,
which indicated the presence of only one phase. In contrast, the PMMA/PVP
blends showed a nonlinearity that indicated the presence of two phases. In the
case of the blend system of cellulose acetate/PMMA [39], the nonlinear behavior
of ultrasonic velocity with blend composition was due to the blend’s immiscible
nature. Singh and Singh [40] also attributed the linear variation of the ultrasonic
velocity of PMMA/poly(vinyl acetate) with blend composition to the miscible
nature of the blend. Singh et al. [41] noted that both the ultrasonic velocity
and density with blend composition were linear for miscible blends but nonlinear
(S-shaped) for immiscible blends, respectively.
Pandey et al. [14] characterized the compatibility of immiscible binary blends of
acrylonitrile-co-butadiene rubber (NBR) and ethylene proplylenediene rubber
(EPDM) by using ultrasonic interferometry. Variations in the ultrasonic velocity of
solution blends at room temperature with respect to the varied blend ratios, as
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Figure 8.4 Ultrasonic velocity versus PVP content (wt%) for PS/PVP and PMMA/PVP blends in

a cosolvent (dimethyl formamide and cyclohexanone) at 30  C [13].

well as after the addition of either chlorinated polyethylene (CM) or chlorosulfonated polyethylene (CSM) as a compatibilizer, are shown in Figure 8.5. In the
absence of the compatibilizer the ultrasonic velocity was seen to vary in an apparently sinusoidal fashion as the blend ratio was varied. An alternate rise-and-falltype of propagation of the ultrasonic wave was due to immiscibility between the
NBR and EPDM phases. Singh and Singh [40] and Sidkey et al. [42] have each
reported similar observations. However, the addition of a compatibilizer resulted
in a marked increase in the ultrasonic velocity and a signiﬁcant change in the
shape of the graph produced.
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Figure 8.5 Ultrasonic velocity versus NBR content for NBR/EPDM blends [14].

8.2 High-Frequency Ultrasound

Figure 8.6 Schematic representation of ultrasound propagation [15]. See text for details.

8.2.1.2 Compatibility
Recently, the most commonly used method has been the pulse–echo technique. In
this case, a short sinusoidal electrical wave is ﬁrst used to activate the ultrasonic
transducer; the latter then projects sound waves into the sample, with which it is
in ﬁrm contact. One advantage of the pulse–echo technique is that the sound
velocity and attenuation can be measured simultaneously. As shown in Figure 8.6,
the incident wave is generated from the transducer when it is in direct contact
with the plate specimen, transmitted into the sample of thickness X, and then
reﬂected back and forth at the two surfaces. In this way, a series of echo signals
can be obtained as the ultrasound is reﬂected between the two surfaces, although
the amplitudes of the echo signals will gradually be decreased with time due to
ultrasonic attenuation. By using an oscilloscope, direct measurements of the time
required for the pulses to travel twice the length of the specimen, and also the
amplitude of the pulses are possible. This, in turn, allows an immediate calculation of the ultrasonic wave velocity, u, and the attenuation, a, as given in the following equations:
n¼

2X
20 logðA1 =A2 Þ
a¼
Dt
2X

where X is the sample thickness, Dt is the time interval, and A1 and A2 are the
amplitudes at peak 1 and at peak 2, respectively.
Sidkey et al. [15] measured the longitudinal ultrasonic velocity and ultrasonic
attenuation of four blend systems – namely Adiprene CM/NBR, Adiprene CM/
natural rubber (NR), Adiprene E/NR, and Adiprene E/NBR – at room temperature,
using the pulse–echo technique. The relationship between the measured ultrasonic absorption and temperature and the glass transition temperature (Tg) of the
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Figure 8.7 Variation of attenuation coefficient of Adiprene CM/NBR blends with

temperature [15].

Adiprene CM/NBR blends is shown in Figure 8.7. The absorption was of a relaxational nature and was not due to scattering of the dispersed phase. The presence
of only one single transition temperature peak for all blend compositions indicated very clearly that this blend system was compatible. The Tg-values of neat
rubbers, Adiprene CM and NBR were provided in Refs [43–46], while those for
the blends were calculated on a theoretical basis using the Fox equation [47] and
the Gordon–Taylor equation [48]. The Tg-values calculated theoretically from both
the Fox and Gordon–Taylor equations were very close to the values obtained experimentally. The presence of a single transition temperature observed in differential
scanning calorimetry (DSC) thermograms and ultrasonic attenuation–temperature
relationships was a decisive conﬁrmation of the formation of one single phase and
the compatibility behavior of the blend [43,49], whereas two transition temperatures were taken as an evidence of phase separation and incompatibility of
the blend.
8.2.1.3 Density
Aﬁﬁ and Sayed [16] obtained the ultrasonic velocities for the propagation of longitudinal and transverse ultrasonic waves in epoxidized natural rubber/ethylene propylene diene monomer (ENR/EPDM) blends at a frequency of 2 MHz using the
pulse–echo method; the density of the rubber blend was also measured. The
results of the two ultrasonic wave velocities (longitudinal and shear), as well as
the density of the ENR/EPDM blend samples at different compositions, were plotted (see Figure 8.8). As the EPDM content was increased, the densities of the
samples increased, whereas both the longitudinal and shear ultrasonic velocities
increased up to about 60–80 wt% but then decreased again. These data suggested
that the increase in ultrasonic velocity up to a maximum was due to the occurrence of a strong speciﬁc intermolecular interaction within the components of the
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Figure 8.8 Variation of ultrasonic velocity (longitudinal and shear) and density for ENR/EPDM
blends as a function of EPDM content [16].

ENR/EPDM system. This behavior also indicated a good miscibility between two
rubber components. It has been also been suggested that a linear relation between
ultrasonic velocity and composition could be interpreted as a sign of the presence
of single-phase morphology [50–53].
8.2.1.4 Phase Inversion
He et al. [17] investigated the morphology of polymer blends by ultrasonic attenuation and velocity, together with scanning electron microscopy (SEM) observations.
It has long been known that EPDM elastomer is immiscible with polystyrene (PS)
over the entire range of concentrations [54]. However, by employing SEM observations these authors conﬁrmed that the phase inversion of EPDM/PS blends
occurred at about 46–56 vol% of the PS content. The nonlinear relationship of
ultrasonic attenuation and velocity with the composition of EPDM/PS blends is
shown in Figure 8.9. In this case, the attenuation increased steadily up to about
36 vol% PS content, but then rose dramatically to 56 vol% PS. Unfortunately, the
peak could not be observed with the present measuring system because of the
poor signal-to-noise ratio (SNR) of the reﬂected waves. Although, in the region of
56–100 vol% PS content the attenuation fell sharply again with increasing PS content, when the PS content was increased so too did the ultrasonic velocity, showing an inﬂection at about 53 vol% PS that corresponded to the phase inversion
observed using SEM. Based on the relationship between ultrasonic velocity and
composition, it was suggested that the nonlinear behavior indicated the multiphase nature of the EPDM/PS blends, and that the inﬂection point simply corresponded to the phase inversion. A discontinuity of ultrasonic attenuation was
always observed when phase inversion occurred. However, for miscible polymer
blend systems there was only a linear change of ultrasonic attenuation and velocity, without any discontinuity or inﬂection. Hence, it was suggested that the
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Figure 8.9 Variation of ultrasonic attenuation and velocity for EPDM/PS blends as a function of

PS content [17].

discontinuity of ultrasonic attenuation might serve as a useful tool to rapidly determine the phase inversion of immiscible polymer blends.
8.2.1.5 Molecular Orientation
As the mechanical properties of the ﬁnal product often depend on the orientation
of the polymer chain, it is very important to characterize the orientation of the
polymer chain both quickly and accurately in nondestructive fashion. When
Edwards and Thomas [55] used the propagation velocity of an ultrasonic shear
wave to detect anisotropic behavior in the mechanical properties of a solid, the
results obtained indicated that this method was quite sensitive for semicrystalline
polymers but much less effective for amorphous polymers.
He et al. [18] used a normal incident shear wave, which travels at different velocities in anisotropic media, to explore the orientation structure of high-density polyethylene (HDPE)/isotactic polypropylene (i-PP) blends obtained by dynamic
packing injection molding, as shown in Figure 8.10. The sample with a highly
oriented structure was obtained by introducing the shear stress ﬁeld to the cooling
melt during the packing stage by two reversibly moving pistons. The pulser/
receiver, which consisted of a normal incident shear wave transducer, was added
to their previous set-up [17], as shown in Figure 8.11. The shear wave had two
characteristic velocities – parallel and vertical to the ﬂow direction, respectively –
when an ultrasonic wave was propagated in anisotropic media. From a practical
standpoint, however, use of the corresponding echo times, tp and tv, was more
convenient than to use the velocity to reﬂect the orientation. The larger the echo
time difference (Dt ¼ tv  tp), the higher was the degree of orientation. A comparison of the ultrasonic results and two-dimensional wide-angle X-ray scattering (2DWAXS) data is shown in Figure 8.12. With increasing i-PP content, the variation
of echo time difference, Dt, for the ultrasonic method was always similar to that of
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Figure 8.10 Schematic diagram of the device used for dynamic packing injection molding [18].

Figure 8.11 Schematic diagram of normal incident shear wave propagation in uniaxial oriented

media [18].

-0.4

Orientation factor, f

0.12
-0.3
0.10
(110)HDPE

-0.2

0.08
0.06

-0.1
0.04
0.0

0

20

40

60

80

100

Echo time difference (μs mm-1)

0.14

0.02

i-PP content (v%)
Figure 8.12 Comparison of ultrasonic results and 2D-WAXS results in terms of orientation mea-

surement for HDPE/iPP blends [18].

277

278

8 Ultrasound in Polymer Blends

the crystalline orientation factor, f (reﬂection of the (110)HDPE plane) for 2D-WAX,
especially in the region of low i-PP content.
8.2.2
In-Line Monitoring

Whilst off-line techniques such as calorimetry and microscopy are time-consuming and tend to yield insufﬁcient data points to allow for a detailed analysis, in-line
methods are faster by comparison but have not yet been found sufﬁciently reliable
owing to the noisy analog signals that they produce. However, recent developments in high-speed sensing and digitalizing technologies have led to in-line
monitoring being possible. Indeed, ultrasound may be used as a powerful tool for
the in-line monitoring of polymer processing, without direct contact being made
with the ﬂuids.
8.2.2.1 Morphology
It is well known that the mechanical properties of polymer blends are determined
by their composition, domain size, and domain size distribution. The ability to
monitor and control the morphology of immiscible polymer blends is very important. For example, Epstein and Carhart [56] used a Newtonian model for emulsions and derived relationships for the attenuation as a function of blend
composition, domain size, R, and frequency, f. A longitudinal wave propagating in
the matrix approaching an interface with a domain of the second ﬂuid will give
rise to reﬂected, transmitted shear and thermal waves, while excess attenuation
can be determined as a linear function of the composition. A similar approach
was also described elsewhere [57].
Verdier and Piau [12] applied ultrasound with a multiple scattering model to
investigate the morphology of immiscible polyamide 6 (PA6/polypropylene (PP)
blends in real time. As the composition of the blends and types of surfactant were
changed, the blends gave rise to different acoustic responses during real ﬂow
through a capillary. An ultrasonic measuring cell built below a capillary rheometer
used to measure ultrasonic velocity and attenuation is shown Figure 8.13. In this
case, the ﬂuid is ﬁrst passed through a slit in a steel block held at constant temperature by convection, and then through a contraction. The pulser/receiver was ﬁxed
on one side of the steel block, and measured the signal that returned from the
steel and the polymer blends in melt state at constant temperature. The method
of separation of echoes was used such that, after transferring the data to the computer, the time difference (t2  t1) and amplitude ratio (V1/V2) could be determined. The attenuation a and ultrasonic velocity u obtained from a preliminary
test with an oil-in-water emulsion system agreed well with the results of
McClements and Povey [58]. Figure 8.14 shows a and u for values of Rf 1/2 and for
concentrations corresponding to the total approximate volume fraction of PA6 and
PP. The total excess attenuation was dominated by the viscosity; the attenuation
depended heavily on the radius, whereas the velocity of propagation varied only
slightly as a function of the domain size. Hence, it was possible to deduce the

8.2 High-Frequency Ultrasound

Figure 8.13 Schematic of ultrasonic cell geometry and different echoes [12].

concentration from the velocity of propagation measurements, and the mean
domain size from attenuation measurements at the same volume fraction.
Ultrasonic devices can also be used very effectively as powerful tools for inline monitoring of the composition of polymer blends, residence time distribution, injection-molding processes, temperature, polymer orientation, and ﬂow
instabilities. Franca et al. [59] demonstrated the sensitivity of ultrasonic waves
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Figure 8.14 Reduced theoretical excess attenuation and velocity of PA6/PP blends [12].
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to different concentrations of polystyrene and polyethylene as the feed was
switched from one polymer to the other during a twin-screw extrusion. Lee
et al. [9] measured the residence time distribution at the die exit of a corotating
twin-screw extruder by using a slit die attached to a steel buffer rod. When
Chen et al. [60] adopted a clad rod-type ultrasonic sensor to measure the melt
temperature during extrusion, in real time, the temperature measured ultrasonically agreed well with that obtained using a commercial thermocouple.
Edwards and Thomas [61] also investigated the on-line measurement of polymer orientation, by using ultrasonic technology.

8.3
Power Ultrasound

High-power or low-frequency ultrasound with sufﬁcient acoustic energy to break
polymer chains was used for nanoparticle dispersion and polymer compatibilization, and also for polymer modiﬁcations such as grafting reaction and molecular
weight control. The applications of power ultrasound on three typical polymer
processing methods – injection molding, batch melt mixing and extrusion – are
introduced in the following subsections.
8.3.1
Injection Molding

When power ultrasound oscillation was introduced to polymer melts, the mobility
of the polymer molecules was increased such that, many of the common problems encountered in polymer processing could be resolved. For example, in the
case of injection molding, ultrasonic oscillations were applied to improve molecular diffusion across the weld line so as to enhance the weld line strength.
8.3.1.1 Weld Line Strength Improvement
Lu et al. [62] investigated the effect of ultrasonic oscillations on the weld line
strength of injection-molded PS and PS/HDPE blends by using two different sonication methods. Details of the injection molding set-up, equipped with an ultrasonic device, are shown in Figure 8.15. It has been reported that the dramatic
decrease in weld line strength of immiscible polymer blends was due to the morphology of the dispersed phase at the weld line being much more complicated
than that of the neat polymer [63–68]. Compared to the tensile strength of PS and
PS/HDPE (90/10) blends, the weld line strength of PS (23–27 MPa) was much
higher than that of PS/HDPE (3–6 MPa), and was more pronounced at a higher
melt temperature (see Figure 8.16). This was due to the ultrasonic oscillations promoting molecular diffusion across the interface in the weld line region, with a
resultant improvement in weld line strength. Sonication performed after injection
mold ﬁlling was also found to be more effective than if it was continued during
the entire injection molding process.

8.3 Power Ultrasound

Figure 8.15 Schematic of injection molding machine equipped with an ultrasonic device [62].

8.3.2
Batch Melt Mixing

A variety of blending techniques have been used to improve particular properties
that a polymer might not possess, or are lacking. Although some of the blends
were found to be immiscible, which resulted in poor mechanical properties,
recent attempts to overcome this problem involved the application of ultrasound
irradiation to the immiscible polymer blend pairs during melt mixing, using a
mixer ﬁtted with a sonication device.
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Figure 8.16 Tensile stress of injection molded PS and PS/HDPE (90/10) blend at two different

sonication modes and melt temperatures [62].

281

8 Ultrasound in Polymer Blends

Figure 8.17 Schematic of melt mixer equipped with an ultrasonic device [1].

8.3.2.1 Compatibilization
Lee et al. [1] investigated the effect of ultrasound irradiation on a blend of poly
(lactic acid) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT). Blends of
PLA/PBAT(50/50) (PBAT50) were prepared in a melt mixer equipped with an
ultrasonic device (see Figure 8.17), and the thermal, rheological and mechanical
properties, the morphology, and biodegradability of the sonicated blends were analyzed. A plot of Tg-values of PBAT50 obtained from tan d peaks of the dynamic
mechanical analyzer against sonication time is shown in Figure 8.18. Interestingly, as the sonication time increased, the difference between the Tg-values of the
PLA and PBAT phases became narrower, were narrowest at about 11 sonication,
and then became wider again. This suggested that an optimum energy input by
ultrasound exists to increase the compatibility of the blend system. Generally, the
addition of a low-molecular-weight component to immiscible blends results in a
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Figure 8.18 Effect of ultrasonic irradiation on the compatibility of PLA/PBAT (50/50) blends [1].
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decreasing viscosity, due to a plasticizing action by the added component [69].
However, the viscosity of the sonicated blends was increased by ultrasound
irradiation, owing to strong interactions, such as transesteriﬁcation. Some of PLA
blends were found to be immiscible, and this resulted in poor mechanical properties [70]. The impact strength and domain size of PBAT50 as a function of sonication time is shown in Figure 8.19. In this case, as the sonication time was
increased the impact strength was also increased due to deformation of the compatibilized phase (which consumed excess energy) up to about 30 s sonication, but
soon decreased again. In contrast, the average domain size obtained via SEM
observations was decreased up to 30 s sonication; this effect may have been due to
the ultrasound supplying sufﬁcient energy to the PBAT50 system to initiate a
reaction (e.g., transesteriﬁcation) that would improve adhesion and reduce interfacial tension between the two phases. In the case of blends sonicated for more than
30 s, however, the PBAT domains were poorly distributed and larger, again due to
their ﬂocculation [71,72], and this resulted in a poor impact strength. Plochocki et
al. [73] also observed a minimum dispersed phase size in line with compatibilizer
amounts in a blend system of low-density polyethylene/PS. Subsequent atomic
force microscopy (AFM) data showed the surface of the sonicated PBAT50 to be
smoother than that of the untreated blend, after a minimum 20 s sonication.
8.3.3
Extrusion

During recent decades, extrusion has been one of the most important processes in
the plastics industry. However, as industrial requirements have become increasingly diversiﬁed, the need for products with properties tailored for speciﬁc applications has increased. Some of these materials could be produced using an
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Figure 8.20 Schematic drawings of (a) barrel and (b) coaxial ultrasonic reactors [74].

extruder ﬁtted with a sonication device, in which the location and design of ultrasonic horns could differ according to purpose.
8.3.3.1 Molecular Weight Control
Isayev and Hong [74] found that in-situ copolymer formation and the compatibilization of immiscible polymer blends would occur during ultrasonic-assisted extrusion in the melt state. In this case, HDPE and PP were ﬁrst mixed with an equal
amount of uncured rubbers using a twin-screw extruder, extruded, and sonicated
at 20 kHz using an ultrasonic barrel attachment (see Figure 8.20a) [75]. A 50/50
natural rubber/styrene butadiene rubber (NR/SBR) blend was prepared on a tworoll mill, after which the blend was treated ultrasonically in a single-screw extruder
with a coaxial ultrasonic die attachment provided with one water-cooled horn (see
Figure 8.20b) [76]. The horn oscillated longitudinally with a frequency of 20 kHz,
and the residence times were on the order of seconds. The mechanical performance of the plastic/rubber and rubber/rubber blends subjected to ultrasonic treatment was signiﬁcantly enhanced compared to those of identical blends not
sonicated. The molecular weights and molecular weight distributions of the
untreated and ultrasonicated NR/SBR (50/50) blends are shown in Figure 8.21.
Clearly, as the ultrasonic amplitude was increased, both a low-molecular-weight
tail and a high-molecular-weight tail were generated. Although the number average molecular weights (Mn) became lower, the weight average molecular weight
(Mw) became higher and thus the polydispersity index (PDI) was broadened
remarkably. The generation of a high-molecular-weight tail was also strong evidence that the NR and SBR components in the blends had undergone a chemical
transformation during ultrasonic treatment of the NR/SBR blends, leading to the
possible in-situ formation of the NR/SBR copolymer.
8.3.3.2 Tensile Properties Enhancement
Oh et al. [77] prepared immiscible PP/NR (50/50) blends by using a twin-screw
extruder, and then passed the blends through an ultrasonic reactor consisting of a
plastic extruder followed by a slit die. Two water-cooled horns with 20 kHz frequency were placed in the middle of the slit die (see Figure 8.22). The stress–
strain curves shown in Figure 8.23 indicated that the sonicated blend samples had
a higher tensile strength and elongation to break when compared to untreated
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blends. The primary products of the sonochemical cleavage of polymers are macromolecular radicals [78]. Speciﬁcally, the cleavage of CC bonds in main-chain
polymers during ultrasonication during the devulcanization of rubber [76] and in
polymer melt extrusion [79] led to the formation of polymer radicals [80,81] of
each blend component. Subsequently, the macroradicals formed can undergo a
rapid recombination, leading to the in-situ formation of a copolymer during ultrasonication; indeed, such an in-situ-formed copolymer may be the main reason for
the improved mechanical properties of the sonicated blends. However, the ultrasonic treatment of blends with two horns induced a greater degree of degradation
of the polymer blends, which overcame the positive effect of compatibilization.

Figure 8.22 Schematic drawing of the ultrasonic reactor with a slit die with positions of horns [77].
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8.3.3.3 Compatibilization
Feng and Isayev [82,83] treated dynamically vulcanized PP/EPDM blends using
high-intensity ultrasonic waves during extrusion (as shown in Figure 8.22). The
tensile properties of dynamically vulcanized PP/EPDM (50/50) blends, after ultrasonication at different amplitudes with one horn, are shown in Figure 8.24. As the
amplitude was increased, the tensile strength and elongation to break of the
unvulcanized blends remained almost constant, whereas those of the vulcanized
blends had higher values, increased until about 8 mm amplitude, and soon
decreased again. During ultrasonication of the blends, long polymer chain radicals
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Figure 8.24 Tensile strength and elongation to break versus ultrasonic amplitude for PP/EPDM
(50/50) blends treated by one horn at a gap of 4 mm and a flow rate of 0.63 g s1 [82].
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generated from the breakage of long polymer chains may combine and form
copolymers. It was suggested that the copolymers formed would reduce the interfacial tension between the two polymers and improve the tensile properties, much
like a typical compatibilization in polymer blends. The root mean square (RMS)
surface roughness of untreated and sonicated PP/EPDM blends at different blend
ratios, visualized using AFM, are shown in Figure 8.25. The surface roughness of
sonicated blends was less than that of untreated blends, among which PP/EPDM
(50/50) had the most pronounced roughness. This was related to the blend’s morphology, its stability, and the difference in the thermal expansion coefﬁcients of
PP and EPDM. Apparently, copolymers which are formed at the interface during
the ultrasonication of blends will improve interfacial adhesion, which would in
turn restrict the thermal expansion so that the sonicated blends would have a
smoother surface. The Fourier transform infrared (FT-IR) spectra of PP, EPDM,
untreated and sonicated PP/EPDM (50/50) blends are shown in Figure 8.26.
Although the band at 720 cm1 associated with the ethylene sequence of EPDM
[84,85] was clearly observed, no such peak was visible in PP and the untreated
blend after extraction. Yet, despite being extracted, the sonicated blend still exhibited the peak related to the ethylene sequence of EPDM, which indicated the existence of a copolymer in the sonicated blend.
8.3.3.4 Rheological Modification
From the dynamic viscoelastic properties, valuable information about the compatibility and phase separation of polymer blends [86–91] can be obtained, based on
their sensitivity to variations in the morphology of blends. Some emulsion models
for polymer blends [92–97] have been used to estimate the interfacial tension of
HDPE/PS (80/20) blends. Chen et al. [98] used the linear rheological properties of
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Figure 8.26 FT-IR spectra of PP, EPDM, and PP/EPDM (50/50) blends untreated and sonicated
by one horn at a gap size of 4 mm and a flow rate of 0.63 g s1 [83].

HDPE, PS, and HDPE/PS (80/20) blends to characterize their structural development during extrusion in the presence of ultrasonic oscillations. The extruder
set-up, equipped with a capillary die and an ultrasonic device, is shown in
Figure 8.27. The slopes of log G0 versus log G00 for HDPE/PS (80/20) blends in
the low-frequency region (i.e., long relaxation time) and an emulsion model were
used to characterize the ultrasonic enhancement of the compatibility of the
blends. The results showed that ultrasonic oscillations could reduce the interfacial
tension and enhance the compatibility of the blends, and this was consistent with
the data provided by Chen et al. [99].

Figure 8.27 Schematic of extruder equipped with an ultrasonic device [98].
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Figure 8.28 Effect of ultrasonic irradiation on slope in the low-frequency region at 235  C [100].

Li et al. [100] studied the blends of HDPE and PA6 prepared by ultrasonic
extrusion. The extruder set-up, equipped with a capillary die and an ultrasonic
device, is shown in Figure 8.27. Ultrasonic irradiation led to the degradation of
polymers and in-situ compatibilization of blends, as conﬁrmed by variations in
complex viscosity, storage modulus and loss modulus. The relationship between
storage modulus and loss modulus indicated the effect of ultrasonic irradiation
on the compatibility of HDPE/PA6 blends. Theoretically, in the linear viscoelastic region (v ! 0), the G 0 and G00 of compatible polymer blends have the
following relationship:
log G0 / log G00

For incompatible blends, the slope of log G0 versus log G00 plots in the terminal
region was less than 2. The slopes of the sonicated and compatibilized samples
were higher than that of untreated samples in the linear viscoelastic region (see
Figure 8.28), which meant that the compatibility could be enhanced by ultrasonic
irradiation as well as by a compatibilizer. Palierne [97] has developed a model that
can predict the linear viscoelastic behavior of a polymer emulsion, by considering
the droplet size in a matrix and the interfacial tension between the components.
From this model the unknown interfacial tension between the matrix and the dispersed phase could be estimated, and the predicted values decreased by ultrasonic
irradiation due to ultrasonic compatibilization.
8.3.3.5 Morphology Control
Li et al. [101] introduced high-power ultrasound into PS/EPDM (80/20) blend
melts during extrusion. The structure and properties of sonicated PS/EPDM
blends were investigated by measuring the mechanical and rheological properties
and morphology. In general, when a compatibilizer was added to a completely
incompatible polymer blend, the disperse phase tended to become spherical and
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Figure 8.29 Differential particle size distribution of the dispersed phase in PS/EPDM blends [101].

the particle size was reduced [102]. Similar changes could be seen in the SEM
images. It was shown that, with an increase in ultrasonic intensity from 0 to
250 W, the average domain sizes of the blends was decreased and their size distribution tended to be narrower (Figure 8.29). This indicated that ultrasonic
irradiation could improve the compatibility of PS/EPDM blends due to the formation of a copolymer of PS and EPDM at the interface by the combination of different macroradicals:
ultrasound

PS 

! PS
ultrasound

EPDM 

! EPDM
PS  þEPDM ! PS  EPDM

In order to conﬁrm this mechanism, ultraviolet (UV) spectra of the blends were
recorded, as depicted in Figure 8.30. The ultrasonically treated samples showed an
absorption peak at 250 nm that was related to the benzene chromophore of PS.
These UV spectra conﬁrmed the formation of copolymer in PS/EPDM blends
extruded in the presence of ultrasonic irradiation, which could lead to an improvement in compatibility.
8.3.3.6 Die Swell Reduction
Li et al. [103] studied the die swell behaviors of PS, EPDM, and PS/EPDM (80/20)
by using a special ultrasonic oscillation extrusion system developed in their laboratory. These authors investigated the effects of ultrasonic intensity and screw speed
on die pressure, volume ﬂow rate and apparent viscosity of polymers, as well as
die swell. During extrusion, the apparent viscosities of the blends depended not
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only on the shear rate but also on the ultrasonic intensity (see Figure 8.31). As the
ultrasonic intensity was increased, both the viscosity and die swell ratio were
decreased. In contrast, as the screw speed was increased the viscosity was
decreased, but the die swell ratio was increased. This dependence of the apparent
viscosity on ultrasonic intensity was suggested as being due to the degradation of
polymer chains during ultrasonic extrusion [104–106]. However, based on the
results of high-pressure capillary rheometry experiments, Li et al. [103] concluded
that decreases in the apparent viscosities of polymer melts during ultrasonic extrusion could not be related to ultrasonic degradation; rather, degradation was
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attributed to the fact that ultrasound of high frequency and low amplitude made
the polymer molecules easy to move. In order to enhance polymer extrusion productivity, an increase in the screw speed would lead to an increase in both die
pressure and the melt fracture of polymer melts. Die swelling of the extrudate
was caused by deformation of polymer in the die and a relaxation of melt molecules at the exit of the die. Consequently, with increasing ultrasonic intensity or
decreasing screw speed, the die swell ratio was decreased. In this case it was proposed that the ultrasonic irradiation had enhanced the molecular motion, causing
the molecules to slip, thereby decreasing both the deformation of molecules and
the die swell ratio.

8.4
Summary

In this chapter, the applications of ultrasound to polymer blends have been
reviewed, with low-power or high-frequency ultrasound being used to measure
both velocity and absorption coefﬁcients. Such measurements were allocated to
two groups: (i) static characterization, including ultrasonic interferometry and
pulse–echo techniques; and (ii) dynamic characterization, such as in-line monitoring. By using ultrasonic interferometry, the miscibility of solution blends of PS/
PVP and PMMA/PVP could be determined according to whether the ultrasonic
velocity as a function of blend composition was linear, or not. For solid samples,
pulse–echo techniques – which have the advantage of simultaneous measurement
of sound velocity and attenuation – were used to investigate the compatibility of
polymer blends. By using this technique, the density of rubber blends (e.g., ENR/
EPDM) as well as their compatibility, could be obtained by monitoring the ultrasonic velocities of propagation of longitudinal and transverse ultrasonic waves.
The morphology of immiscible EPDM/PS blends was also investigated using
ultrasonic attenuation and velocity, together with SEM observations. It was suggested that the discontinuity of ultrasonic attenuation might serve as a useful tool
for rapidly determining the phase inversion of immiscible polymer blends. When
a normal incident shear wave was used to explore the molecular orientation of
HDPE/i-PP blends obtained by dynamic packing injection molding, the larger the
echo time difference the greater was the degree of orientation. These results were
comparable with those obtained using X-ray scattering; indeed, ultrasound with a
multiple scattering model was applied to monitor (in-line) the morphology of
immiscible PA6/PP blends during capillary ﬂow, in real time. Subsequently, based
on the different acoustic responses according to changes in morphology, the
domain size could be deduced.
In contrast, high-power or low-frequency ultrasound can be used to compatibilize immiscible polymer pairs by the high shear and degradation of the polymer
chains. Moreover, in many cases there was no deterioration in mechanical properties, despite a lowering of both the molecular weight and viscosity. Dramatic
improvements in the weld line strength of immiscible PS/HDPE blends were

References

identiﬁed when power ultrasound was applied during injection molding; this
effect was thought to result from the ultrasonic oscillations promoting molecular
diffusion across the interface in the weld line region. An optimum ultrasonic
energy input was identiﬁed to increase the compatibility of PLA/PBAT blends prepared using a melt mixer equipped with an ultrasonic device. In this case, the
molecular weight of NR/SBR blends could be controlled by using a single-screw
extruder ﬁtted with a coaxial ultrasonic die attachment. The immiscible PP/NR
blends prepared by slit die extrusion with sonication showed a higher tensile
strength and elongation to break than did the neat blends, due to the formation of
macroradicals. Ultrasonic-extruded PP/EPDM blends that were dynamically vulcanized showed improved mechanical properties and lower degrees of surface
roughness (as measured with AFM). It was apparent that the enhanced compatibility was due to copolymer formation at the interface during ultrasonication,
which in turn improved the interfacial adhesion, as conﬁrmed using FT-IR analysis. Valuable information was also obtained regarding the compatibility and phase
separation of polymer blends by monitoring the dynamic viscoelastic properties of
the HDPE/PS and HDPE/PA6 blends that had been ultrasonic-extruded with a
capillary die. The unknown interfacial tension between the matrix and the dispersed phase was estimated using an emulsion model. Domain size reductions of
the extruded PS/EPDM blends were observed in SEM images with increasing
ultrasonic intensity, while formation of the copolymer was conﬁrmed with UV
analysis. With increasing ultrasonic intensity, the die swell ratio of the PS/EPDM
blends was decreased due to an enhanced molecular motion and slip.
Ultrasound is an expanding area of research which continues to thrive on the
basis of outstanding laboratory results. Recently, attention has been increasingly
focused on the applications of ultrasound as the frequency effects are further
exploited, the mechanism is studied in greater detail, and appropriate equipment
is designed and developed. Among these promising applications can be included
the characterization of polymer blends, polymer modiﬁcations, property enhancement, and the monitoring of polymer processing. Clearly, ultrasound – with its
many beneﬁts – will be investigated and employed in a wide variety of polymer
blend applications in the future.
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Characterization of Polymer Blends: Ellipsometry
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9.1
Ellipsometry
9.1.1
Principles of Ellipsometry

Ellipsometry is a high-precision optical characterization technique, the potential of
which has not yet been sufﬁciently exploited in polymer science. It is a rapid and
nondestructive experimental method for the analysis of surfaces and thin ﬁlms.
Besides the determination of ﬁlm thickness with high sensitivity (0.1 nm), optical parameters related to material properties can also be evaluated [1]. The facts
that ellipsometric measurements can be performed under any ambient conditions, and require no special sample preparation procedures, provide a deﬁnite
advantage over other surface science techniques [2–4].
The reﬂection of polarized incident light from a surface or a ﬁlm changes the
polarization state of that light. In ellipsometry, this change is measured through
the two ellipsometric angles, y and D; the former is the amplitude ratio and the
latter is the phase difference, between the parallel (p) and perpendicular (s) components of the electric ﬁeld vector of the light wave [5]. The ellipsometry conﬁguration is shown in Figure 9.1.
In spectroscopic ellipsometry, (y, D) spectra are measured by changing the
wavelength of light. In general, the spectroscopic ellipsometry measurement is
carried out in the ultraviolet (UV)-visible region, although measurements in the
infrared (IR) region have also been performed.
The y and D measured from ellipsometry are deﬁned from the ratio (r) of
reﬂection coefﬁcients for p- and s-polarization (rp, rs):
r ¼ r p =r s ¼ tanðyÞeiD

This is the principal equation of ellipsometry, where the reﬂection coefﬁcients
are a function of the complex refractive indices (N) of the materials, the ﬁlm
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Figure 9.1 Typical ellipsometry configuration, where linearly polarized light is reflected from the

sample surface and the polarization change is measured to determine the sample response.

thickness (d), and also the angle of incidence (qo). Considering a thin ﬁlm on a
solid support:
r ¼ f ðN o ; N 1 ; N 2 ; d; qo Þ

where No, N1 and N2 denote the complex refractive indices of air, thin ﬁlm and
substrate, respectively, the complex refractive index will be composed of optical
constants such as the refractive index (n) and extinction coefﬁcient (k):
N ¼ n-i k

The spot size of a light beam in ellipsometry is typically several millimeters,
which results in a low spatial resolution. In order to improve lateral resolution
imaging ellipsometry has been developed which combines the high vertical resolution of conventional ellipsometry with a lateral resolution in the micrometer
range.
9.1.2
Thickness and Optical Properties of Layers on Solid Supports

The ﬁlm thickness is determined by measuring the interference between light
reﬂecting from the surface and light traveling through the ﬁlm. Interference
involves both amplitude and phase information; the phase information is very
sensitive to ﬁlms down to submonolayer thickness. If the material absorbs light,
then the thickness measurements made by optical instruments will be limited to
thin, semi-opaque layers. However, this limitation can be circumvented by targeting measurements to a spectral region with a lower absorption. For example, an
organic ﬁlm may strongly absorb both UV and IR light, but will remain transparent at mid-visible wavelength [6].
The construction of an optical model is required for data analysis to extract physical properties, including the optical constants and ﬁlm thickness of the sample.
The model is an idealized representation of a given sample that allows the
expected optical properties of the ﬁlm to be calculated; the calculated values are
then compared to experimental data. Finding the best match between the model

9.1 Ellipsometry

and the experiment is typically achieved through regression; generally, an estimator such as the mean squared error (MSE) will be used to quantify the difference
between the curves. The unknown parameters are allowed to vary until the minimum MSE is reached [6].
The complex dielectric function, e ¼ e1  ie2, which describes the material properties is connected to the complex refractive index N for discussing optical propagation through e ¼ N2, with e1 ¼ n2  k2 and e2 ¼ 2nk. For absorbing media, k and e2
are positive. Ellipsometry allows direct measurements to be made of the refractive
index (n) and the extinction coefﬁcient (k).
Any material has a dielectric function that is unique to that material or, more
speciﬁcally, which is a unique function of wavelength. If the material is a composite of two or more substances, then the dielectric response of the composite will
be determined by the dielectric functions of the components and their spatial distribution [7]. When the characteristic length scale of the inhomogeneities is
smaller than the wavelength of the light that constitutes the probing beam, and is
large enough to retain their dielectric identity, then the material can be treated as a
macroscopically homogeneous effective medium [8]. In that case, the optical properties
of the composite can be analyzed using effective-medium theory for both composition and microstructure.
This possibility is extremely useful for the structural characterization of polymer
blends. The optical properties of the polymer layer can be described by a so-called
effective dielectric function, which is a suitable average of the dielectric functions of
the two components. Three averaging effective medium approximation (EMA)s –
the linear, Maxwell–Garnett and Bruggeman EMAs – are widely used for this purpose [9]. These approximations differ in their spectral densities for a given volume
fraction.
9.1.2.1 Linear EMA
The linear EMA is a simple linear interpolation between the constituent optical
constants; this EMA is not highly accurate, but is often used for graded layers to
reduce the calculation time: e ¼ f A eA þ f B eB
9.1.2.2 Maxwell–Garnett EMA
The Maxwell–Garnett EMA [10] is developed for very diluted collections of small
particles (in dipole approximation):
fA

~eA  ~e
~eB  ~e
¼fB
~eA þ 2~e
~eB þ 2~e

where ~e is the effective complex dielectric function of the mixture, fA is the host
medium volume fraction and is equal to 1  fB, where fB is the volume fraction of
the particles. ~eA and ~eB are the complex dielectric functions of the host and the
inclusion material. For very small fraction of material B, fA  1. This approximation contains one resonance, namely the dipole resonance, which occurs in the
case of low volume fractions. For higher-volume fractions the resonance shifts to
smaller frequencies due to electric interactions of the particles.
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9.1.2.3 Bruggeman EMA
The most often applied effective medium model is the Bruggeman formula: [11]
fA

~eA  ~e
~eB  ~e
þfB
¼0
~eA þ 2~e
~eB þ 2~e

In this theory, the ﬁlm is regarded as an array of two components. By isolating a
single grain of one component, of complex dielectric constant ~eA , the remainder
of the ﬁlm is regarded as a homogeneous medium of complex dielectric constant
~e. The chosen grain is assumed to be spherical in shape. The calculation is then
repeated with a spherical grain of the second component of complex dielectric
constant ~eB embedded in the same homogeneous medium. At low volume fractions, the Bruggeman formula approaches that of Maxwell. The Bruggeman characteristics with increasing volume fraction are quite reasonable, the isolated
particles become closer and closer as the density increases, and ﬁnally a connected
network due to aggregation is built up. This qualitative behavior makes the
Bruggeman formula a good choice in many cases.
It is well known that the Bruggeman EMA formula is derived by considering
one of the constituents as a small sphere. A deviation from such an assumption
required a modiﬁcation the formula to include depolarization factor. Typically, a
value of 0.333 is used as a default value in the EMA layer, which assumes a spherical shape of the inclusion. The other two extremes are 0, for a needle-like or
columnar microstructure, and 1 for ﬂat disks or a laminar microstructure. This
type of transition was found for polyaniline/poly(methylmethacrylate) blend ﬁlms
presenting with a spherical-like microstructure at low sample concentration,
whereas at relatively high concentrations the depolarization factor shifted to values
closer to 1. This indicated the formation of ﬂat microstructures due to aggregation
of the polyaniline particles [8].
Porous systems [12–14] and microscopically rough surfaces [8,12] can also be
considered as heterogeneous materials, being a mixture of bulk and air.
A dispersion relationship describes the optical constant shape versus wavelength.
The adjustable parameters of the dispersion relationship allow the overall optical
constant shape to match the experimental results. For transparent materials, the
most often used refractive index (n) wavelength (l) relationship is the Cauchy
function, which has three adjustable parameters, namely n0, A, and B:
A B
nðlÞ ¼ n0 þ 2 þ 4
l
l
Absorbing materials will often have a transparent wavelength region that can be
modeled with the Cauchy function, but the absorbing region must account for
both real and imaginary optical constants. Many dispersion relationships use oscillator theory to describe absorption for various materials; these include the Lorenz,
Harmonic and Gaussian oscillators. Kramers–Kronig consistency is used to calculate the shape of the real component after the imaginary behavior is described by
the oscillator [6].
Based on measurements in the UV-visible region, the interband transitions
(band structures) can be characterized. As the band structure generally varies
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according to the surface temperature, alloy composition, phase structure and crystal grain size, these properties can also be determined from the spectral analysis
of the optical constants [5].
9.1.3
Depth Profiling

For inhomogeneous ﬁlms, the few-layer model is used as a ﬁrst approximation to
describe the depth proﬁle [2,14–19]. Either a linear [20] or an exponential decay
[21] of the properties along the direction of ﬁlm normal are also supposed. By
beneﬁting from the increasing operating speed of computers, inhomogeneous
ﬁlms can be treated by dividing the ﬁlm into either several independent sublayers
or a large number of interdependent sublayers in order to calculate the ellipsometric spectra.
9.1.4
Sample Preparation

Polymer ﬁlms for ellipsometric investigation are usually deposited on to a solid
substrate by spin-coating. The substrate, which generally is a silicon wafer, is carefully cleaned by sonication in organic solvents and bidistilled water. After drying
in a vacuum oven, the wafer is exposed to UV light/ozone or puriﬁed further by
oxygen plasma treatment to remove any traces of possible contamination. Glass
microscopy slides with a rough black rare surface have also been used as the substrate in some cases.
The components of the polymer blend are dissolved in a common volatile solvent. The concentration of the polymers, the selection of solvent and also the
experimental parameters of the spin-coating process can be used to control the
thickness of the sample layer. The substrate is spin-coated with a portion of a suitably ﬁltered solution of the polymer, and then dried in a vacuum (typically for
several hours) to remove any residual solvent. It should be noted that any further
processes that might be applied, such as thermal or vapor annealing treatments,
may inﬂuence the structure of the ﬁlms.
Multilayer samples can be formed by subsequent spin-casting on a precoated
layer, or by a combination of spin-coating with other techniques such as selfassembly or vapor deposition. One special method developed to prepare self-supporting polymeric bilayers employed a ﬂoating-on-water and pick-up technique
[22,23].
9.1.5
Types of Instrument and Measurements

Historically, the most important type of instrument has been the classical null
ellipsometer, although today this has been superseded by the automatic spectroscopic ellipsometer (SE), which can take measurements over a wide range of
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wavelengths and also allows variation of the angle of incidence. The most recent
technique to be used is referred to as variable angle spectroscopic ellipsometry
(VASE) [24,25]). Detailed descriptions of the various types of ellipsometry, ranging
from the simple polarizer-compensator-sample-analyzer (PCSA) ellipsometer to a
multichannel system in which an array of detector elements is used to capture a
full ellipsometric spectrum in a relatively short time scale (e.g., every 15 ms to 1 s),
are available in the Handbook of Ellipsometry [26].
9.1.5.1 Spectroscopic Ellipsometry, Real-Time Measurement
Spectroscopic ellipsometry measurements are carried out in the UV-visible region,
though measurements in the IR region have also been performed [19,27,28]. Both,
infrared spectroscopic ellipsometry (IRSE) and infrared variable angle spectroscopic ellipsometry (IR-VASE) have been used extensively to characterize semiconductor and organic thin ﬁlms [29,30]. IRSE is widely applied for quantifying
the molecular orientation of organic and inorganic monolayers, and was recently
evaluated for studying polymer interfaces and interdiffusion as a complementary
method to neutron reﬂectivity (NR) and X-ray reﬂectivity (XR) [31,32]. IRSE was
selected for this purpose because most polymer materials possess very strong and
distinct absorption bands, in the mid-IR spectral region. These absorption bands,
which correspond to the imaginary part of the refractive index, can provide large
optical contrasts among different polymer species. This feature provides IRSE
with a unique advantage, because most organic polymer systems have similar
electron densities or neutron scattering length densities, and cannot be distinguished by using XR or NR measurements.
Rapid advances in computer technology during the past decades have made possible the automation of ellipsometry instruments and data analysis [5]. Developments
in spectroscopic ellipsometry, based on rapid data collection, can offer the real-time
characterization of dynamic behavior of thin layers [33,34], including the evaluation
of structural changes, phase separation, or the swelling of polymer ﬁlms [17].
9.2
Applications in the Characterization of Polymer Blend Films

In order to improve a given polymer’s properties, or to achieve a special functional
behavior, it is relatively easy to add another type of polymer and to form a blend.
Such blending can also be used to control the basic properties of the polymers,
without sacriﬁcing the many attractive properties of each component [35,36]. The
many new products which have been created in this way have attracted widespread interest and commercial utilization [37,38].
9.2.1
Phase Separation in Thin Polymer Blend Films

The interaction parameters between the two components determine the nature
and the width of the interface between two immiscible components [16,39], or they
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may affect the physical and mechanical properties of miscible systems. An
enhancement of compatibility is generally intended to improve the mechanical
properties [40], but in many cases phase separation in the polymer mixture can be
successfully exploited for pattern formation or for the preparation of designed
porous systems. When using both approaches, it is necessary to detect and understand in detail the occurrence of phase separation under equilibrium conditions
and also the kinetics of the process.
The miscibility of polymer blends can be predicted experimentally by using several techniques, including electron microscopy and time-resolved light scattering.
Other techniques, such as small-angle neutron scattering, ellipsometry and NR
allow the determination of interaction parameters in both miscible and
immiscible systems.
9.2.2
Analysis of Interfacial Thickness and Interfacial Reaction

Phase separation involves the formation of interfaces between domains with different compositions, whilst compatibilization affects the interfacial structure and
composition. Both of these processes can be investigated efﬁciently by using
ellipsometry which, as a surface-sensitive optical technique, ﬁts in well with the
geometry of the interfaces. One major advantage of ellipsometry [16] is that it is
easy to operate, especially when compared to NR which, despite having an excellent depth of resolution (ca. 0.2 nm), requires deuterated samples and large-scale
apparatus.
Ellipsometry is a powerful tool [16] for measuring the interfacial thickness
between two polymers, whether in the case of immiscible or miscible polymer
blends. In the case of miscible blends, investigations of changes in interfacial thickness with time at a ﬁxed temperature allow the calculation of mutual diffusion coefﬁcients [22]. In contrast, for immiscible blends the Flory–Huggins interaction
parameter x can be deduced by measuring the interfacial thickness in an equilibrium state, and using the theory of Helfand [41] and its extended version [42].
Besides using ellipsometry to determine the thickness of the interface and to
characterize the interfacial reaction, it is also possible to reveal phase morphologies, as well as the distribution, size and shape of phases with different optical
properties.
The importance of ellipsometric investigations is emphasized by the widespread
application of thin-ﬁlm technologies in various ﬁelds such micro- or nanoelectronics, and in biomaterials where knowledge of the properties of polymers or
polymer- containing ﬁlms is required within a conﬁned geometry.
9.2.2.1 Miscibility
The generally accepted criterion of polymer miscibility is the detection of a single
glass transition temperature (Tg), the value of which is intermediate between those
corresponding to two-component polymers. The variable temperature ellipsometric technique has been used widely to determine Tg in thin polymer ﬁlms by
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detecting volumetric changes as a function of temperature between the glassy and
rubbery states; similar investigations of polymer blends have been introduced
more recently [43–45].
Studies of Tg in thin polymer ﬁlms have revealed that this parameter depends
on the ﬁlm thickness, and that such dependence increased as the ﬁlm thickness
decreased [43]. In the case where the interaction between a polymer and a substrate is insufﬁcient to affect glass transition, then Tg will usually decrease with
decreasing thickness. This was found valid for ﬁlms of varying blends of poly(2,6dimethyl-1,4-phenylene oxide) (PPO) and polystyrene (PS). Thin ﬁlms of different
thicknesses were prepared by spin-coating toluene solutions of various concentrations at 0, 30, 50, and 70% PPO weight contents. A single-wavelength null-type
ellipsometer was then used to continuously monitor the ellipsometric angles (y,
d) while the sample was heated or cooled at a constant rate of 2 K min1. As the
thickness of the ﬁlms or the PPO content increased, the measured Tg of the thin
ﬁlms also increased (Figure 9.2).
It was concluded that, as with bulk blend systems, PPO and PS are miscible at
all compositions; conﬁrmation was also provided that molecular miscibility is not
affected by ﬁlm thickness down to 20 nm [43].
Subsequently, further studies shed light on the importance of identifying the
optical parameters [46] in studies of phase separation. When curing a thermoset/
thermoplastic blend, triglycidyl p-aminophenol (epoxy)/poly(ether sulfone) (PES),
the originally homogeneous mixture became phase-separated via various

Figure 9.2 Typical ellipsometric cooling scan

for PPO and PS blend thin films. The thicknesses of PPO3/PS7, PPO5/PS5, and PPO7/

PS3 are 477, 464, and 457 A, respectively. The
vertical arrow indicates Tg for the film. The

angle of incidence of radiation is 70 , and its

wavelength is 6328 A. These data points are
obtained every minute during the cooling process at a rate of 2 K min1 [43].
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transformations triggered by a reaction with the curing agent 4,40 –diaminodiphenylsulfone (DDS). The structure formation was followed by detecting increased
light scattering; however, as the curing reaction proceeded a decay in intensity
suggested that phase dissolution had occurred at the late stage of curing. An ellipsometric determination of the refractive indices of the epoxy components, and
their changes with reaction, revealed the reason for this unexpected ﬁnding.
When the refractive index of the epoxy/DDS mixture was measured during isothermal curing, a strong increase was observed; however, as the refractive indices
of fully cured epoxy and the other polymer component (PES) were identical, the
optical contrast vanished. This matching led to a weak light scattering of the heterogeneous system formed when the blend was cured.
The interfacial thickness, l, of immiscible polymer pairs was described on the
basis of Helfand theory [41] by the following equation [42]
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where b is a Kuhn’s segment length, xAB is the Flory–Huggins interaction parameter to show the degree of afﬁnity or miscibility between A and B polymers, and
Ni is the number of segments per chain [40]. According to that relation, the
thicker interfacial layer corresponds to the more compatible blend possessing a
lower interaction parameter. The thin interfacial layer on the other hand, is the
sign of limited interfacial mixing due to a high xAB value.
The miscibility of poly(styrene-co-acrylonitrile) (SAN) with PS or polycarbonate
(PC) was investigated using ellipsometry, by measuring the thickness of the interfacial layer between the ﬁlms of the two polymers [16,39]. The bilayer ﬁlm was
prepared on a solid substrate, and the ellipsometric parameters were detected as a
function of temperature in the range of 180 to 215  C. The calculations of interfacial thickness were based on a four-layer model, taking into account the air(1)–
SAN(2)–interface(3)–PC(4) layers [23]. The temperature dependence of the refractive indices of neat SAN (n2) and PC ﬁlms (n4) were previously measured using
ellipsometry. This model implies that the refractive index at the interface is
approximated to being uniform, and equals n3 ¼ (n2 þ n4)/2. Although this stepwise approximation does not show precisely the real interface which has the concentration gradient, the values of interfacial thickness obtained were thus
compared with those obtained by other methods, and good agreement was
obtained [16].
Both, the temperature and copolymer composition (AN content) dependence of
the interfacial thickness in the equilibrium state indicated a maximum that
deﬁned the compositional and thermal conditions for the highest interaction characterized by the lowest xAB value.
Equilibrium interfacial thickness at 180  C shows a maximum as a function of the
copolymer composition at 25% AN content for PC/SAN ﬁlm, which allows the most
compatible polymer pair to be deﬁned. There was a correlation between the compatibility (interfacial layer thickness) and the degree of dispersion in bulk, since the
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ﬁnest phase dispersion of the SAN particles was observed at AN ¼ 25 wt% for
PC/SAN ¼ 70/30, using scanning electron microscopy (SEM).
9.2.2.2 Reactive Compatibilization
Additional material that is able to tune the interfacial properties can contribute to
the improvement of mechanical properties of a phase-separated polymer blend.
The application of a carefully selected or designed block copolymer inﬂuences not
only the structure of the interface but also the distribution of dispersed domains
in the matrix phase. According to the Ostwald–Buzagh principle of continuity [47],
block copolymers with blocks miscible with one of the homopolymer domains
localize at the interface between immiscible homopolymers, thus decreasing the
interfacial tension (e.g., Ref. [48]) and stabilizing the minor blend phase against
coalescence [49]. The entanglement of the two block copolymer sequences with
the homopolymer phases across the interface led to a signiﬁcant enhancement of
the adhesion between the homopolymers. However, the possible chemical coupling to the polymer molecules forming the appropriate phases further enhances
the strength of the interface. The aim of reactive processing developed is in line
with that approach is to form reactive coupling polymers in situ during mixing of
the blend components [40].
In order to be able to modify and control the interfacial interactions in the
above-described manner, it is extremely important to monitor the structure of the
interfacial layer. Ellipsometry was used [15,40,50,51] to detect the procedure and
inﬂuence of reactive compatibilization on polymer blends. In an early study, the
reactive blending of polypropylene (PP) with amorphous polyamide (aPA) was carried out using maleic anhydride-grafted PP (MAH-gPP) as a reactive PP [50]. The
emulsifying effect of the in situ-formed PP-aPA graft copolymer was indicated by
ﬁner particles and a better stability of the dispersed phase obtained in bulk. In
accordance with these ﬁndings, ellipsometry showed that the interface established
in the reactive system was rather thick (ca. 40 nm), indicating an improved
compatibility.
Polyamide was the subject of another reactive compatibilization experiment
with PS [15], in which a reactive copolymer poly(styrene-co-maleic anhydride)
(SMA) miscible with PS was applied in the blend. An ellipsometric analysis of the
interfacial layer during annealing revealed the optimum amount of SMA to produce the thickest interfacial layer (45 nm) with maximum compatibility. The interfacial thickness was related to the interfacial adhesion measured by fracture
toughness Ga [40] in a reactive polysulfone-polyamide(PSU-aPA) system. Block
(v, end-grafted) or grafted (g) copolymers were formed between the amine groups
of aPA and maleinic anhydride-functionalized PSU. The development of a thick
interfacial layer was followed using ellipsometry. The effects of the functional
groups incorporated in the PSU on interfacial thickness are summarized in Figure 9.3. A drastic increase in the interfacial thickness was observed at the two Tgvalues of the component polymers in any system; for example, at 97  C (aPA) and
165  C (PSU), demonstrating the important contribution of molecular dynamics to
form in situ copolymers at the interface.
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Figure 9.3 Temperature dependence of interfa- nonfunctional PSU. The concentration of
cial thickness in differently functionalized PSU- the functional group was chosen at about
aPA systems. &, MAH-grafted PSU; ,
90 mmol g1 [40].
COOH-grafted PSU; ~, end-grafted PSU; !,

Considering the possible mechanism of fracture at the nonreactive interface of
annealed immiscible polymers, it is reasonable to estimate higher fracture toughness, Ga at higher interfacial thickness, l, where the polymer chains are interdiffused: Ga  l2. Although at the reactive interface more factors are involved, the
experimental Ga values showed a similar dependence on layer thickness. It is
noteworthy, however, that the fracture toughness is signiﬁcantly increased by
forming the reactive interface compared to a nonreactive blend.
9.2.3
Morphology, Roughness, and Pattern Formation in Nanolayers

The phase separation of a polymer blend might lead to a special morphology in
thin polymer ﬁlms, and patterning can occur during spin-coating or upon annealing. In the case of thin ﬁlms, the presence of a ﬁlm interface can have a dramatic
effect on phase separation morphology. The preferred interaction of one component of the polymer blend with the solid substrate results in the formation of a
wetting layer which directs the lamellar phase separation. The effect of an additional SiOx capping layer on the PS-PMMA blend ﬁlm was investigated on the
morphology of phase separation [52]. A series of multilayer ﬁlms were prepared,
and ellipsometry was used for the exact determination of layer thicknesses.
Depending on the thickness of the capping layer, a transition was found from lateral to lamellar phase separation which was explained by a comparison of the interfacial free energies of phase formation and the elastic bending of the capping layer.
Phase separation in thin ﬁlms of a similar system (PS-PMMA), but under quite
different conditions, was reported recently [53]. During the spin-casting process,
specular reﬂectivity and off-specular scattering data were recorded and ex situ optical and atomic force microscopy (AFM), NR and ellipsometry were used to
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Figure 9.4 A schematic diagram of the final structures in the samples prepared at different

polymer concentrations [53].

characterize the ﬁlm morphologies. Ellipsometry was used to determine the ﬁlm
thickness averaged over the ellipsometer beam area (an ellipse of ca. 3 mm
 8 mm). A spectroscopic ellipsometer (J.A. Woolham; M2000 V; 370–1000 nm)
was used to conduct these measurements, and the data were ﬁtted using a Cauchy
model. The ellipsometry results provided an averaged thickness over the beam
area of 10 mm2. The determined thickness values were in the range of 70 to
700 nm, and steadily increased with solution concentration. The ﬁlm thicknesses
established from the AFM step height data were in reasonable agreement with
values obtained with ellipsometry. For the 8% and 10% samples, where the height
variation was very large across this area, it was expected that the error margins of
the ellipsometry results would be large, and therefore those values were less reliable. A schematic diagram of the different structures formed in each of the different solution concentrations is shown in Figure 9.4.
The results showed that that it is possible to selectively control the ﬁlm morphology by altering the solution concentration used. Low-concentration polymer
solutions favored the formation of ﬂat inplane phase-separated bilayers, whilst at
intermediate concentrations the ﬁlms formed consisted of an in-plane phase-separated bilayer with an undulating interface; some secondary phase-separated pockets rich in d-PMMA in the PS-rich layer, and vice versa, were also observed. The
use of high-concentration solutions resulted in laterally phase-separated regions
with sharp interfaces.
Polymer phase separation was combined with self-assembly and photopatterning to obtain porous silica ﬁlm with hierarchical porosity [13]. Patternable nanoporous silica thin ﬁlms with pore sizes on multiple length scales were fabricated
using preformed block copolymer/homopolymer blend ﬁlms as templates. The
polymer system was a mixture of poly(hydroxystyrene) (PHOSt) and an amphiphilic block copolymer (Pluronic F127 or Brij78) doped with a photoacid generator. This provided three length scales in the material; one from self-assembly of
the amphiphilic molecule (<10 nm), another from the polymer–polymer phase
separation (50–200 nm), and ﬁnally photopatterning provided a “device level”
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structure (1–100 mm). An acid-catalyzed (generated by UV exposure of the photoacid) reactive modiﬁcation of the polymer blend ﬁlm converted part of the organic
template to a silica network through exposure to precursor vapors. The impact of
the polymer blend composition on the structure of the porous silica ﬁlms was
examined with the structure of the porous silica ﬁlms determined using X-ray diffraction (XRD), SEM, transmission electron microscopy (TEM), spectroscopic
ellipsometry (SE), and ellipsometric porosimetry (EP).
The optical properties and thickness of the ﬁlms were quantiﬁed using spectroscopic ellipsometry (M-2000, J.A. Woollam). Film porosity was calculated from the
Bruggemann effective medium approximation (BEMA) model [11,54], assuming
that only two phases existed: amorphous silica and voids. The refractive index of
the ﬁlm was determined and directly translated into the ﬁlm porosity, knowing the
refractive index of the wall framework. The wall was assumed to be solely amorphous silica with a reported refractive index of 1.458. The ﬁlm porosity calculated
was found to be in the range of 50–60%.
Ellipsometric porosimetry was performed using toluene as a probe molecule to
provide information regarding pore size distribution. The ﬁlms were exposed to
controlled relative pressures of toluene, and the change in refractive index during
the vapor adsorption/desorption provided detailed information regarding pore ﬁlling [55]. In order to estimate the pore size distribution (PSD), adsorption/
desorption curves were ﬁtted, after which the Kelvin equation was applied. As a
result, a pore size distribution was obtained which demonstrated the presence of
nanopores in the silica ﬁlms (Figure 9.5).
It was concluded that simple variations in processing parameters would allow
the pore morphology to be tuned to create high-surface-area materials with

Figure 9.5 Pore size distribution of the porous
silica film estimated from desorption isotherm
for toluene using the Kelvin equation. The template is a blend of Brij78 and PHOSt with 10%
CGI1311 cast from ethanol: PGMEA (1 : 1

molar ratio). The weight ratio of Brij78 to
PHOSt significantly impacted the morphology
for 28 wt% PHOSt and 72 wt% Brij78 (blue),
17 wt% PHOSt and 83 wt% Brij78 (green) and
5 wt% PHOSt and 95 wt% Brij78 (red) [55].

311

9 Characterization of Polymer Blends: Ellipsometry

structures on the order of 1 nm, 100 nm and micrometers from self-assembly,
phase separation, and lithographic patterning, respectively.
9.2.4
Biomaterial Surfaces

Polymers continue to attract much attention with regards to biomedical applications, due mainly to the great versatility in their physical and chemical properties.
Chemical inertness, optical transparency, elasticity and biodegradability are just
some of the advantageous features of polymeric materials that make them suitable
for a variety of functional purposes in medicine and pharmacy. The blending of
polymers is a promising approach in surface modiﬁcation to enhance their biocompatibility, in improving functional (e.g., optical or imaging) properties, and in
the development of advanced drug-delivery systems.
9.2.5
Surface Modification, Adsorption from Solution

Interfacial interactions affecting the surface biocompatibility can be studied on
thin ﬁlms which are suitable model systems to be investigated by ellipsometry. A
biodegradable polyester poly(lactic-co-glycolic acid) copolymer (PLGA) was blended
with a poly(ethylene oxide)-containing block copolymer (Pluronic) to increase the
hydrophilicity and hence the biocompatibility of the system [56]. PLGA thin ﬁlms
with various thicknesses on a solid support were characterized by ellipsometry
during contact with aqueous solution.
The thickness of the blend layer varied during its contact with aqueous solution,
depending on the composition (Figure 9.6). The thickness of the pure PLGA ﬁlm
presented a slight increase, while the thickness of blend ﬁlms decreased signiﬁcantly (by a few percent in 20 min) and in proportion to the Pluronic content.
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Figure 9.6 Relative change of layer thickness, drel, during the contact with phosphate buffer for
PLGA (&) and PLGAþPluronic blend films with Pluronic concentration of 3.8% (w/w) () and
9.1% (w/w) ( ). The initial thickness of the layers was 90 nm [56].
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Figure 9.7 Adsorbed amount of protein (C ng cm2) from 1.2 g l1 bovine serum albumin solution on PLGA films with 0% (&), 3.8% (~), and 9.1% (w/w) ( ) Pluronic concentration [56].

Protein-adsorption behavior was also investigated by in situ spectroscopic ellipsometry using a rotating compensator apparatus [56]. A ﬁxed angle of incidence of
75 was used over a spectrum range of 191 to 1690 nm. The refractive indices of
the polymer and the adsorbed protein layer as transparent materials were
described using the Cauchy relationship. The thickness (d) and refractive index
(n) of the adsorbed protein determined were used to calculate the surface concentration of protein (C) using De Feijter’s formula:
C¼

d  ðn  nw Þ
a

where d is the thickness, nw is the refractive index of the liquid medium, and a is
the refractive index increment, which is approximated to 0.183 cm3 g1 at a wavelength of 632.8 nm.
The degree of protein adsorption showed a good correlation with the hydrophilicity, and surface composition (Figure 9.7). Whilst improvements in resistance to
protein adsorption are known to enhance biocompatibility [57,58], the most striking observation was that the layer thickness had a major impact on the interfacial
characteristics of the polymer blend ﬁlms in the investigated regime (20–200 nm).
Thick layers presented a high permanent hydrophilicity and a great resistance to
protein adsorption, while the thin layer proved to be less hydrophilic in the protein-adsorption experiment. Such behavior was considered due to swelling of the
polymer ﬁlm by water, combined with a partial dissolution of the water-soluble
Pluronic from the layer. A constant supply of Pluronic from the deeper regions of
the blends might compensate for its dissolution from the surface layer in the case
of thicker ﬁlms.
9.2.5.1 Biomaterial Blends
Matrix-assisted pulsed laser evaporation (MAPLE) was used successfully to prepare thin ﬁlms of a similar blend of PLGA with poly(ethylene glycol) (PEG), with
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Figure 9.8 (a) Refractive indices (n) versus wavelength (l) and (b) extinction coefficients (k)

versus wavelength for the indicated polymeric films, as determined by SE; (c) UV-visible absorption spectra of the same samples [59].

a view to their being used for controlled drug delivery in ophthalmology [59]. The
inﬂuence of the blending ratios on the characteristics of the ﬁlms was revealed
using AFM, Fourier transform infrared (FTIR) spectroscopy, and ellipsometry.
The ratios in which the two polymers were blended were found to have a signiﬁcant impact on the morphology, chemical structure and optical characteristics of
the polymeric ﬁlms. The roughness of the ﬁlms was affected by the ratio of each
polymer within the blend; the ﬁlms were smoother when the blends had a higher
PEG content. The optical constants of the polymeric ﬁlms, which directly affect
the quality of the device in special applications such as ocular use, were assessed
using SE. A higher content of PEG within the blends resulted in ﬁlms with lower
refractive indices. The SE results were validated using AFM and UV-visible spectrophotometry (Figure 9.8).
Polymer blending was utilized as a strategy to increase the radio-opacity of a
new biodegradable polymer [18]. Tyrosine-derived polycarbonates are used in a
wide range of biomaterial applications such as cardiovascular stents, tissue
engineering scaffolds, nanospheres for drug delivery, and thin ﬁlm coatings.
Their performance, however, in in-vitro and in-vivo imaging techniques
requires improvement, for example by the incorporation of iodine. Hence, an
iodinated derivative of desaminotyrosyl ethyl tyrosine polycarbonate [p(I2-DTE
carbonate)] was blended with p(DTE carbonate) at various concentrations to
estimate the effect of composition and layer thickness on the mechanical properties of the polymer ﬁlm. Several discrete blend ﬁlms were measured using a
method based on surface wrinkling. This technique involves the formation of a
polymer ﬁlm on a solid substrate following a ﬂoat transfer to a poly(dimethylsiloxane) (PDMS) substrate applying an intermediate release layer of poly
(acrylic acid) (PAA). For that reason, the layer system to determine the thicknesses is quite complex, and four-phase (Si, native oxide, ﬁlm, air as well as
air, PDMS, ﬁlm, air) or ﬁve-phase (Si, native oxide, PAA, ﬁlm, air) models
were used to analyze the data obtained by variable angle spectroscopic
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Figure 9.9 (a) Ellipsometric parameter psi (y)
and the respective fits (black line) to model in
which PAA layer is assumed to be partially
swept away during flow coating. Best fit p(DTE

carbonate) thickness is 140 nm; the residual
PAA layer thickness is 9 nm; (b) Refractive
indices of the polymers [18].

ellipsometry in the range of 190 to 1700 nm. A comparison of the pre- and
post-transferred ﬁlm thicknesses showed no considerable differences, except
for the indication that a signiﬁcant amount of PAA was dissolved or was swept
aside during the ﬂow-coating process (Figure 9.9). It was concluded that the
elastic modulus of thin ﬁlms was not inﬂuenced by ﬁlm thickness and blend
composition over a 30 to 200 nm thickness range, which is an important
region for coatings and delivery systems in biomedical applications.
9.2.5.2 Distribution and Release of Drugs
Polymeric materials have proven effective for the controlled delivery of drugs,
both in terms of the ability to program the kinetics of release and the ability to
target the location of delivery. Ellipsometry, in being sensitive to the composition
through the complex refractive index, is a powerful technique to detect the loading
and release of drug components from a polymer layer. The drug content of a thin
poly(lactic acid) ﬁlm was determined using SE [60]; the ellipsometric data at high
wavelengths (>500 nm) were then used to obtain the ﬁlm thickness, assuming
that the ﬁlms were transparent in this region (extinction coefﬁcient, k ¼ 0) and the
dispersion in refractive index (n) could be approximated with a two-parameter
Cauchy function. The wavelength-dependent optical constants n and k were then
calculated across the whole wavelength range (195 to 1700 nm) through a direct
inversion of the ellipsometric data. It was assumed that the optical constants for
ﬁlms with an intermediate codeine drug loading were a linear combination of
those of the pure PLA, and that the ﬁlm had the highest codeine content. This
conﬁrmed that the fraction of codeine in the ﬁlm scaled linearly with the fraction
in solution. As a result of ellipsometric analysis, a good correlation was found
between the solution composition, or drug loading, and the relative composition
of the ﬁlms generated.
Recent studies have shown that the performances of polymers used for controlled drug delivery as coating of pellets or tablets may be much improved by
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blending [14,59,61]. The most attractive feature is that the polymer blends degrade
differently and exhibit different drug-release properties compared to single polymers, thus offering the possibility to ﬁne-tune the drug-release rates as a function
of blend composition [62].
One polymeric delivery system that has received signiﬁcant attention over the
past decade has been the drug-eluting coronary stent, where the drug is dispersed
within a thin biodegradable polymer ﬁlm on the metal stent. As the polymer
degrades, the drug is intended to be released to the local tissues [14,63]. Polymer
blends offer an interesting potential as coating materials, with major advantages
that include a facilitated adjustment of desired drug-release patterns, improved
ﬁlm-forming characteristics and storage stability, as well as mechanical and adhesive properties.
The release proﬁle is mainly determined by the structure and morphology of the
polymer blend. The important consequences of the different ﬁlm-formation
mechanisms for drug release are presented schematically in Figure 9.10.
A structural difference also exists in the dry form of blend ﬁlms. In the case of
ﬁlms prepared using an aqueous dispersion the chains are less entangled and this
facilitates a rapid swelling and high drug mobility; this manifests as a quick
release facility in comparison to the more dense blend of ﬁlm that is formed from
organic solutions.
The porous structure, the void volume and the surface roughness of a ﬁlm can
all be effectively studied using ellipsometry, as the refractive index is a function of
the material’s density, composition, and morphology. For the structure of a

Figure 9.10 Schematic presentation of film-formation mechanisms in systems containing two
types of polymer, prepared from: (a) organic polymer solutions; (b) aqueous polymer dispersions [64].
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polymer blend ﬁlm prepared via dispersion, a model was constructed that involved
two layers [65]. One layer corresponded to the polymer ﬁlm with a certain porosity,
while the other layer on top was the rough surface, composed of polymer and air
at a given volume ratio (50–50%).
If the size of the voids is below the wavelength of light, then the refractive index
of a layer will depend on the volume fraction of voids, as predicted in an effective
medium approximation (EMA). Given that np is the refractive index of the fully
dense polymer at a certain wavelength (measured independently), and that nv is
the refractive index of air voids (nv ¼ 1.00), it is possible to calculate the void
concentration from a measurement of the index, n, of a composite ﬁlm consisting of polymer and voids. According to an EMA model, the volume fraction
of voids, fv, is

fv ¼

n2  n2p n2v þ 2n2p
n2 þ 2n2p n2v  n2p

The two ﬁtting parameters – surface roughness and void concentration – can be
determined independently with certainty via the ﬁtting procedure. If aqueous
polymer dispersions with different particle sizes are blended, an optimal particle
packing (with minimal void volume) is achieved when the small particles form a
continuous phase surrounding the large particles.
9.2.6
Composite Layers for Organic Solar Cells

Organic thin ﬁlm photovoltaic devices based on conjugated molecules and polymers have been shown to be highly efﬁcient [66]. The high conversion efﬁciencies
of light to current are the result of an efﬁcient absorption of light and charge generation inside the devices. The efﬁciency is considerably enhanced when a single
active conjugated polymer layer is replaced by heterojunctions (bilayers) with molecules having a high electron afﬁnity and a low ionization potential. Fullerene
proved to be suitable for this role as electron acceptor [67,68]. The structure of a
sandwich-type thin ﬁlm photovoltaic device, with the main functional components, is presented in Figure 9.11.
The donor–acceptor heterojunction is built up from poly(3-(40 -(100 ,400 ,700 -trioxaoctyl)phenyl)thiophene) (PEOPT) and C60. The device consisted of poly(3,4ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate) (PSS) (PEDOTPSS) layers spin-coated onto an indium tin oxide (ITO)/glass substrate as the
hole-collecting electrode, and Al as the electron-collecting electrode. The
PEDOT-PSS layer is used because the injection/collection conditions for electrons/holes are better, and this results in improved current–voltage characteristics for the device.
A signiﬁcant improvement was achieved compared to the layered structure
when the heterojunction was realized in bulk (involving a large interfacial area) by
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Figure 9.11 Schematic presentation of the thin-film photovoltaic device structure: glass/ITO/
PEDOT/PEOPT/C60/Al [66].

preparing a blend of the two components. The most frequently used blending
component is a fullerene derivative: [6,6]-phenyl C61 butyric acid methyl ester
(PCBM). The most likely reason for such higher efﬁciency is that the blend provides optimum conditions for charge transfer and transport, due to its nanoscale
heterogeneity. The mechanism to generate the photocurrent involves the creation
of bound electron–hole pairs (excitons) by the absorption of light in the active
parts of the devices. Charge generation occurs as a result of dissociation of the
excitons, and by interaction of the excitons with interfaces, impurities, or defects.
Thus, the high degree of dispersion – and hence the incorporation of dissociation
sites – provides a beneﬁcial performance for devices made from blends.
As the molecular-scale heterogeneity of the active layer greatly inﬂuences the
power conversion efﬁciency, it is fundamentally important to identify and control
the structural and optical properties and their relation to the function of a photovoltaic device. Ellipsometry is especially useful in determining the complex index
of refraction and layer thickness, as well as structural details in thin-ﬁlm geometry
[69–72]. This information is needed to calculate the internal optical electric ﬁeld
distribution and the resulting photocurrent action spectra with respect to the efﬁciency of thin-ﬁlm devices [66].
Although the above blends, when applied in organic photovoltaic devices, are
not – strictly-speaking – a mixture of two or more polymers, their characterization by ellipsometry is analogous to that of polymer blend systems, and offers
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excellent examples to demonstrate the potential of this technique in structural
investigations.
As a basic study, modeling of the photocurrent action spectrum in thin-ﬁlm
organic photovoltaic devices was reported [66] with the use of complex indices of
refraction and layer thickness of the materials determined with SE.
Composite ﬁlms of P3HT/PCBM (poly[3-hexylthiophene-2,5-diyl] and [6,6]-phenyl C61 butyric acid methyl ester), which are widely used as the active layer in
plastic solar cells [69,70], presented an increased performance when annealed
above 100  C [73]. When comparing the structural and optical properties of such
ﬁlms, using XRD and SE, the increased crystallinity of P3HT was found to be
responsible for the increased optical absorption in the visible region. In combination with an enhancement of hole mobility, this would lead to a higher power conversion efﬁciency of annealed P3HT/PCBM solar cells.
Subsequently, SE and AFM were used to characterize the properties of P3HT/
PCBM blend ﬁlms commonly used in organic solar cells [71]. These studies
focused on the effects of solvent and the composition ratio of the polymer and
fullerene components used to prepare the blend ﬁlm, and the various morphologies and surface roughnesses that resulted. The SE data obtained were analyzed
with and without a surface roughness correction to examine how the morphology
would affect the optical properties. Generally, a smoother ﬁlm would be formed
from a less-volatile solvent, although the different solubilities of P3HT and PCBM
also affected both the surface roughness and phase separation during ﬁlm formation. As a consequence, it proved reasonable to use various annealing procedures
after ﬁlm formation to achieve a more deﬁned and controlled phase distribution
in the active layer of a solar cell.
Morphology formation has also recently been characterized in ﬁne detail [20,74]
to reveal the effects of various treatments, including the choice of solvent, the rate
of drying, thermal annealing and vapor annealing. All of these techniques were
shown to lead to a common arrangement of the components, which consisted of
a vertically and laterally phase-separated blend of crystalline P3HT and PCBM.
Variable-angle SE, as a well-established noninvasive technique, was used to
retrieve the optical constants of thin ﬁlms, as well as the concentration–depth proﬁles of composite ﬁlms [7,26,75].
The model that best represents the experimental data for all of these samples consists of two layers: a blend of P3HT and PCBM, the relative concentrations of which vary with depth, beneath a mixed PCBM–air layer. The top layer
accounts for the PCBM crystalline domains that are observed to protrude from
the ﬁlm. The vertical distribution of the PCBM component in the blend ﬁlm is
shown schematically (Figure 9.12) and also as a concentration proﬁle (Figure 9.13), before and after thermal annealing of the P3HT : PCMB 1 : 1 blend
layer.
According to model ﬁts to these data, the untreated ﬁlm had a composition that
varied from a PCBM-rich region close to the substrate to a P3HT-rich region near
the free (air) surface (Figure 9.13). A similar vertical distribution of the polymer
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Figure 9.12 Schematic representations of the model used to fit the ellipsometry data, showing
typical PCBM distributions before and after vapor or thermal annealing [20].

and fullerene derivative was obtained by others, although it was approximated by
an exponential gradient model [21].
Figure 9.14 shows the evolution of the calculated volume fractions of P3HT
and PCBM in the bottom and top regions of the blend ﬁlm, with annealing
time. The spin-coating process leads to blend ﬁlms that are characterized by
P3HT-enriched top regions and PCBM-enriched bottom regions. Thermal
annealing above the polymer’s Tg provides the macromolecules with an appropriate mobility to rearrange and reach a more thermodynamically favorable
demixed state; this leads to an enhanced segregation of PCBM molecules
toward the bottom regions.
Segregation of the electron-donor material (P3HT) towards the anode interface
(ITO), and of the electron-acceptor material (PCBM) towards the cathode (Al)
interface, would be expected to be beneﬁcial for solar cell performance. The
change in vertical distribution observed after thermal annealing contributes to
this type of separation by the diffusion of PCBN molecules towards the nanoscopic PCBM domains. At the same time, the gradient of PCBN concentration

Figure 9.13 PCBM concentration profiles obtained from analysis of ellipsometric data for P3HT:
PCBM blend films spin-coated on fused silica before (blue) and after (red) thermal annealing
[20].

9.2 Applications in the Characterization of Polymer Blend Films

Figure 9.14 Evolution of the volume fractions

indicate annealed samples; Hollow points
of the P3HT and PCBM films from the bottom indicate samples annealed at 140  C for
interface with PEDOT:PSS to the top regions of 30 min [21].
two representative blend films. Filled points

throughout the ﬁlm is further increased (Figure 9.14). The analysis developed in
these investigations for probing the structure of blend ﬁlms is very powerful, and
may also show the effect of the substrate on the distribution of components due to
speciﬁc interactions (Figure 9.15).
These results show clearly that the direction of vertical segregation can be controlled by the surface energy of the substrate, which in turn makes surface

Figure 9.15 PCBM concentration profiles

obtained from analysis of ellipsometric data
for P3HT:PCBM blend films spin-coated
(a) on fused silica and (b) on a Si wafer

(with native oxide) precoated with a
hydrophobic, self-assembled
hexamethyldisilazane monolayer [20].
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modiﬁcation an easy way of directing phase separation. When considering the performance of organic solar cells, the detailed structural information obtained allows
the conclusion to be drawn that an optimum distribution must be accomplished
as the intimate intermixing of components is desirable for efﬁcient exciton dissociation, whilst a certain degree of segregation of the two components is beneﬁcial
for efﬁcient charge transport.
As noted in the above-described examples, SE is especially useful when probing
the distribution of various components normal to the surface of the blend ﬁlm,
and is critically important for device efﬁciency. However, the lateral structural
details can only be resolved at nanoscale level by using imaging ellipsometry [76].
The active layer materials used in organic photovoltaic cells often self-assemble
into highly ordered morphologies, and the bicontinuous interpenetrating network
of donor/acceptor domains with ordered structures would be expected to have an
enhanced performance [77]. Such ﬁlms demonstrate a signiﬁcant optical anisotropy, and this was taken into consideration recently when constructing thin layers
of organic solar cells [78]. As a result of numerous analytical and numerical calculations, the orientation of polymer domains in organic photovoltaic cells was
shown to correlate with an increased light absorption.

9.3
Concluding Remarks

Ellipsometry is an especially versatile optical technique that has applications in
many different ﬁelds, ranging from microelectronics and semiconductors (e.g.,
for characterizing oxides or photoresists on silicon wafers) to biology. In principle,
ellipsometry enables the determination of thicknesses ranging from about 1 nm to
about the wavelength of the incident light, and also of the composition of layers in
multilayer thin ﬁlms, especially if experiments are performed over a range of incident beam wavelengths or angles of incidence. Ellipsometry is an easily performed, noncontact and nondestructive technique that can handle samples under
any ambient conditions (e.g., temperature, liquid). Although, to date, the potential
of this sensitive technique in the ﬁeld of polymer science has not yet been fully
realized, it can provide unequaled capabilities for thin-ﬁlm metrology, providing
valuable information on phase separation, morphology, nanoporosity, adhesive
and adsorption properties that may be related to drug-carrier systems, reinforced
composite or solar cells. New developments – including measurements over a
wide range of wavelengths and in real-time – will provide further encouragement
for the future use of ellipsometry.
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Kasylda Milczewska and Adam Voelkel

10.1
Concept and History of Inverse Gas Chromatography (IGC)

During the past 40 to 50 years, inverse gas chromatography (IGC) has developed
into a widespread, popular, and fruitful technique for the physico-chemical characterization of various materials, as well for providing descriptions of the interactions between components in various systems. Indeed, during the past 20 year
several reviews detailing the theoretical background of IGC, as well as its parameters, the interpretation of experimental data and applications have been produced
[1–8].
In a typical IGC experiment, the apparatus used is similar to that used in conventional gas chromatography. The test solute, which has known properties, is
injected at the inlet of the column, which may be either of two forms:
 A packed column, where the investigated material is loaded onto the column as
solid particles or is supported on an inert material.
 A capillary column, where an annular ﬁlm of the polymer is coated onto the
column inner wall.
Because the stationary phase is the phase of interest (in contrast to conventional
gas chromatography), this process is termed inverse gas chromatography. The
physico-chemical properties of the examined material are deduced from the retention data of a series of carefully selected test solutes [7].
The application of IGC to studies of polymeric systems was initiated in 1969 by
Smidsrød and Guillet [9], who showed that gas chromatography could be used to
demonstrate several interesting properties of the polymer. Nowadays, IGC is a
useful and quite versatile technique for material characterization, because it can
provide information on thermodynamic properties over a wide temperature range.
To date, IGC has been used for the characterization of polymer blends [10], block
copolymers [11,12], hyperbranched polymers [13], ﬁllers [14], and other materials
[15–17].

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 10.1 Analytical versus inverse gas chromatography. [http://en.wikipedia.org/wiki/File:
Inverse_and_analytical_gas_chromatography.JPG - filelinks 29-02-2012].

10.2
Theoretical Background

The principles of IGC, as a gas-phase technique used to characterize the surface
and bulk properties of solid materials, are very simple as the process is the reverse
of conventional gas chromatography. Typically, an empty cylindrical column is uniformly packed with the solid material of interest, normally a powder, ﬁber, or ﬁlm.
A pulse or constant concentration of gas is then injected down the column at a
ﬁxed carrier gas ﬂow rate, and the retention behavior of the pulse or concentration
front is measured with a detector (Figure 10.1). The retention of a solvent or
“probe” molecule on the material is recorded and the measurement is made effectively at an inﬁnite dilution of the probe. A range of thermodynamic parameters
can then be calculated. A major advantage of IGC is that it is readily applicable to
mixtures of two or more polymers.
The retention of the test solutes is expressed as the corrected retention time (t0R ):
t0R ¼ tR  tM

ð10:1Þ

where tR is the measured retention time and tM is the gas hold-up time, calculated
using the Grobler–Balizs procedure [18].
For physico-chemical calculations, the retention data are often presented as the
speciﬁc retention volume Vg (cm3 g1):
3 t0  j  F c  273:15
Vg ¼  R
2
mw  T

ð10:2Þ

10.2 Theoretical Background

where Fc is the ﬂow rate of carrier gas measured at room temperature, T is the
temperature of the experiment, mw is the mass of the stationary phase, and j is
the James–Martin coefﬁcient, which is used to correct for the gas carrier compressibility and is deﬁned as follows:
2 2
j¼

Pi
Po

1

Po

1

3 6
 4 3
2
Pi

3
7
5

ð10:3Þ

where Pi and Po are the inlet and outlet pressures, respectively.
It is worth noting two points with regards to the background of IGC:
 It is possible to work at a ﬁnite concentration of test solutes (FC-IGC) or in the
region of an inﬁnitive dilution (ID-IGC).
 Retention of the test solute may be result of a pure adsorption equilibrium, or
of a mixed retention mechanism, such as bulk sorption and adsorption on existing interfaces. The ﬁrst mechanism is obvious during the examination of solid
materials (adsorbents, ﬁbers, polymers below Tg), while the second mechanism
might be important when a rubbery polymer (above Tg), polymer blends or oils
are characterized.
Nastasovic and Onija [19] presented the advantages and drawbacks of the IGC
over traditionally used methods when determining the glass transition temperature (Tg). The precision and accuracy of Tg determination is inﬂuenced by: (i) the
inert support type; (ii) the coating thickness; (iii) the sorbate type; and (iv) the ﬂow
rate. The report of Nastasovic and Onija is, and the references cited therein,
should be taken into account when examining polymer properties by means of
IGC below and above Tg.
Solute equilibrium conditions between the mobile and stationary phases are
achieved at zero surface coverage of the surface. The chromatogram must be
symmetric and the maximum of the chromatographic peak should be independent of the amount of retained adsorbate [20]. The concentration of adsorbate
in the gas phase is minimal, and the sorption process is derived from real
adsorbate–adsorbent interactions. The adsorbate might be considered as an
ideal gas both in the gas phase and in the adsorbed state. At inﬁnite dilution,
the net retention volume (VN) is related to the concentration of adsorbate in
the gas phase c, as follows:
q
VN ¼  S
c

ð10:4Þ

where S is the speciﬁc surface area of the examined material and q is the adsorbate concentration in the stationary phase.
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In the region of higher solute concentration (ﬁnite concentration area) the isotherm is not linear and the net retention volume will be related to the mole fraction of the adsorbate in the gas phase y0:

 dq
V N ¼ S 1  jy0 
dc

ð10:5Þ

The application of Eq. (10.5) allows the relation between the shape of the chromatographic peak and the slope of the adsorption isotherm to be determined.

10.3
Thermodynamic Aspects: Parameters Used for Polymer Blend Characterization

The term “miscibility of polymers” relates to the possibility of an interpenetration
of components at the molecular level [21–23]. The numerical expression of the
energy required to achieve miscibility is the Gibbs free energy of mixing DGmix :
DGmix ¼ DHmix  T  DSmix

ð10:6Þ

where DHmix is the enthalpy of mixing and the entropy of mixing (DSmix) is:
DSmix
¼ n1 ln w1 þ n2 ln w2
RT

ð10:7Þ

where n is the number of moles in the mix and w is the mole fraction of components 1 and 2.
Two components are mutually miscible if the mixing free energy:
DGmix < 0

ð10:8Þ

 2

d DGmix
>0
dw2
p;T

ð10:9Þ

and

Spontaneous mixing occurs when DGmix is negative. Exothermic mixtures
(DGmix < 0) will mix spontaneously, whereas for endothermic mixtures miscibility
will occur only at high temperatures. A plot of DGmix versus w is a convex function of the mixture composition, and is represented by a bimodal or spinodal
phase with a lower critical solution temperature (LCST) or an upper critical solution temperature (UCST).
Equation-of-state theory, as developed by Flory and coworkers, can be used to
explain phase separation – that is, LCST behaviour – by considering the effect of
volume changes on mixing [22]. In the case of most miscible blends, the miscibility stems from speciﬁc interactions, although it may also result from reductions in
unfavorable speciﬁc interactions between groups of the same polymer [21,22,24].

10.3 Thermodynamic Aspects: Parameters Used for Polymer Blend Characterization

10.3.1
Flory–Huggins Interaction Parameter for Polymer–Test Solute Systems

The properties of polymer blends are determined mainly by the miscibility of
the components and structure. Usually, thermodynamic miscibility and homogeneity can be attained when the free energy of mixing is negative. The classical thermodynamics of binary polymer–solvent systems was developed
independently by Flory [25] and Huggins [26], and is based on the well-known
lattice model. A quantitative calculation of the entropy of mixing led to the
introduction of a dimensionless value, the so-called Flory–Huggins interaction
parameter, x. The latter is an important factor of miscibility of polymer blends
and solutions, and has been considered as a Gibbs free energy parameter.
According to such an assumption, the interaction parameter x can be separated
into enthalpic xH and entropic xS components [27]. xS was found to be positive
and typically should be between 0.2 and 0.6; in polymer solution the term is
sometimes also related to the reciprocal of the coordination number. For complete miscibility between polymer and solvent, x should be <0.5 and, since the
entropic term is about 0.3, xH must be very small:
x ¼ xH þ xS

ð10:10Þ

The Flory–Huggins interaction parameter, which indicates the interaction of a
vapor-phase probe at inﬁnite dilution with a polymer, x1
12 , can be related to the
speciﬁc retention volume of probes, V g , by the following equation:
x1
12 ¼ ln



273:15  R
po1  V g  M1




  


po1 
r
Vo
 B11  V o1 þ ln 1  1  1o
RT
r2
V2

ð10:11Þ

where 1 denotes the solute and 2 denotes the examined material, M1 is the molecular weight of the solute, po1 is the saturated vapor pressure of the solute, B11 is the
second virial coefﬁcient of the solute, V oi is the molar volume, ri is the density,
and R is the gas constant.
The vapor pressure po1 is calculated from the Antoine equation [11]., while the
second virial coefﬁcients B11 are computed using the following equation [28,29]:
B11

"
 2 #
9  R  Tc
Tc
¼
 16
 106
128  Pc
T

ð10:12Þ

where Tc and Pc are the critical temperature and critical pressure of the solute,
respectively.
 
 o
V
When ln rr12 ! 0 and V 1o ! 0, Eq. (10.11) can be simpliﬁed to [11,30–32]:
2

x1
12




273:15  R  n2
po 
 1  B11  V o1  1
¼ ln
o
o
p1  V g  V 1
RT

where v2 is the speciﬁc volume of the stationary phase.

ð10:13Þ
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For the case of the mixture (polymer-ﬁller composition), subscripts 2 and 3 are
used to represent the ﬁrst and second mixtures’ components, and Eq. (10.11) can
be rearranged as [33,34]:

  


273:15  R
po1 
r1
V o1
o

B

V
þ
ln


1

 w2
11
1
RT
rm
V o2
po1  V g  M1


Vo
 1  1o  w3
ð10:14Þ
V3

x1
1m ¼ ln

w2 ¼



w2  n2
w 2  n2 þ w3  n3

w3 ¼

w 3  n3
w2  n2 þ w 3  n3

ð10:15Þ

where w2 and w3 are the volume fractions of the polymer and ﬁller, and the index
m denotes the mixture.
When x < 0.5, the liquid probe is generally characterized as a good solvent for
the polymer, whereas x > 0.5 indicates a poor solvent which use may lead to phase
separation. In the case of a polymer blend, the parameter x can still be deﬁned,
and miscibility generally occurs when x < 0 because the high molar volume of
both components will diminish the combinatorial entropy [35].
Many authors use Eq. (10.13) also to calculate the Flory–Huggins parameter x1
12
for blends or compositions.
The uncertainty of the basic physico-chemical data used in the calculation of
IGC-derived parameters inevitably implies an error of estimation of IGC parameters which may, in several cases, exceed 10%.
Voelkel and Fall [29] indicated that the signiﬁcant variation in second virial
coefﬁcient data collected from different sources will affect the ﬁnal result; that
is, the value of physico-chemical parameters describing the properties of polymer systems. Conder and Young [36] indicated that the permissible uncertainty when estimating the second virial coefﬁcient of the solute should be
10% (at 20–50  C).
The second virial coefﬁcient B11 has been determined using a variety of methods, as discussed earlier [37]; values have also been tabulated for limited group of
compounds in handbooks (e.g., Ref. [38]).
The Flory–Huggins solute-polymer interaction parameter may be also calculated
from activity coefﬁcients [16,39]. In the case of pure solvents the equation is:
1
x1
12 ¼ ln V1 þ ln

ln V1
1



r1
Vo
 1  1o
r2
V2




a1
273:15  R
po1 
 B11  V o1
 ln
¼ ln o
o 
w1
RT
p1  V g  V 1

ð10:16Þ

ð10:17Þ

where a1 and w1 are the activity and weight fraction coefﬁcients of the solute in
the polymer phase, respectively.

10.3 Thermodynamic Aspects: Parameters Used for Polymer Blend Characterization

When the polymer is a mixture of two polymers (mixed stationary phases) the
Eq. (10.16) becomes [39]:




r1
V o1
V o1
1
1
x1m ¼ ln V1 þ ln
 1  o  w2  1  o  w3
ð10:18Þ
rm
V2
V3
where rm is the density of the mixture of polymers. As V o2 and V o3 are much larger
than V o1 , the use of Eq. (10.18) is greatly simpliﬁed:
1
x1
1m ¼ ln V1 þ ln

r1
1
rm

ð10:19Þ

The dependence of x1
12 on the chemical nature of the solutes is evident and is
due to the interaction of solutes with the polymer surface [40]. x1
12 values can be
interpreted that the strength of speciﬁc interactions of these solutes ranges from a
somewhat exothermic nature to an endothermic nature.
10.3.2
Flory–Huggins Interaction Parameter for “Multiple” Systems

By applying the Flory–Huggins equations of polymer solutions to a ternary system
with two polymers and one probe, the interaction parameter x1
1m can be related to
1
the probe–polymer interaction parameters (x1
and
x
)
and
the
polymer–polymer
12
13
interaction parameter (x23) by the following equation [41]:
x023 ¼

1
1
1
 ðx1
12  w2 þ x13  w3  x1m Þ
w2  w3

ð10:20Þ

where wi is the volume fraction of appropriate polymer. Because the molar volumes of polymers may not be accurately known, it is a common practice of IGC
studies to deﬁne a probe-normalized interaction parameter [41,42]:
 
V1
x023 ¼ x23 
ð10:21Þ
V2
The advantage of using x023 is that it can be directly related to the speciﬁc retention volumes by the formula:


V g;m
V g;2
V g;3
x1  V 1
1
x023 ¼ 23
¼
 ln
 w2  ln
 w3  ln
V2
w 2  n2 þ w 3  n3
n2
n3
w2  w3
ð10:22Þ
This parameter is also called the “apparent” polymer–polymer interaction
app
parameter (x23 ) [43].
1
In order to obtain x023 for a polymer blend, by utilizing IGC, x1
12 and x13 must be
known. Consequently, three columns are usually prepared – two for homopolymers and a third prepared from a blend of the two samples used earlier. These
columns should be studied under identical conditions of column temperature, carrier gas ﬂow rate and inlet pressure of the carrier gas, and with the same solutes
(probes) [8].
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By using Eq. (10.22), the contact energy parameter, B23, as another indicator of
the miscibility of the polymer pair can be calculated [44]:


RT
1
B23 ¼

w

w
V
w
1
2
3
2  w3


V g;m
V g;2
V g;3
 ln
 w2  ln
 w3  ln
ð10:23Þ
w2  n2 þ w 3  n3
n2
n3
where B23 determines the miscibility of the blend, with the negative value being
necessary for mixing and related to the Flory–Huggins interaction parameter x023
by the following equation:
 0 
x
B23 ¼ R  T om  23
ð10:24Þ
V3
where V3 is the molar volume of diluent polymer, and T om is the equilibrium melting point of the polymer in the blend [8].
This method for calculating the Flory–Huggins x023 parameter was used successfully in the analysis of polymers ﬁlled with inorganic ﬁllers [45,46].

10.4
Procedures Used in IGC Experiments Leading to the Determination of Polymer Blend
Characteristics

The values of x023 estimated by IGC have been found to depend on the chemical
nature of the solutes, and various IGC research groups have attributed such dependency on deﬁciencies of the Flory–Huggins theory. The variation of the x023 values
from the probe was described as the Dx effect, and Prolongo et al. [47] were among
those who recognized that the equation of state does not yield true polymer–polymer
parameters for polymer blend systems. Hence, they attempted to correct for this
dependency by recognizing the different types of interactions. Shi and Schreiber [48]
also attempted to obtain the true polymer–polymer interaction coefﬁcient and
reviewed various experimental results from independent sources. Ultimately, Shi
and Schreiber suggested that the surface and bulk compositions in multicomponent
polymer systems (blends) generally differed, and that the partitioning of vapor-phase
molecules between components of the surface layer of a solid would most likely be
nonrandom. Rather, they suggested – and tested experimentally – a procedure that
involved IGC for establishing the true surface composition of a polymer blend system. In this case, the surface concentration of one polymer in the blend was found
always to exceed the bulk composition (wt% ratio), and that this difference varied
greatly with the choice of vapor solute used.
Olabisi [49] reported that the dependence of the value of Flory–Huggins parameter x023 on the solute could be attributed to the nonrandom distribution of the
solute in the stationary phase, owing to its preferential afﬁnity for one of the components. In other words, the nonrandom distribution of the solute in the stationary phase owed its preferential afﬁnity to one of the components. As selective

10.4 Procedures Used in IGC Experiments Leading to the Determination of Polymer Blend

solutes are not sensitive to the three varieties of intramolecular contact in the polymer mixture (A–A, A–B, B–B) in proportion to concentration, it would be expected
that a better measure of the polymer–polymer interaction would most likely be
obtained with less-selective solvents.
Lezcano, Prolongo and Coll [50] suggested that probes should be selected which
1
gave similar interactions (x1
12 ¼ x13 ) with each component (polymer).
When Zhao and Choi [51] also discussed the solvent-dependence of x023 , they
found that the problem had essentially originated from an incorrect choice of reference volumes used when calculating the binary interaction parameter between
various solvents and the pure polymers, and their blends. Traditionally, in Flory–
Huggins theory the molar volume of the solvent (V1) is taken as the reference
volume (Vo). This problem is valid for ternary systems, and differences in the values of the x parameter originate from the lattice size used. Zhao and Choi [51]
have proposed the use of a “common reference volume,” calculating x023 from the
equation:


Vo
V1




 x1m ¼ w2 

Vo
V1




 x12 þ w3 

Vo
V1




 x13  w2  w3 


Vo
 ZCx023
V2
ð10:25Þ

where Vo is volume of the segment of polymer used.
Plotting x1m versus (w2  x12 þ w3  x13 ) (Eq. (10.18)) gives a straight line with a
slope 1 and an intercept of w2  w3  ZCx023 , where ZCx023 denotes x023 determined
using Zhao–Choi procedure [52].
Recently, J.-C. Huang [53] suggested the rearrangement of Eq. (10.25) into the
following form:
x1m
¼
V1



 0 
w2  x12 þ w3  x13
x
 w2  w3  23
V1
V2

ð10:26Þ

The polymer–polymer interaction term can be determined from the intercept at
w2  x12 þ w3  x13 ¼ 0.
Su and Patterson [54] also observed the Dx effect, and suggested that it becomes
1
relevant only when the difference between x1
13 and x12 is very large. Furthermore,
the effect is more apparent for higher concentrations of the preferred (non-glassy)
polymer. Thus, Su and Patterson suggested calculating the critical x023 values from
the equation:
x023ðcriticalÞ ¼

1
2

 12  12
V1
V1
þ
V2
V3

2

ð10:27Þ

where V2 and V3 reﬂect different molar volumes.
Other authors [54] noted that Eq. (10.27) should still give a reasonable approximate value of this interaction parameter, which appeared to be extremely small.
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When x values are determined for a given polymer or other nonvolatile component of a polymer system, and for a series of vapors for which solubility parameter
values are known, the IGC method provides a unique approach to determining
the solubility parameter, dT, for the polymer phase. The method is based on the
principle that the Flory–Huggins interaction parameter, x, can be related to dT
by combining the Hildebrand–Scatchard solution theory with the Flory–Huggins
theory [21]:
x¼

V1
 ðd1  d2 Þ2
RT

ð10:28Þ

Here, V1 is the molar volume of the probe and d1 and d2 are the solubility
parameters of the probe and stationary phase, respectively.
The necessary relationship, between x and solubility parameters, states that:
 2

d21
x
2  d2
d2
xs
¼

d1 
þ
R  T V1 R  T
R  T V1

ð10:29Þ

where d1 is the solubility parameter of component 1 and d2 is the solubility
parameter of component 2, V1 is the molar volume of the probe, and xs is the
entropic contribution to x. A plot of the left-hand side of Eq. (10.29) versus d1
should lead to a straight line, with d2 obtained from its slope.

10.5
Application of Chemometric Methods

Heberger et al. [55] used principal component analysis (PCA) to reduce the
amount of test solutes when calculating Flory–Huggins parameters x023 . Subsequently, PCA became a popular technique in data analysis for pattern recognition
and dimension reduction, as it can reveal several underlying components, and
may also help to explain the vast majority of variance among the data [56,57]. PCA
is particularly useful for classifying stationary phases [58,59], polarity [56], and
interaction parameters [57]. Detailed descriptions of PCA are available in standard
chemometric books and reviews [58,59]. Notably, the method should facilitate the
solution of problems connected with the solute dependence of the x023 parameter.
Values of the Flory–Huggins x023 parameter expressing the magnitude of interactions between the polymer matrix and ﬁller depend heavily on the type of test
solute being used in IGC experiments. This causes problems when analyzing the
inﬂuence of the type and amount of ﬁller on the magnitude of these interactions;
however, such an analysis is clearly possible by using PCA.
The collection of retention data for all test solutes is time-consuming, and it
would be very useful to select only those test solutes that carried statistically valid
information, to apply these species to IGC experiments, and then to use the retention data in calculations of x023 with the Zhao–Choi procedure. Today, PCA has
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Figure 10.2 Comparison of x023 calculated by the Zhao–Choi procedure before and after PCA

selection of test solutes for polyurethane (PU). Reproduced with permission from Ref. [55];
# 2006, Elsevier.

enabled a signiﬁcant reduction in the number of test solutes required for correct
determination of the Flory–Huggins parameter. Indeed, values of the Flory–
Huggins parameter x023 calculated before and after PCA analysis are comparable.
As shown in Figure 10.2, in the case of PU (polyurethane)-B2 compositions, the
corrected values were lower or higher than those found for all test solutes, but
they indicate the presence or absence of interaction.

10.6
Transport Properties of Polymeric Mixtures

A knowledge of mass transfer properties is important for various manufacturing
operations of polymers such as polymerization, drying, vacuum/gas stripping, and
devolatilization. The activity coefﬁcients and diffusivities of small molecules in
polymeric systems might be conventionally determined by gravimetric sorption/
desorption experiments. Regretfully, however, these techniques are difﬁcult when
applied to systems with extremely small amounts of solvent, or at temperatures
close to Tg. These experiments might be also time consuming if the value of diffusivity is small. Subsequently, IGC was found to be a reliable and fast technique for
determining activity coefﬁcients and diffusivities, especially at high polymer concentrations. Indeed, IGC-based measurements can be completed in a relatively
short time, and it is feasible to measure the diffusion coefﬁcient at a level of 1013
cm2 s1 [60,61].
Capillary column IGC was used to determine the diffusivity, solubility and transport properties of various test solutes in polymers and polymeric mixtures. These
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experiments might be carried out at ﬁnite concentration and inﬁnite dilution. Faridi et al. [62] demonstrated the validity of IGC in comparison with gravimetric
sorption methods. The procedure was introduced by Pawlisch et al. [63,64], and
later fruitfully developed by Danner and coworkers [62,65–69]. Tihminlioglu and
Danner [65] presented an equation that enabled the determination of parameters
expressing the transport properties of the system:
pﬃﬃﬃ
 
 
pﬃﬃﬃ
CL
1
1
S 2 S
¼ exp
þ þ
tanhðb SÞ
 exp 
Co u
2C
4C2 C abC

ð10:30Þ

where:
C¼

Dg
uL

a¼

R
Kð1  yÞt

b2 ¼

t2
Dp tc

where t is the thickness of the polymer ﬁlm, K is equal to dC0/dC, S is the Laplace
operator, and Dg and Dp are the gas-phase and polymer-phase diffusion coefﬁcients, respectively. The elution proﬁle is a function of three parameters a, b, and
C, where a is inversely related to the partition coefﬁcient, b is inversely related to
the polymer diffusion coefﬁcient, and C depends on the gas-phase diffusion
coefﬁcient. y is the true mole fraction obtained after correction for gas-phase nonideality and compressibility effects [68,70].
Equation (10.30) is an extension of an equation introduced by Pawlisch [63,64],
by addition of the (1  y) term in the a parameter [36]. This expresses the change
in velocity with concentration (sorption effect); the y parameter is equal to zero at
inﬁnite dilution.
The Pawlisch model [63] was applied, for example, to calculate the partition
coefﬁcient and diffusion coefﬁcients of a series of solvents in PMMA-co-BMA
(poly(methyl methacrylate-co-butyl methacrylate)) at inﬁnite dilution [66]. Values
of K and Dp that best ﬁtted the experimental data were found, and the model predicted perfectly the system behavior. The Vrentas–Duda free volume theory was
found to correctly correlate diffusion data above Tg.
Zhang et al. [71] employed a packed-column IGC technique to determine the
activity coefﬁcients and diffusivities of small molecules in phenol resins. For this,
they applied the Romdhane–Danner approach for data analysis, and the Braun–
Guillet approach to determine the thickness of the polymer layer on the support.
Subsequently, the authors reported that the IGC-derived diffusivity data were consistent with the theoretical data obtained from the Romdhane–Danner approach,
and might be further used to predict the temperature- and concentration-dependence of diffusivity by the free volume theory.
Cava et al. [72] applied the IGC technique to examine the effect of moisture on
the transport properties of several low-molecular-weight alcohols through highbarrier copolymers. The application of Romdhane–Danner methods allowed an
estimation of the diffusion coefﬁcient Dp at different humidity conditions, that is,
at various values of relative humidity (%RH). The sorption of water by the

10.6 Transport Properties of Polymeric Mixtures

material being examined caused increases in the partition and diffusion coefﬁcients of the alcohols in the case of the copolymer. The values of partition
coefﬁcient for larger molecules were the most sensitive, but for Dp the effect was
opposite, with diffusion through the water-conditioned sample being faster for
smaller alcohol molecules. An abrupt increment of Dp for all the samples was
observed between 35% and 47% RH, but this was attributed to a water-induced
plasticization of the copolymer.
Zhao et al. [73] used the van Deemter equation to determine the inﬁnite dilution
diffusion coefﬁcient for several n-alkanes in crosslinked silicone rubber. The inﬁnite diffusion coefﬁcient was calculated from:
D1 ¼

8d2p

k

p2 C ð1 þ kÞ2

ð10:31Þ

where dp denotes the thickness of the stationary phase (the examined material),
and k is the retention coefﬁcient. The thickness of the polymer coated onto the
support was calculated from:
dp ¼

w p rd d d
6rp w d

ð10:32Þ

where wp and rp denote the mass and density of polymer, respectively, while wd, rd
and dd are the mass, density, and average diameter of the support. The constant C
is related to column characteristics through the well-known van Deemter equation
[74]. The authors proved that the diffusion coefﬁcient would depend on the temperature of the experiment, the molecular weight of the solvent, and the concentration of crosslinking agent.
Hamdan et al. [75,76] developed and applied a model for the accurate measurement of polymer-phase diffusion coefﬁcients in polymer–solvent systems. A general model was developed which took into account the effect of Taylor dispersion
on pulse dispersal in IGC experiments. It was shown that, close to the glass temperature of the polymers, the Taylor dispersion had a negligible effect over a wide
range of y (the concentration of the solute in the gas phase). Hence, it was concluded that, for high values of Dp, higher L/R (length/radius of the capillary column) ratios than were earlier anticipated should be used to minimize the Taylor
dispersion effect. It must be noted that the Hamdan et al. model should be used at
low y and b values (related to Dp by Eq. (10.9) in Ref. [76]), when the Taylor dispersion effect has a signiﬁcant effect on the elution proﬁles.
R.Y.M. Huang et al. [77] designed a new rectangular thin-channel column dedicated to IGC experiments for determining the partition and diffusion coefﬁcients
of small molecules in polymer membranes. The main advantages of this column
are the ease of preparation of stationary phase (thin polymer layer), the uniform
distribution of polymer thickness, and repeated use. Huang and coworkers used
the column to determine diffusion and partition coefﬁcients of ethanol and propanol-1 in cellulose diacetate and sulfonated poly(ether ether ketone).
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10.7
Usefulness of IGC: Applications of IGC-Derived Parameters in the
Characterization of Various Systems

Since the ﬁrst use of Flory–Huggins theory, many authors have applied the inter0
action parameters x1
12 and x23 for the characterization of polymer systems.
When Olabisi [49] used IGC to study polymer–polymer miscibility in the molten
state, he used the x023 parameter to examine miscibility in poly(e-caprolactone)poly(vinyl chloride) (PCL-PVC) blends. Although the values of x023 were seen to
vary with the probe, all those obtained were negative, which meant that the polymers had been well mixed.
At this point, mention should be made of the reversed-ﬂow gas chromatography
technique, a version of IGC that has been applied successfully to the measurement of activity coefﬁcients in polymer solutions [78], and also for determining
Flory–Huggins interaction parameters and solubility parameters in polymer–
solvent systems [79].
Zhao and Choi [51] measured the Flory–Huggins interaction parameters of two
well-known immiscible binary polyoleﬁn blends consisting of high-density polyethylene (HDPE) and isotactic polypropylene (i-PP), and of HDPE and atactic polystyrene (a-PS). These blends were studied at three different concentrations over a
temperature range of 170 to 230  C. The authors proposed the use of a single
common reference volume to obtain solvent-independent x023 values. The interaction parameters obtained were in the range of 0.04 to 0.13 for the HDPE/i-PP
blends, and 0.04 to 0.19 for the HDPE/a-PS blends, which was consistent with
values obtained with neutron reﬂectivity measurements. The x023 values obtained
indicated that both blends were immiscible in the melt state, which was in good
agreement with ﬁndings of other groups.
In another study, J.-C. Huang [12] tested two copolymer systems of poly(vinyl
acetate); poly(dimethylsiloxane) and the copolymers as mixtures of two homopolymers. When two components are thermodynamically unfavorable in terms of
their miscibility, their interaction parameters will be positive; hence, for polymer
mixtures a small but positive x023 could indicate an immiscible system. Huang also
showed that a difference in interaction energy between the functional groups of
solutes and solvent mixtures could lead to an apparent solvent solubility parameter
that was different from the volume average of the components. An equation was
derived to relate theprobe dependency with deviation of the solubility parameter.
By plotting w2 w3 RT x23=V 2 versus the solubility parameter of solutes, a straight
line could be obtained with a slope that was proportional to the deviation of the
solvent solubility parameter. The plot was shown to yield negative slopes for miscible polymer blends, but when there was an unfavorable interaction between two
solvents an opposite situation would be observed.
Milczewska and Voelkel used IGC to study polymer compositions and interactions between polymer and ﬁller. For this, they determined Flory–Huggins param0
eters x1
12 and x23 for various compositions with inorganic ﬁllers, and tested the
procedure proposed by Zhao-Choi to calculate the solvent-independent x023
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parameter. The results obtained from the “classical equation” and modiﬁed ZhaoChoi were compared [46]. Subsequently, the authors used the Zhao-Choi procedure for compositions of polybutadiene-urethane oligomer ﬁlled with modiﬁed
silica [80]; poly(ether urethane)/modiﬁed carbonate silicate ﬁllers [52]; and polyethylene with modiﬁed silica ﬁllers [81], among others. The values of x023 for
almost all of the examined systems were below 0.5, and indicated strong interactions between the components. An application of the procedure proposed by
Zhao–Choi allowed the Dx effect to be eliminated.
Galdamez et al. [67] have determined polymer–solvent interactions, as well as
partition and diffusion coefﬁcients for various solutes in poly(styrene-co-acrylonitrile). For this, they used the results of thermodynamic investigations to determine
the degree of compatibility between poly(styrene-co-acrylontrile), and found aromatic solvents to be the most suitable for the examined copolymer. The values of
partition coefﬁcients depended slightly on the presence of acrylonitrile groups, but
the diffusion coefﬁcients of the migrating species were decreased systematically.
The same authors also highlighted the possibility of using IGC to examine multicomponent systems. Similar results were reported by Galdamez et al. [66] for mixtures of tetrahydrofuran and cyclohexane in PVAc. Taken together, these results
can be seen as an important extension of IGC applications to the examination of
“real” systems.

10.8
Advantages and Drawbacks of IGC

The usefulness and applicability of IGC techniques have been stressed on many
occasions. Charmas and Leboda [20] noted that “ . . . IGC is an excellent, quick
and precise method for obtaining data . . . ”. However, it might lead to correct or
incorrect results, depending on the model applied, experimental data evaluation
and selection, the careful selection of physico-chemical data for both solvents and
materials examined (e.g., the density of the polymer) and, ﬁnally, the correct calculation procedures. It may also be worth mentioning the suggestion of Santos and
Guthrie [21]: “All of these approaches have valuable advantages and relevant drawbacks. Thus, it is recommended the simultaneous use of several alternative
approaches in order to corroborate the experimental results, analyses and theoretical predictions”.
Today, the reduced number of test molecules with known and reliable physicochemical parameters, as noted by Ansari and Price [82], imposes serious limitations in the ability to select adequate probe substances. This might be due to a
high activity of the examined material and a nonreversible adsorption of the test
solute onto the material being examined. Thielmann et al. [83] also stressed that
high-concentration pulse measurements are often difﬁcult due to problems with
kinetics. Likewise, in the case of a strong interaction (chemisorption), the total
molecules adsorbed cannot be eluted at temperatures under which the experiments are conducted.
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There remain problems also with the collection of experimental data at highconcentration intervals, and at very high concentrations the behavior of the interaction parameter of polymer–solvent systems tends to be unsatisfactory [84].
Another source of error might be the nonuniform coating of the stationary phase
on the support, as well as nonuniform packing throughout the column [76].
The results obtained using IGC methods are very often different from those
obtained using, for example, contact angle measurements of liquids [85,86]. However, the tendency for these values to change, perhaps due to modiﬁcations of the
material, is at least consistent.
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Thermal Analysis in Polymer Blends
Ramesh T. Subramaniam and R. Shanti Rajantharan

11.1
Introduction to Polymer Blends

Polymer blending is a technique of interest that has captured the attention of
numerous research groups since the twentieth century to the present day. Pioneering studies in the development of high-performance polymer electrolytes has
mainly been focused on the use of single types of preformed polymers, such as
poly(ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA), and poly(vinyl
chloride) (PVC). However, as the properties of the homopolymer-based electrolytes
were unable to support the applications of high-conducting electronic devices in
many ways, an alternative approach was sought which involved the blending of
two or more preformed polymers of different natures to form an ionic conducting
matrix [1,2].
During subsequent years, the conducting matrix underwent development by
employing copolymers synthesized from mixtures of monomers, and consequently
the formulation of brand new polymers via the polymerization process captured the
attention of many research groups. Unfortunately, however, most synthetic efforts
cannot guarantee the creation of polymers that will meet the entire needs of research
groups in terms of electrical, structural, mechanical, and thermal properties.
The polymerization process is not straightforward, and cannot be easily be performed without a full knowledge of the ﬁeld of polymer synthesis. Indeed, a large
number of contributing factors must be considered before attempting to synthesize copolymers, that include: (i) the type of monomers and compositions to be
used; (ii) selection of the medium; (iii) the temperature of the synthesizing process; and (iv) the time required for synthesis to be completed. The problem persists however that, although excellent formulations can be prepared by optimizing
the conditions of synthesis, the synthesized polymers may not possess all of the
desired properties.
Thus, the technique of polymer blending has been developed as a more convincing and practicable method to create high-performance polymer electrolytes membrane with known properties. Moreover, the polymer blends will possess
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properties that are complementary to those of the individual component homopolymers. The blending technique may also have signiﬁcant effects on improvements
in the thermal properties of polymer electrolytes [3], while at the same time
achieving all of the desired physical properties within a compositional regime.
11.1.1
The Principle of Polymer Blending

Polymer blends are the intimate mixtures formed between different types of commercially available polymers with no covalent bond connecting the individual
component polymers [4,5]. This type of mixture is formed either by melt-mixing
or via a simple solution-blending technique. The property proﬁle of a polymer
blend is complementary to the useful characteristics of each component polymers,
and superior to those of its single homopolymers.
The polymer blends can be further categorized as two types: homogeneous and
heterogeneous blends. The polymer blend mixtures may appear in either homogeneous or heterogeneous phase on a microscopic scale, but should not exhibit any
obvious inhomogeneity on the macroscopic scale [4,6]. The observation of these
two different types of blended nature is related solely to the factors of miscibility
and compatibility between the interacting component homopolymers.
Most of the polymer blending formulations are of the heterogeneous type, but
several are homogeneous. The heterogeneous blends are immiscible and exhibit
symptoms of polymer segregation as result of the incompatibility between the
added components of homopolymers. However, those components of homopolymers that are miscible on mixing are identiﬁed as being compatible with each
other and hence appear as a homogeneous solution. Some examples of heterogeneous polymer blends include:
 poly(methyl methacrylate)/poly(butadiene) (PMMA/PB)
 poly(vinyl chloride)/poly(methyl methacrylate) (PVC/PMMA)
 poly(styrene)/poly(ethylene) (PS/PE).
The polymer blends listed below represent examples of homogeneous type:
 poly(vinyl chloride)/poly(ethylene-co-vinyl acetate) (PVC/EVA)
 poly(methyl methacrylate)/poly(vinylidene ﬂuoride) (PMMA/PVDF)
 poly(phenylene oxide)/poly(styrene) (PPO/PS).
A low degree of compatibility between the mixed components of homopolymers
is a serious problem that is encountered in polymer blends. Consequently, compatibilizers are being increasingly incorporated into blend polymer solutions to provide a better miscibility of one component of the homopolymer in another
polymer type. This reduces the tendency for any possible undesirable processes to
take place in the polymer blends, such as the separation of phases, delamination,
agglomeration or skinning and, ultimately, physical failure [4].

11.2 Experimental

11.2
Experimental

A total of four different types of polymer electrolyte systems are formulated in this
section. In System 1, the starting materials of PVC and poly(ethylene oxide) (PEO)
were purchased from Fluka and Aldrich, respectively, while in System 2 a type of
doping salt, lithium triﬂate (LiCF3SO3; purchased from Aldrich) was added to the
PVC/PEO blends. In System 3, the matrix of PVC/PEO-LiCF3SO3 was plasticized
with two different types of plasticizer, namely dibutyl phthalate (DBP) and ethylene carbonate (EC), obtained from Aldrich and Fluka, respectively. In System 4,
the formulation of composite polymer electrolyte was developed using a fumed
silica (SiO2) powder with a particle size of 10–30 nm, as supplied by Wacker
Chemie. Each of the above-mentioned formulations is prepared by dissolving the
starting materials in tetrahydrofuran (THF; from J.T. Baker).
The four different types of formulated system, including the preparation
method, are described in detail in the following subsections. All samples obtained
from the four formulations presented in thin-ﬁlm form, using a solution-casting
technique.
11.2.1
System 1: PVC/PEO Blends

Of all the types of halogenated polymers, PVC is the most extensively studied.
Some of PVC’s excellent properties in terms of electrical and mechanical superiority have led to its wide range of use in the development of synthetic types of polymer electrolytes. Unfortunately, a lack of thermal properties has proved to be a
barrier that has limited the use of PVC in energy-based applications that involve
high-temperature processing. In order to improve the thermal proﬁle of PVC, the
homopolymer component is blended with another type of homopolymer that possesses a good thermal resistance towards heat, at a very high temperature. This
blending technique is highly effective due to the excellent miscibility of PVC with
various important types of homopolymer component [7–9].
Before blending a selective type of polymer component with PVC, it is important to take note of the thermal proﬁle of the respective polymer component. In
this studies, the thermal properties of PVC are improved by blending it with PEO,
which begins to decompose at a very high temperature of 420  C. The high heat
resistivity of PEO has proved it to be the best type of homopolymer component for
blending with PVC, as such blending not only suppresses the extreme heat sensitivity of PVC but also creates a matrix for high-temperature applications.
PEO was the ﬁrst of the host polymers to be investigated for the development of
polymer electrolyte systems, and these early ﬁndings led to recent studies of applications requiring very high-conducting systems that could be attributed to the
highly crystalline nature of PEO. Indeed, the development of polymer electrolyte
matrices utilizing PEO remains the focus of many research groups, owing to the
polymer’s water-soluble nature, high solvating power with metal ions, good
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Figure 11.1 Interpolymer hydrogen bonding between PEO and PVC.

processability, superior mechanical properties, and good thermal resistance. Thus,
the blending of PVC with PEO has also been identiﬁed as an alternative approach
to suppressing the limitations of PEO while sustaining its good properties.
The blending of PVC with PEO results in the formulation of a semicrystalline
PVC/PEO matrix with improved properties that are complementary with the characteristics of each of the homopolymers. Some of the properties possessed by PVC
and PEO that have set barriers for their individual use in the preparation of polymer electrolytes, have been identiﬁed as being suppressed in the PVC/PEO blend.
This makes the matrix well-suited to applications in electronic devices, owing to
its improved electrical, mechanical, and thermal characteristics.
This blending mixture is of the homogeneous type, and the miscibility of the
blending mixture results from a compatibility between PVC and PEO, via hydrogen
bond formation between the a-hydrogen atoms in the weak proton-donating PVC
with the proton-accepting ether oxygen in PEO [10–13]. A symmetry diagram of the
formation of hydrogen bonds between PVC and PEO is shown in Figure 11.1.
The preparation of a homogeneous blend in System 1 is achieved by mixing the
individual components of the homopolymer solutions, with PVC and PEO being
dissolved separately in THF as solvent. The mixture is then stirred overnight to
achieve maximum compatibility between the PVC and PEO, and this results in a
homogeneous viscous blending solution. The latter can then be processed into a
free-standing thin ﬁlm by evaporating the THF solvent inside the desiccator,
applying the technique of solvent casting.
The properties possessed by the PVC/PEO blend alone are insufﬁcient to support its application in electronic devices, especially in terms of thermal resistance.
Consequently, several different types of additive can be incorporated into the polymer blend for the purpose of formulating a matrix with a better thermal proﬁle.
11.2.2
System 2: PVC/PEO:LiCF3SO3 Blends

In System 2, the thermal properties of the PVC/PEO blend are tailored by the
addition of LiCF3SO3, which is dissolved separately in THF prior to its addition to

11.3 Instrumentation

the PVC/PEO blend solution mixture. The solution mixture is then stirred
overnight to obtain complete miscibility of LiCF3SO3 in the PVC/PEO blend
solution. The solution mixture is then cast onto a Petri dish so as to obtain
free-standing thin ﬁlms, using a solvent casting technique. In these studies,
two different proportions (20 and 50 wt%) of LiCF3SO3 were incorporated into
the PVC/PEO blend matrix, and their effects on the thermal properties of the
matrix were evaluated.
11.2.3
System 3: PVC/PEO-LiCF3SO3-DBP:EC Blends

In System 3, a mixed plasticizer solution of DBP and EC was added into the PVC/
PEO-LiCF3SO3 matrix. The addition of an appropriate plasticizer into the PVC/
PEO-LiCF3SO3 blend leads to the production of a matrix which is physically softer
and more ﬂexible. These features help to improve the electrical properties of the
formulated matrix, although a negative aspect to this is that the matrix loses some
of its thermal resistance properties (this point is discussed later in the chapter).
The mechanically free-standing thin ﬁlms for this formulation are prepared from
blended solutions containing 10 wt% and 30 wt% EC, while the DBP content is
held constant. This mixture solution is stirred overnight before carrying out the
solution-casting procedure.
11.2.4
System 4: PVC/PEO-LiCF3SO3-DBP-EC:SiO2 Blends

In System 4, efforts were made to improve the thermal proﬁle of the PVC/PEOLiCF3SO3-DBP:EC blend by incorporating SiO2 particles into the matrix. In this
case the heat-stabilized SiO2 particles were suspended directly into the blend solution, which was stirred overnight at room temperature to achieve a homogeneous,
viscous mixture. When the suspension was poured into a Petri dish and allowed
to evaporate slowly inside a desiccator, the ﬁnal product was a mechanically stable,
free-standing thin ﬁlm.

11.3
Instrumentation

The characteristics of the developed polymer electrolytes were focused essentially on their thermal properties, with assessments made using a thermogravimetric analysis (TGA) technique (Rheometric Scientiﬁc TGA 1000 instrument).
When the developed samples are subjected to this analytical technique, certain
aspects must be considered, including: (i) the weight of the tested sample(s);
(ii) the testing temperature range; (iii) the gaseous environment; and (iv) the
heating rate.
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11.3.1
Sample Weight

The ﬁrst point to be considered is the weight of the tested sample. In TGA, the
measurements are performed on a suitable dimension of cutting sections of polymer electrolyte ﬁlms. For comparative studies, the weight of the sample cutting
sections should fall within the range of 3–5 mg, and should be consistent among
samples being compared. Indeed, if the weights of the samples to be compared
are allowed to vary, then the thermal property data cannot be compared between
samples. In the present system, all samples subjected to thermal analysis weighed
approximately 5 mg.
11.3.2
Testing Temperature Range

Temperature is another important parameter to be considered before conducting
the TGA. Different type of sample will have different testing temperature ranges,
and normally the speciﬁc temperature range is identiﬁed by using either of two
methods. The ﬁrst method involves running the analysis from minimum to maximum temperatures and then narrowing down the temperature range where peaks
are likely to be observed. The analysis is rerun at the narrowed temperature range.
The second method is more reliable and practicable, whereby the testing temperature range of the samples is obtained from the literature or from previous investigations. The temperature may vary from 10  C up to 550  C, depending on the
type of instrument used. The correct temperature range can only be identiﬁed by
understanding the nature of the samples. Some samples can be oxidized at a
lower temperature (perhaps as low as 200  C), while some can resist up to a highest temperature of 450  C. In the present study the inﬂuence of temperature on
the thermal properties of the developed thin ﬁlm samples was evaluated at
between 10  C and 320  C.
11.3.3
Gas Environment

The appropriate selection of gas environment prior to TGA is crucial. Although
few choices of gaseous environment are available (e.g., nitrogen, oxygen, helium),
a correct gas selection must be made depending on the type of information that is
intended to be collected from the sample. With studies accounting for a total
weight loss of samples with temperature the analysis must be carried out under
inert conditions; in this case a nitrogen atmosphere is preferable. This type of
study cannot be executed under an oxygen environment due to the possible occurrence of secondary reactions. In this case, the observed weight loss might not be
attributed solely to the decomposition of the sample of interest; rather, such loss
may partly have resulted from the decomposition of secondary reaction products.
In the present studies, all analyses were conducted under a nitrogen atmosphere.

11.4 Thermal Analysis

11.3.4
Heating Rate

The heating rate is another prominent factor for discussion, the most commonly
used rate being 10  C min1. The sample should not be heated from one temperature to another very rapidly, as some of the informative phenomena that occur
during the temperature rise could go undetected. However, heating the sample at
a lower rate is not advisable either, especially when the TGA is being carried out
over a broader temperature scale, attributed to a longer experimental completion
time. A lower heating rate can also be used very effectively when the analysis is
performed over a shorter temperature range, when even small changes can be
clearly observed. Typically, a heating rate of 10  C min1 is used, due mainly to
the limited experimental time that is generally available.

11.4
Thermal Analysis

The thermal analysis of polymers is based on changes in the thermal properties of
a polymer sample as its temperature is increased when it is subjected to continuous heating. These properties of polymer electrolytes are especially important
from an industrial point of view.
11.4.1
Information Obtained from TGA

In TGA, information on the heat-resistivity and thermal stability of a sample is
obtained as a function of that sample being progressively subjected to heat. The
heat-resistivity of a sample is based on its decomposition temperature (Td),
whereas the thermal stability is obtained by calculating the sample’s total weight
loss. The heat-resistivity of a polymer indicates the ability of the chains in the
polymer electrolyte matrix to sustain their original form when subjected to continuous heating. When the decomposition temperature is exceeded the sample will
become heat-sensitive and undergo structural deformation, forming oxides; this
will result in a weight loss and, in turn, will indicate the sample’s thermal stability.
An example of how the decomposition temperatures and percentage total weight
loss are obtained, using the TGA thermogram of pure PVC, is shown in
Figure 11.2.
11.4.2
Thermal Process

In TGA, two different types of degradation mechanism involving polymer electrolytes are observed, namely dehydration and decomposition. The dehydration process
occurs at a temperature of 100  C, which corresponds to the evaporation of
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Figure 11.2 The labeled TGA thermogram of pure PVC.

residual solvent and moisture [14]. However, any further increase in the temperature above 100  C will lead to a depolymerization process, in which a radical loss
in the sample’s weight will be observed. Further subjecting the sample to heat,
above its maximum Td, will result in carbonization and ash formation [15].
11.4.3
The Value of the TGA Information

Knowledge of the thermal properties of developed polymer electrolytes are important before determining their major applications, which mainly involve the fabrication of high-conducting electrochemical devices. These characteristics are due to
the nature of the device, which may undergo self-heating when mobile ions are
transported through and ﬂow from the anode to the cathode. In time, the point at
which heating occurs will become enlarged on heavy usage, and this can result in
an explosion if the polymer continues to be used for excessive working periods.
These effects highlight the need to monitor the safety aspects of electrochemical
device usage at higher temperatures.
The importance of identifying the thermal properties of each developed system
becomes apparent from the many reports on this subject. Studies have also been
conducted on the thermal properties of polymer electrolytes composed of polymer
blend matrices in the presence of a highly heat-stabilized component polymer.
The latter type of formulation was found to have a better thermal proﬁle when
compared to homopolymer-type-based electrolytes.
A pioneering study conducted by Varughese and coworkers [16] revealed that the
thermal properties of PVC are improved when it is blended with an appropriate
amount of epoxidized natural rubber (ENR). The blending of ENR potentially
inhibits the formation of chlorine free radicals as the PVC decomposes, thus eliminating the evolution of HCl that may promote chain dehydrochlorination.

11.5 Results and Discussion: Thermal Analysis

Detailed studies on the inﬂuence of an increasing ENR content on the thermal
stability of PVC/ENR blends have also been reported. Other evidence was
obtained by Calandrelli and coworkers [17], who improved the thermal properties
of the aromatic polyoxadiazole by blending it with a secondary homopolymer component, polyamide.
The thermal degradation of blends based on PVC, PMMA and PS was also
monitored [4]. Recent studies of PMMA systems by Ramesh and coworkers
showed that the low thermal resistance of PMMA was suppressed when it was
blended with PVC [18], and suggested that the PMMA/PVC blend matrix is more
heat-stable than a matrix formed by the PMMA homopolymer alone.

11.5
Results and Discussion: Thermal Analysis

In TGA studies, an initial weight loss is generally observed to start above room
temperature (ca. 70  C), which corresponds to the desorption of residual solvent
or moisture [15]. This process was not observed in any of the TGA curves of the
tested samples up to 100  C, which indicated that the thin ﬁlms appeared to be
dry. Whilst this process was omitted in the present studies, the contributing factors that induced a weight loss of the tested samples (starting at >100  C) was
considered by referring to the TGA curves in Figures 11.3 to 11.10.
11.5.1
Pure PVC

The TGA curve of pure PVC ﬁlm (see Figure 11.3) indicates that pure PVC undergoes degradation via a two-step process. The initial degradation process is seen to
start above 110  C and continue up to 220  C. The most prominent degradation

Figure 11.3 Thermogravimetric curve of pure PVC.
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Figure 11.4 Thermogravimetric curve of pure PEO.

Figure 11.5 Thermogravimetric curve of PVC/PEO blend.

Figure 11.6 Thermogravimetric curve of PVC/PEO:LiCF3SO3 (80 wt%:20 wt%).

11.5 Results and Discussion: Thermal Analysis

Figure 11.7 Thermogravimetric curve of PVC-PEO:LiCF3SO3 (50 wt%:50 wt%).

occurs at about 170  C, as evidenced by the observed slump in the TGA curve at
that temperature, which induces a weight loss. The degradation process is initiated by the formation of free radicals of chlorine (Cl ), with the degradation product being obtained on the combustion of PVC [4]. As the temperature rises above
260  C, the free radicals abstract the hydrogen atoms of the methylene group in
PVC so that hydrogen chloride gas (HCl) is formed [4,19]. The HCl then catalyzes
the dehydrochlorination reaction [18], leading to the production of polyene
sequences with lengths ranging from six to 14 conjugated double bonds to a maximum of 30 units. The occurrence of the dehydrochlorination reaction is represented in Scheme 11.1.
The dehydrochlorination reaction may occur via either a radical or ionic mechanism, or it might even occur simultaneously following more than one

Figure 11.8 Thermogravimetric curve of PVC-PEO-LiCF3SO3-DBP:EC (90 wt%:10 wt%).
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Figure 11.9 Thermogravimetric curve of PVC-PEO-LiCF3SO3-DBP:EC (70 wt%:30 wt%).

Figure 11.10 Thermogravimetric curve of PVC-PEO-LiCF3SO3-DBP-EC:SiO2.
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mechanism. The decomposition process generates a byproduct of the components
of monomers and oligomers that are sufﬁciently small in terms of molecular
weight to be easily volatilized from the PVC matrix when subjected to continuous
heating [20]. This led to a dramatic increase in weight loss by PVC above a temperature of 260  C as the result of a second decomposition process. The exclusion of
HCl gas is another contributory factor for the observed increase in total weight
loss. The total weight loss exhibited by pure PVC up to a ﬁnal tested temperature
of 320  C was 57.3 wt%.
The total weight loss can also be calculated by using Scheme 11.1; the loss was
calculated as 58.4 wt% when considering the molar mass ratio between the product (73 n g for 2 n HCl) and the reactant (125 n g). This value is very close to the
value obtained from the pure PVC thermogram in Figure 11.1 (57.3 wt%). Thus,
it can be concluded that the weight loss of pure PVC with temperature is due
mainly to the release of HCl gas.
11.5.2
Pure PEO

The TGA curve of pure PEO is shown in Figure 11.4. In theory, the thermal
decomposition of pure PEO occurs in a one-step process at temperatures >420  C
[21], which is beyond the temperature range of the present study. Thus, no change
in the weight percentage of the sample was observed up to 320  C.
The change in weight is only accountable when a depolymerization process
occurs as the result of radical formation in the macromolecule. Therefore, it
seems that no free radicals are formed over the temperature range studied that
would induce the degradation of pure PEO. Based on the TGA results of pure
PVC and PEO, it was concluded that pure PEO is thermally more stable than
pure PVC.
11.5.3
System 1: PVC/PEO Blends

The TGA curve of a PVC/PEO blend is shown in Figure 11.5. This blend was seen
to experience a total weight loss of 51.5 wt%, and to have an improved thermal
stability compared to pure PVC. These data help to explain the choice of polymer
blending technique used when developing high-thermal resistance matrices containing PVC polymers. The thermal properties of the PVC-based formulations
were also shown to be improved when blended with poly(isobornyl acrylate)
(PIBA), as reported by Kok et al. [22].
Many blending solutions have been formulated in the presence of PEO, owing
to its high thermal resistivity towards the heat. As noted by Caykara et al. [23], the
thermal properties of homopolymeric sodium alginate (NaAlg) are improved
when it is blended with PEO; indeed, the thermal properties (i.e., heat resistance)
of the blended formulation were seen to be similar to those of pure PEO. Alternative combinations of the PEO blend were reported by Kanis et al. [24], who showed
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that the thermal proﬁle of PEO (which always increases the thermal proﬁle of
other homopolymers) was improved by blending with a type of polymer called
carbopol, which is more thermally stable than PEO. The resultant delay in thermal
degradation demonstrated the efﬁcacy of carbopol in increasing the thermal stability of PEO.
The improvement in thermal stability of the PVC/PEO blend was due to the
resistance of PVC to undergo the dehyrodrochlorination reaction – a process that,
in PVC, is observed to start at >110  C. This process is retarded due to an absence
of released free Cl radicals to catalyze the chain dehydrochlorination of the PVC
phase; rather, these radicals migrate into the PEO phase and generate PEO– macroradicals by abstracting the hydrogen atoms in PEO [4]. The PEO chains can then
undergo chain scission at sites adjacent to the macroradicals’ center, without
undergoing the stages of depolymerization. As a result, the formation of lowmolecular-weight volatile components would be suppressed and a reduction in
weight loss observed on its volatilization. The free radicals which normally would
contribute to a degradation of the polymer via chain dehydrochlorination would be
stabilized. A reduction in the release of free Cl radicals in the blend can be
proved, via a decreased slump in the TGA curve of the blend at temperatures
ranging from 110  C to 190  C.
The second decomposition temperature of the blend is approximately 245  C;
this value was seen to be lower than that obtained in pure PVC and pure PEO.
The reduction in the second decomposition temperature was attributed to the
presence of a high amorphous phase concentration in the PVC/PEO matrix. The
atoms present in the PVC/PEO blend are diffused far into the amorphous phase
and are bonded together by weaker interactions; consequently, only a small
amount of heat would be sufﬁcient to disrupt or break these loosely held atoms.
This is suggested as being the reason for the observed reduction in second decomposition temperature of the blend when compared to neat PVC and PEO.
11.5.4
System 2: PVC/PEO:LiCF3SO3 Blends

The TGA curves of the PVC/PEO:LiCF3SO3 matrix with the LiCF3SO3 content of
20 wt% and 50 wt% are shown in Figures 11.6 and 11.7, respectively. In the following subsections, changes in the thermal properties of the PVC/PEO blend after
the addition of LiCF3SO3 are examined in comparison with Figure 11.5, and the
variations with increasing contents of LiCF3SO3 are also discussed.
The data in Figures 11.5 and 11.6 show clearly that the initial addition of
LiCF3SO3 to the PVC/PEO blend provides improvements in both heat-resistivity
and thermal stability. Displacement of the second decomposition temperature
from an approximate value of 245  C in the PVC/PEO blend to 280  C in the blend
containing 20 wt% LiCF3SO3 illustrates the enhanced heat-resistivity. This displacement to a higher temperature was attributed to the presence of an organic
group in LiCF3SO3, which undergoes decomposition at the higher temperature
and indicates the non-heat-sensitive nature of the sample. Consequently, fewer

11.5 Results and Discussion: Thermal Analysis

components would become detached from the matrix when it is subjected to
increasing heat. This resulted in total weight loss reductions of 51.5 wt% and
45.8 wt% in the PVC/PEO blend and in the matrix containing 20 wt% LiCF3SO3,
respectively, illustrating an enhancement in thermal stability.
A comparative study on the thermal properties of PVC/PEO:LiCF3SO3 with different doping of LiCF3SO3 was made based on the data of Figures 11.6 and 11.7.
The decomposition temperature of the sample was found to decrease slightly in
line with increases in LiCF3SO3 content, from about 280  C to 270  C. This effect
was attributed to a destabilization defect on the polymer host imposed by the high
LiCF3SO3 concentration.
The results of various studies on the effect of the guest ionic species content on
polymer stability have been interpreted as a consequence of the interaction
between guest ions and polymeric solvent, which weakens the bonding in the
macromolecular backbone and makes it less resistant towards thermal degradation. In other words, the sample with the highest LiCF3SO3 content can be termed
heat-sensitive. This interpretation further supports the suggestion that the interaction between the guest salt and the host polymer is linked to increases in salt
content.
As the sample with a high LiCF3SO3 content is heat-sensitive, a major increase
in total weight loss would also be expected. Indeed, the increased weight loss was
calculated to range from 45.8 wt% to 61.3 wt% as the LiCF3SO3 content was
increased from 20 wt% to 50 wt%. These data indicate that the addition of increasing amounts of LiCF3SO3 to the PVC/PEO:LiCF3SO3 blend lead caused its thermal stability to undergo stepwise decreases in line with the LiCF3SO3
concentration. These results were in accordance with previous ﬁndings observed
with PEO-based electrolytes [25], where the onset of degradation was dependent
on the electrolyte composition, conﬁrming that the salt does indeed have a destabilizing inﬂuence on the polymer hosts.
11.5.5
System 3: PVC/PEO-LiCF3SO3-DBP:EC Blends

The effects of increasing EC content on the thermal properties of PVC/PEOLiCF3SO3-DBP:EC are shown in Figures 11.8 and 11.9, where the EC contents are
10 wt% and 30 wt%, respectively. The plasticized matrix began to decompose at a
very low temperature, with the ﬁrst decomposition occurring at about 170  C. This
effect was caused by a high degree of volatilization of the plasticizer, which
escaped from the matrix when the latter was subjected to only low heat levels.
The second decomposition temperature occurred at 245  C, and was due to an
increase in the amorphous nature of the matrix when plasticized with increasing
EC contents [15]. This increase in the amorphous region provided a greater availability of loosely bonded atoms, which easily decomposed under minimum heating. Thus, the sample increasingly lost its heat-resistivity as the EC doping level
was raised. This led to increases in total weight loss, of 64.8 wt% and 70.4 wt%,
respectively, in samples containing 10 wt% and 30 wt% of EC. Thus, it was
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concluded that increases in EC plasticization would reduce both the heat-resistivity and thermal stability of the matrix [26].
Similar reductions in the thermal stability of samples were reported by Ramesh
et al. [27] when, in the presence of EC, the matrix began to lose its heat-resistivity.
In another study the matrix was reported to have lost its heat-resistive nature upon
the incorporation of EC [28]. Clearly, the thermal properties of polymer electrolytes are reduced when plasticizers are incorporated into the matrix.
11.5.6
System 4: PVC-PEO-LiCF3SO3-DBP-EC:SiO2 Blends

The addition of SiO2 has a signiﬁcant effect on the thermal properties of PVC/
PEO-LiCF3SO3-DBP-EC:SiO2, as shown by the TGA curve in Figure 11.10. The
degradation process in this system is found to start at a temperature of approximately 170  C, which is attributed to decomposition of the plasticizers. The second decomposition takes place at about 245  C and correlates to decomposition of
the matrix that is highly amorphous in nature.
The change in total weight loss upon the addition of SiO2 is marked, decreasing
from 70.4 wt% (noncomposite sample) to 64.8 wt% (composite sample). This
reduction is indicative of improvements in the thermal stability of composite thin
ﬁlms, and may be attributed to the elimination of the initial decomposition that
produces Cl free radicals in the presence of SiO2 particles [29]. This, in turn, will
inhibit the depolymerization process producing low-molecular-weight volatile
compounds, such that lesser components will be volatilized and the weight loss
will be minimized. A second reason for the lesser availability of volatile compounds is the strong acid–base interaction between the lithium cation (Liþ) (from
the lithium salt) and the oxygen atom (in the SiO2 particle). Improvements in thermal stability were also observed when titanium oxide (TiO2) was incorporated into
the matrix formulated by Rajendran et al. [30]. Clearly, the thermal proﬁle of a
polymer electrolyte can be improved by blending it with any type of ﬁller
compound.

11.6
Conclusion

PVC/PEO blend-based polymer electrolytes were prepared using a solution-casting
method. By using TGA, the thermal proﬁle of pure PVC was shown to be
improved when blended with a highly heat-stabilized PEO; this was achieved by
retarding the release of free Cl radicals that catalyzed chain dehydrochlorination.
The thermal properties of the PVC/PEO blend were improved by an initial addition of LiCF3SO3; however, when the LiCF3SO3 content was further increased the
matrix began to lose its thermal resistance. These reductions in thermal properties
were induced by a weakening of the bonds within the macromolecule backbone in
the presence of a high LiCF3SO3 content. The thermal properties of PVC/PEO:
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Dynamic Mechanical Thermal Analysis of Polymer Blends
Jose-David Badia, Laura Santonja-Blasco, Alfonso Martínez-Felipe,
and Amparo Ribes-Greus

The development and commercialization of polymer blends involves the need to
provide materials with a balance of properties that is not affordable via common
polymers, without investing in the creation of new macromolecules [1]. In order to
offer a wide variety of performance conditions, polymer blends must show toughness, rigidity, stiffness and thermal resistance, as well as ﬂexibility, low cost and
environment-friendly production. Potential applications include electrolytes for
membranes [2–7], packaging [8–18], controlled-released drug carriers [19], hightech fabrics [20], rooﬁng [21], green consumables as mobile phones [22], and
many others. Polymer blends may perform under a variety of service conditions
(e.g., vibrations, damping, acoustics) that may induce small stresses (s) which provoke small strains (e) in their structure; this, in turn, may have a degrading impact
[23–28] on the cooperative motions responsible for the macromolecular dynamics
of the blends. The viscoelasticity of the polymer blend components plays an
important part in their performance under external mechanical solicitations. In
this chapter, the potential of dynamical mechanical thermal analysis (DMTA) is
assessed by focusing on ability of the technique to offer information not only on
the viscoelastic performance of polymer blends in terms of mechanical moduli,
but also in terms of miscibility, segmental dynamics, and the effect of plasticizers
and crosslinkers. It should be noted that, although the viscoelasticity and rheology
of polymers are intimately related, only nonﬂowing situations are described in this
chapter. It should also be noted that the bibliography provided corresponds to
studies on polymer blends that are known to be physical mixtures of polymers in
dissolution, or in melts, in contrast to the deﬁnitions of copolymers and polymer
composites [29].

12.1
Dynamic Mechanical Thermal Analysis (DMTA)

The technique of DMTA is a devoted to assessing the viscoelastic response of a
material submitted to a mechanical solicitation, as a function of temperature and
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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frequency [30]. DMTA allows the study of molecular-level thermal transitions at
different segmental scales by characterizing the evolution of macromolecular
relaxation times with temperature [31]. A brief description of DMTA, with details
of its theoretical basis, are provided in the following subsection.
12.1.1
The DMTA Analyzers

A general schematic of the primary components of a DMTA instrument is shown
in Figure 12.1. The majority of DMTA analyzers include: (i) a displacement sensor, such as a linear variable differential transformer (LVDT), which measures the
changes in voltage that occur as the instrument probe moves through a magnetic
core; (ii) a temperature control system or furnace; (iii) a linear drive motor for
probe loading, which provides a load for the applied force; (iv) a drive shaft support and control system that acts as a guide for the force from the motor to the
sample; and (v) clamps which hold the sample being tested in place.
Analyzers are available for both strain (displacement) and stress (force) control.
On the one hand, under strain control, the probe is displaced and the resulting
stress of the sample is measured by implementing a force balance transducer,
which utilizes different shafts. The advantages of strain control include a better
short-term response for materials of low viscosity, which allows experiments of
stress relaxation to be performed with relative ease. On the other hand, under
stress control a set force is applied while several other experimental conditions
(temperature, frequency, or time) are varied. Although stress control analyses are

Figure 12.1 Schematic representation of a DMTA device.

12.1 Dynamic Mechanical Thermal Analysis (DMTA)

Figure 12.2 DMTA geometries of experimental testing.

typically less expensive to conduct than strain control analyses (because only one
shaft is needed), they are more difﬁcult to perform. The main advantages of stress
control analysis are that the sample structure is less likely to be destroyed, such
that the relaxation times can be used and longer creep studies performed. The
spatial resolution is another variable that must be taken into account. Usually, the
resolution of LVDTs approaches 1 : 200 000, which means that the system can be
used to measure nanometric displacements [32]; however, in order to assure reliable measurements of 1 nm the maximum displacement of the DMTA must be
set at 200 mm. This factor would be especially relevant when testing for miscibility.
According to the service conditions at which the polymer blends may perform,
or depending on the probe geometry, different deformation modes can be applied,
as shown in Figure 12.2. With regards to the distribution of applied forces to the
longest dimension of probes, uniaxial modes cover tension and compression
experiments. Perpendicular modes gather torsion and bending experiments, the
latter with three geometries, according on the clamping used: single cantilever;
dual cantilever; or triple-point bending. Finally, the shear mode induces contrary
forces in parallel planes. With regards to the probe geometry, bars are usually
measured by bending or torsion, ﬁlms by shear and tension, ﬁbers by tension,
and foams, elastomers and even viscous liquids by compression.
Depending on the commercial trademark, the DMTA analyzers can offer different ranges of temperature and frequency ranges. In general terms, currently available analyzers have can perform between 150 and 600  C, in multifrequency
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mode, from 0.001 to 300 Hz [32–34], although a more reduced range is advisable
in order to obtain more consolidated experimental results. If, in contrast, larger
ranges are required – in terms of both time-scale and/or temperature-scale – this
can be achieved indirectly by performing several isothermal DMTA experiments
over a frequency range and then applying the time–temperature superposition
theory [31].
12.1.2
Using DMTA to Analyze the Viscoelastic Behavior of Polymers

The classical theory of elasticity describes the mechanical properties of elastic solids, where the stress s is proportional to strain e in small deformations. Such a
response of stress is independent of strain rate, with a constant E, known as
Young’s modulus.
s ¼Ee

ð12:1Þ

On the other hand, the classical theory of hydrodynamics describes the properties of viscous ﬂuids, for which the response of stress is dependent on strain rate,
where the constant of proportionality is known as viscosity g.
s ¼g

de
dt

ð12:2Þ

Polymers, when subjected to an external action (thermal, mechanical, magnetic,
etc.), react by developing processes in their structures which have the property of
not instantly adapting to a new equilibrium. These processes occur in characteristic times, known as relaxation times t. It should also be noted that the response of
a polymer depends on both the time and temperature of application.
Macromolecular segments have ability to absorb energy by a segmental
rearrangement that involves changes in the lengths and angles of bonds, both at
the main macromolecular polymer chain, as well as at the secondary and branching segments; this movement or rearrangement is termed “creep.” Polymers
remain solid even when these parts of their chains are rearranging in order to
accompany the stress, and as this occurs it creates a back-stress in the material.
Thus, when the back-stress has the same magnitude as the applied stress, the
material will no longer creep. However, when the original stress is removed the
accumulated back-stresses will cause the polymer to return to its original form.
Usually, part of the material will creep – hence the preﬁx “visco-” – while part of
the material recovers – hence the sufﬁx “-elasticity.”
Apart from relaxation and creep experiments, two major types of test mode can
be used to monitor the viscoelastic properties of polymers, namely temperature
sweep and frequency sweep tests. These experiments are usually performed at
short strains (<0.5% of active length) so as to be within the linear region when a
sinusoidal stress s (Eq. (12.3)) (i.e., force per area unit) is applied to a viscoelastic
material; the resultant strain e (i.e., unitary relative geometric displacement)
appears out-of-phase (Eq. (12.4)), with the angle d being v the angular frequency

12.1 Dynamic Mechanical Thermal Analysis (DMTA)

of the oscillation:
sðtÞ ¼ s0  cosðiðv  tÞÞ

ð12:3Þ

eðtÞ ¼ e0  cosðiðv  t þ dÞÞ

ð12:4Þ

From trigonometric relationships and separating into “in-phase totally elastic
response” and “out-of-phase totally viscous response,” and dividing stress by
strain, it is possible to arrive at the expressions of complex modulus (Eq. (12.5)),
and loss factor (Eq. (12.6)):
sðtÞ
¼ E 0  ðcos d þ i sin dÞ ¼ E 0 þ i E 00
eðtÞ
.
00
tan d ¼ E 0
E ¼

E

ð12:5Þ
ð12:6Þ

The real part of E , E0 , is termed as the “storage modulus,” and represents the
energy that is absorbed and released elastically during the deformation. On the
other hand, the imaginary part of E , E00 , is termed as the “loss modulus” and
represents the amount of energy absorbed due to internal motions in the material.
12.1.3
Description of DMTA Results: The Viscoelastic Spectra

The macromolecular rearrangements and motions that occur during DMTA
experiments, due to the viscoelastic character of polymer blends, can be either
primary (e.g., glass–rubber relaxation) or secondary (due to segmental motions of
side groups or local motions in the backbone, such as stretching or bending). One
of the main advantages of DMTA is that it is particularly sensitive to secondary
transitions. The main parameter is the glass–rubber relaxation temperature, Ta,
which is usually related to the calorimetric glass transition temperature, Tg. However, despite both parameters being expressions of the same physical phenomenon – that is, a massive cooperative relaxation of polymer segments from rigid to
mobile states – they only coincide under speciﬁc experimental conditions [31]. In
the following sections this temperature will be referred to as Ta, since it is more
appropriate for viscoelastic experiments. Figure 12.3 shows the E0 responses of a
DMTA test for ideal polymers in which different sections can be distinguished,
as follows.
12.1.3.1 The Glassy State
At temperatures below Ta, the material is in glassy state and only small increases
in free volume due to molecular motions can modify the moduli: E0 is slightly
decreased along with small increases in E00 . In this region, vt  1; that is, the
applied oscillatory deformation is faster than the relaxation time of the side-group
polymer segments, and consequently the material shows a rigid behavior.
In this range, small peaks can appear in the loss modulus E00 evolution; these
peaks are associated with secondary transitions in the glassy-state, referred to as
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Figure 12.3 DMTA response for ideal (a) thermoplastic and (b) thermoset polymers.

“local-scale motions,” such as the rotations and oscillations of side groups and
oscillations and partial rotations of the blend backbone. The peaks and their transitions are usually labeled in decreasing temperature order as Tb, Tc, Td, and so on.
These transitions can be related to different material properties in the glassy state,
such as peel-strength in paints [33], toughness [35], or acoustical and vibration
damping [34]. The use of dielectric methods, as well as solid-state NMR, helps to
complete the study of those groups responsible for these small macromolecular
motions [31].
The plot of the inﬂuence of modifying the frequency of analysis f versus the
reciprocal of the peak temperatures of E00 or tan d, for all experiments at all frequencies, displays different behaviors for sub-Ta transitions and the glass–rubber
relaxation, as shown in Figure 12.4. Typically, a linear behavior is found for sub-Ta
transitions, which can be analyzed using an Arrhenius model (Eq. (12.7)), from
which the apparent activation energy Ea can be obtained, as shown in Eq. (12.8),
where t0 is a time reference scale (in seconds), and R is the ideal gas constant
(8.31 J K1 mol1).


Ea
tðT Þ ¼ t0  exp
ð12:7Þ
RT
Ea ¼ R 

d ln t
d ð1 =T Þ

ð12:8Þ

Monitoring the evolution of Ea can serve as a reliable indicator of molecular
rearrangement due to the degradation of polymers [23,24]. In this sense, blends
of low-density polyethylene (LDPE) and a starch-based commercial biodegradable
material commonly used as an additive, Mater-Bi AF05 H, were studied after a
period of annealing and biodegradation in soil [18]. The changes in Ea observed
in the blended samples indicated that degradation of the blends was due mainly
to the presence of Mater-Bi, the carbonated chains of which seemed to act by hindering the uniform growth of crystallites in LDPE, thus promoting a broader

12.1 Dynamic Mechanical Thermal Analysis (DMTA)

Figure 12.4 Arrhenius plots for sub-Ta (fitted to Arrhenius equation) and glass–rubber relaxation

(fitted to VFTH equation).

distribution of crystallites within the LDPE. Over a range of exposure times in
soil, the changes observed in relaxation indicated degradation of the Mater-Bi, as
the spectra of the blended samples tended to resemble those of pure polyethylene.
12.1.3.2 The Glass–Rubber Relaxation
Due to the increase in temperature, the glass–rubber relaxation (also termed
a-relaxation) involves large-scale polymer segments and produces signiﬁcant
changes in the material’s performance. The temperature that deﬁnes this region
can be calculated by different conventions: onset or peak of E00 ; onset or peak of
tand; and/or onset or inﬂection of E0 drop. The method should be speciﬁed in
order to compare results. In addition, if a small jump is seen just before the
a-relaxation this is due to internal rearrangements to relieve stresses due to a subTa thermal history that is mainly induced by processing and storage conditions.
The glass–rubber relaxation occurs when vt  1; that is, when the reciprocal of
angular frequency approaches the relaxation time of the polymer segments, and
thus, the major internal rearrangement (i.e., highest E00 ) is obtained. A crankshaft
cooperative segmental motion of the backbone is then produced which increments the large-scale mobility and a rubbery-state ﬂow of the blend. In general
terms, the ratio between unrelaxed (E0 at T < Ta) and relaxed (E0 at T > Ta) moduli
is notably higher for the glass–rubber relaxation than for sub-Ta transitions.
It was shown in Figure 12.4 that, in the case of glass–rubber relaxation, the
linearity of the plot of peak E00 or the peak of tan d versus the reciprocal of the
peak temperature, was lost. Consequently, the Vogel–Fulcher–Tamman–Hesse
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(Eq. 12.9) [36–39] is applied where B (K) and TVFTH (K) are positive parameters
speciﬁc to the material. It has been shown that TVFTH is identiﬁed with the Kauzmann temperature TK, which represents the conﬁgurational ground-state temperature at which the viscosity diverges and the excess conﬁgurational entropy
vanishes [40,41]; typically, this appears 40–60 K below Ta. It is common to rewrite
the parameter B as B ¼ DTVFTH, where D is an a dimensional factor termed “fragility” or “strength parameter.” Qualitatively, D is related to the topology of the
theoretical potential energy surface of the system, where fragile systems (D  6)
present a high density of energy minima, in contrast to strong systems (D 15)
which present a lower density. The activation energy can thus be obtained from
Eq. (12.10):




B
D  T VFTH
tðT Þ ¼ t0  exp
¼ t0  exp
ð12:9Þ
T  T VFTH
T  T VFTH
d ln t
RB
Ea ¼ R     ¼ 

T VFTH 2
d 1
1

T
T

ð12:10Þ

Some examples of the analysis of the apparent activation energy Ea of blends
can be found in the literature. When evolution of the Ea of liquid cis-polyisoprene/
trans-polyisoprene (CPI/TPI) blends was analyzed using the VFTH model [41], the
Ea for pure TPI was observed to be higher than that of TPI/CPI blends. Moreover,
as the concentration of TPI decreased, then the Ea also decreased; this was
ascribed to the fact that in glass–rubber relaxation the motion of molecules is governed by the crosslink density. As the decrease in TPI content caused a decrease in
crosslink density, this in turn enhanced the motion of chains, and consequently
less Ea was required to promote segmental cooperative movements.
12.1.3.3 Rubbery Plateau
Above Ta, the material remains in a rubbery state, and at this point E00 ! 0 due to
vt 1; that is, the applied oscillatory deformation is far slower than the cooperative segmental movements, and thus the internal reorganizations elastically
absorb the solicitation. Thus, E0 shows a constant value that may be related to the
molecular weight between entanglements or crosslinks [42]. The inﬂuence of
physical ﬁllers may play a role in the E0 -values during the rubbery plateau, as will
be shown later.
12.1.3.4 Recrystallization or Curing
Although it is not common, some polymers show a remarkable cold-crystallization
during heating scans in thermal analytical techniques [25], due to the polymer
segments acquiring the necessary mobility to rearrange into crystalline domains.
This results in an increase of E0 but no remarkable change in E00 , as the regime is
still in vt 1. Rather, it might be due to the effect of short chains or particles
acting as nucleants for the formation of crystalline regions. However, this effect
should be taken into account when designing polymer blends.

12.2 Miscibility Studies

In thermosetting systems, the increase in temperature will increment the number of crosslinks, and this in turn will increase the storage modulus of the polymer blend; this is shown schematically in Figure 12.3b.
12.1.3.5 Flowing
At temperatures just below melting, the material will start to ﬂow in a liquid-like
manner, causing a dramatic reduction in the moduli. Thus, it is advisable to
design experiments in the correct fashion by deﬁning a ﬁnal temperature that is
safe enough to avoid spreading and to prevent the polymer blend from sticking to
the probe of the DMTA analyzer.
12.1.4
Modeling the Viscoelastic Behavior

The complex modulus components E0 and E00 are frequently modeled in the frequency domain by means of the so-called Cole–Cole [43] plot, that is, E00 ¼ f(E0 ),
and application of the Havriliak–Negami model [44], provided that there is no
overlapping between a and b relaxations:
E ¼ E1 

E1  E0
½1 þ ðivt1a Þ b

ð12:11Þ

where E1 and E0 are the unrelaxed and the relaxed moduli, respectively, i is the
square-root of (1), v is the angular frequency – that is (2pf )1, where f is the
linear frequency – and a and b are constants.
The Kohlausch–Williams–Watts model [45,46] can also be used in the time
domain, by means of Eq. (12.12):
 t k
E  ¼ ðE 1  E 0 Þ  exp 
þ E0
ð12:12Þ
t
where k is a constant.
Although the modeling of viscoelastic behavior in the frequency and time
domains is very interesting from a scientiﬁc point of view, it is beyond the scope
of this chapter, which is focused more on the technological applications of DMTA.
A summary of the main frequency-domain models is shown in Table 12.1, and
further information on this subject is available elsewhere [31].
12.2
Miscibility Studies

Miscibility can be understood in terms of the homogeneity of polymer blend segments at the molecular level. Variations in Ta are indicative of the miscibility of
polymer blends, as shown in Figure 12.5 for an ideal polymer blend in terms of
loss modulus, with the following options:
i) Homogeneous miscibility, when the Ta of the polymer blend lies between
the Ta-values of the pure polymers.
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Table 12.1

Theoretical models to explain the viscoelastic behavior of polymer and polymer blends.

Model
Debye

Equation

Reference

E ¼ E1 þ

E0  E1
1 þ ivt

[47]

ðE 0  E 1 Þ
1 þ v2 t 2
vt
00
E ¼ ðE 1  E 0 Þ
1 þ v2 t 2
E0 ¼ E 1 þ

Cole-Cole

E ¼ E1 þ

E0  E1
1 þ ðivt Þ1a

[43]

0<a<1

Fuoss–Kirkwood
Davidson–Cole

[48]
E ¼ E1 þ

E0  E1

ð1 þ ivt Þb

Havriliak–Negami

E0  E1
E ¼ E1 þ h
ib
1 þ ðivt Þ1a

Lunkenheime–
Pimenov–Dressel–
Schiener–Schneider–
Loidl

E 00 ¼ a

Friedrich–Braun

E ¼

ðvt0 Þa
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ii) Heterogeneous miscibility, when the Ta of the pure polymers is modiﬁed
with respect to that of the polymer blend, but presents certain phenomena
such as a signiﬁcant broadening of the glass–rubber transition.
iii) Partial miscibility, when one of the components modiﬁes its Ta but that of
the other component(s) remain(s) almost unaltered.
iv) Immiscibility, when the Ta of the pure components is the same as for the
polymer blend.
12.2.1
Binary Systems

Some examples of miscibility can be highlighted. For example, thermosetting
polymer blends composed of bisphenol A-based benzoxazine (BA-a) and cyanate
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Figure 12.5 Miscibility of polymer blends by examination of the glass–rubber relaxation temper-

ature. Hollow and full symbols differentiate initial (individual polymers) and final (polymer
blend) situations.

ester (BACY) were prepared via the co-curing of benzoxazine with cyanate ester
[53]. In this case only a single peak was revealed, that could be associated with a
single glass–rubber relaxation between those of the two homopolymers. A single
Ta of the blends was found between those of the component polymers, which
implied a near-homogeneous matrix; this improved not only the modulus of the
blend but also its thermal stability. Other studies performed on liquid cis-polyisoprene/trans-polyisoprene (CPI/TPI) blends exhibited a single glass–rubber
relaxation which also indicated the miscibility and better compatibility of these
blends for industrial applications [41]. In contrast, poly(ethylene-co-vinyl alcohol)
and poly(methyl methacrylate) blends were shown to be immiscible, independent
of the ethylene vinyl alcohol (EVOH) and blend composition [54].
During recent years, polymer blends derived from renewable resources [55]
have attracted much scientiﬁc, technological and commercial interest, due to the
provision of “green” replacements for the commonly used petroleum-based polymeric materials. In this sense, when the compatibilization of melt-mixed
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polylactide/polyhydroxyalkanoate (PLA/PHBV) blends was investigated in
dynamic mode [12], the results highlighted the important role of the interfaces
between PLA and PHBV and the peculiar behavior in terms of the viscosity of
some mixtures at low frequencies. At medium and high frequencies, the mixture
dynamic viscosity followed the mixing law. Others investigated the compatibility of
binary blends of poly(lactic acid) and glycidyl methacrylate grafted poly(ethylene
octane) (PLA/mPEO) [56]. All of the binary blend compositions exhibited two distinct glass–rubber relaxation temperatures that corresponded to the mPOE-rich
and PLA-rich phases, respectively. These peaks approached each other with
increasing mPOE content, indicating the partial compatibility of PLA/mPOE
blends, which was ascribed to the reaction between epoxy groups of the mPOE
and the carboxyl end-groups of PLA.
12.2.2
Ternary Systems

Although the miscibility of blends usually relates to binary systems, miscibility in
ternary blends may show a different behavior for different components. A general
blend of A/B, when blended with a third polymer C, may show variations in Ta_A
but not for Ta_B, thus demonstrating the different degrees of miscibility between
A and C, and immiscibility for B and C. This is the case for mixtures of polyarylate (PAR) with liquid-crystalline copolyesters of p-hydroxybenzoate–poly(ethylene
terephthalate) (PET), which showed variations of the Ta_PAR with blend composition, and no variation of Ta_PET, showing no miscibility of PAR in PET [57]. These
observations may be interesting if the coupling of immiscible polymers is being
considered, as this can be achieved by using a mutually miscible third polymer, as
shown elsewhere [58,59].
12.2.3
Influence of Type of Processing

The type of process used may have a direct inﬂuence on the ﬁnal composition of
the blend. For example, in mixtures of LDPE and linear low-density polyethylene
(LLDPE), it was shown [60] that during quenching the two phases appeared clearly
separated, whereas during a slow annealing process the blend was partially compatible. It is interesting to note that the processability of polymers can be
improved by blend mixing, as shown for the rubber toughening of poly(ether
imide) (PEI) by the addition of poly(butylene terephthalate) (PBT) [61]. The tan d
of the PEI–PBT 80/20 blend showed a single peak at about 177  C, this being the
temperature intermediate to those of the neat components (221 and 66  C, respectively), and indicating the presence of a single miscibilized amorphous phase.
This decrease in Ta of the PEI matrix after the addition of 20% PBT indicated that
the processability could be improved, by allowing the mixing temperature to be
reduced from the usual 340  C for neat PEI to 290  C for the blend. This concept
was also used successfully to mix PEI–PBT/mPEO blends, thereby avoiding
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signiﬁcant mPEO thermal degradation because similar processing temperatures
were used to process blends such as PET/mPEO [62] (275  C), PA66/mSEBS [63]
(280  C) and PSU/mPEO [64] (290  C). Other studies showed that the addition of
LDPE to LLDPE not only facilitated the extrusion process but also improved the
optical properties of the blown ﬁlm [65].
Blends that are initially immiscible or partially miscible and which have been
modiﬁed to increase compatibility are also referred to as “polymer alloys” [29].
One interesting approach to homogenizing initially immiscible materials may
involve thermal treatment, and along this line the effect of annealing on the miscibility and phase behavior of poly(trimethylene terephthalate) (PTT) and bisphenol
A polycarbonate (PC) blends was examined [66]. These blends, which exhibited a
heterogeneous phase-separated morphology and two well-spaced glass–rubber
relaxation temperatures, were submitted to an annealing process at 260  C during
2 h. Subsequently, a single Ta was shown as a clear effect of homogenization. It
was also noted that the original semicrystalline morphology could be transformed
into an amorphous nature by extending the annealing period.
12.2.4
Recovering Plastic Waste by Polymer Blending

Blending can also be an effective strategy for recovering polymer-based waste.
In this sense, the introduction of styrene-based polymers to prepare polymer
blends from recycled poly(vinyl chloride) was studied to test the potential for
recovering PVC from disposed credit cards [67]. The incorporation of styrene/
acrylonitrile (SAN) to the recycled PVC improved the mechanical properties,
but a strong reduction in the ductile properties was reported; this was attributed to the fragile nature of the SAN itself and the lack of total miscibility
among the components. In the case of acrylonitrile/butadiene/styrene (ABS)
blends, an enhancement of the ductile properties was noted, and assigned to
the butadiene segments.
12.2.5
Influence of Nanoparticles

The use of nanoparticles such as nanoclays or carbon nanotubes (CNTs) has been
shown to play a role in the partial miscibility of blends. For example, nanoclays
can be used as both coupling agents and reinforcing agents in polychloroprene/
ethylene–propylene–diene-monomer rubber (PCR/EPDM rubber) blends [68]. In
one case, the addition of nanoclays reduced the interfacial energy between the
phases by accumulating at the interfaces; this permitted a ﬁner intercalation–exfoliation process during mixing and vulcanization, and also provided a strong
reinforcement to the rubber blends. In particular, the incorporation of <9 wt%
nanoclay increased the dynamic storage modulus of the blend above the glass–
rubber relaxation region, from 2 MPa to 54 MPa. Chemically treated ﬁllers can
also act as coupling agents for previously immiscible polymer blends, as was the
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case with blends of poly(etherimide)/liquid crystalline polymer(PEI/LCP), ﬁlled
with multiwalled CNTs (MWCNTs), modiﬁed with polycarbosilane-derived b-SiC
particles (SiC-MWCNTs) [69]. Whereas, the blending of LCP with PEI
decreased the E0 -value of the binary blend compared to pure PEI (due to
incompatibility between the two matrices), the incorporation of MWCNTs into
the PEI/LCP blend system enhanced the E0 -value. However, in the presence of
SiC-MWCNTs the E0 -value of PEI/LCP showed a remarkable improvement
compared to the values for pure PEI, PL, and LCP. A remarkable ﬁnding was
that the E0 curve of the binary blend showed a two-step drop, as compared to a
one-step drop for the pure components (PEI and LCP). Further reports were
made of similar contributions by nanoclays in improving the miscibility of
thermoplastic polyurethane (TPU)/polypropylene (PP) blends coupled with
maleic anhydride-grafted polypropylene (MA-g-PP) [70]. The incorporation of
unmodiﬁed MWCNTs into the binary blend also showed a two-step drop in E0 ,
but the SiC-MWCNT-ﬁlled system depicted a single-step drop demonstrating
the improvement in compatibility of the PEI/LCP blends. In this sense, other
studies of the effect of MWCNTs on polycarbonate/liquid crystalline polymer
(PC/LCP) blends [71] proved that, by increasing the MWCNT loading, the maximum of tand was decreased, highlighting the reduction of any dampening
effect by the addition of MWCNT. This suggested that some interfacial adhesion existed between PC and LCP, and that this was increased in the presence
of a higher MWCNT content and resulted in a better stress transfer between
PC and LCP. The same type of observation was made in the case of wood
ﬁber-reinforced polyhydroxybutyrate-co-valerate composites [72].
12.2.6
The Study of the Rubbery Plateau as an Indicator of Miscibility

The study of the rubbery plateau also provides information on the effects of
some additives on the miscibility of blends. The morphologic development of
polystyrene (PS)/polyamide (PA6) blends in which titanium dioxide (TiO2)
nanoparticles were localized preferentially in the PA6 domains was investigated [73]. For the blend without nanoparticles, the E0 curve showed a similar
shape as for neat PS, which suggested that PA6 was separately dispersed in
the PS matrix to form a matrix-droplet structure. However, by adding a large
amount of TiO2 nanoparticles a signiﬁcant rubbery plateau of PS appeared at
T > Ta. Moreover, an increase in the TiO2 content not only led to a higher E0 at
the rubbery plateau but also extended its temperature range, thus demonstrating an improvement in co-continuity for the TiO2-ﬁlled PS/PA6 system. The
results of other studies [68] also showed that the reinforcement and migration
of nanoclay in polychloroprene/ethylene–propylene– diene-monomer (PCR/
EPDM) rubber blends played a role in the compatibilization of incompatible
rubber blends, thus offering new routes to the design of novel rubber-based
technical products for a diversity of applications. Considerable increases in the
E0 of the rubbery plateau were found in these cases.

12.3 Segmental Dynamics, Fragility Index, and Free-Volume
Table 12.2 Compositional rules based on the study of the glass–rubber relaxation temperature
(Cp: heat capacity obtained by differential scanning calorimetry; a, k, and q are adjustable
parameters).

Author

Equation

Reference

Fox

1
w1
w2
þ
¼
Tg Tg 1 Tg 2

[75]

Gordon–Taylor

w1  Tg 1 þ k  w2  Tg 2
w 1 þ k  Tg 2
Da2  V 2
k¼
Da1  V 1
X
wi  DCpi  lnTg i
iX
lnTg ¼
w  DCpi
i i

[76]

Couchman–Karasz

Kwei

Tg ¼

Tg ¼

w1  Tg 1 þ k  w2  Tg 2
þ q  w1  w2
w 1 þ k  Tg 2

[77]

[78]

12.2.7
Theoretical Approaches to Calculating the Glass–Rubber Relaxation Temperature

The Ta of polymer blends can be related to the blend composition by different
equations, as shown in Table 12.2. The T a of miscible blends of poly(p-dioxanone) with poly(vinyl phenol) (PPDO/PVPh) [74], as studied using the Fox [75],
Gordon–Taylor [76], Couchman–Karasz [77] and Kwei [78] models, showed that
the experimental data lay below the Fox equation, suggesting that the free
volume of the blends was larger than predicted, assuming free volume additivity. On the other hand, the Gordon–Taylor and the simpliﬁed Kwei equations
ﬁtted the experimental Ta values appropriately. Other studies have shown that
the Ta of SAN/PMMA blends was also effectively approached by the Gordon–
Taylor relationship [79,80].

12.3
Segmental Dynamics, Fragility Index, and Free-Volume

Studies of the loss modulus E00 by means of DMTA provides important information regarding the dynamics involved throughout the glass transition of these
materials. The strong–fragile glass concept formerly proposed by Angell [81]
relates to the variation of viscosity with temperature, and can be explained under
two border limits. A fragile glass-former experiences a dramatic loss of properties
(rheological, mechanical) throughout a speciﬁc short temperature interval, such as
the glass–rubber relaxation, whereas a strong glass-former maintains its properties without any signiﬁcant changes [82,83]. Whilst, on the one hand, the t(T) of a
strong glass-forming behavior can be expressed by the Arrhenius law (Eq. (12.7)),
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on the other hand a fragile glass-forming polymer would deviate from the thermally activated Arrhenius behavior, as usually occurs with linear polymeric materials, as shown in Figure 12.4 As noted above, this effect can be explained by a
Vogel–Fulcher–Tamman–Hesse model (Eq. (12.9)), whereby the so-called fragility
index m permits an assessment of the deviation of t(T ) from the Arrhenius behavior of polymers. The index is deﬁned as the characteristic slope of the fragility plot
logt versus TaT1, and varies between two limiting values of 16 and 200 for
strong and fragile glass-formers, respectively [84,85].

d logðtÞ 
BT
m¼
¼
ð12:13Þ
dðTg=T ÞT¼Tg lnð10Þ  ðTg  T VFTH Þ2
considering the Tg ¼ Ta corresponding to experiments at t  100–200 s. In this
case, m can be assimilated to the average energy barrier related to the segmental
cooperation, which has to be overcome to reach a minimum energy state after the
a transition.
Kunal et al. [86] performed several studies to relate the dynamic fragility of several families of polymers to their substituents, in terms of steric hindrances and
chemical interactions, and some examples are also available for polymer blends.
The effect of adding a high-molecular-weight epoxy (HMWE) monomer to a lowmolecular-weight epoxy (LMWE) on the fracture toughness properties of the
epoxydic blend was considered in terms of the degree of crosslinking and density
heterogeneity [87]. Subsequent DMTA studies conﬁrmed that the density heterogeneity in the blends was gradually increased with the amount of HMWE, which
in turn reduced the dynamic fragility and improved the fracture toughness. Other
reports were focused on the segmental dynamics of two phase-separated,
reactively prepared PS blends, namely unsaturated polyester resin (UPR) and
high-impact polystyrene (HIPS), in order to compare the roles of stiff and rigid
inclusions on the fragility of PS [88]. The dynamic fragility of the UPR system
was mildly greater than that of the HIPS system. This can be explained in terms
of segmental motions, restricted by networks crosslinks in the case of the UPR
systems.
The effectiveness of blending can be also assessed from the point of view of
segmental mobility, by measuring either the free-volume coefﬁcient or the thermal expansion coefﬁcient in the rubbery state. This can be considered not only as
an indicator of the degree of miscibility, with its consequent viscoelastic performance, but also as a technological parameter for applications where the transport
properties are crucial, as in the case of membranes for gasoline [89]. The free-volume coefﬁcient can be drawn from an analysis of the E00 spectra, taking
into account the empirical expression formulated by Doolittle and Doolittle [90],
where the relaxation times of the viscoelastic mechanism were found to behave as
follows:


CT 2
ð12:14Þ
tðT Þ ¼ CT 1  exp
wT
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where w is the free-volume coefﬁcient given by w ¼ ðv  v0 Þ  v1, with v and v0
being total and occupied speciﬁc volumes, respectively, and CT1 and CT2 are both
constant parameters, where the latter is close to the unity. In comparison with the
VFTH equation, this equates to:
w¼

ðT  T VFTH Þ
B

ð12:15Þ

In this sense, the steric hindrance induced by poly(ethylene oxide) (PEO) on
poly(methyl methacrylate) (PMMA) in PMMA/PEO blends [91] showed an
increase in free volume that controlled the segmental dynamics. Other reports
noted the effects of blending cis-polyisoprene (CPI) with trans-polyisoprene when,
the higher the CPI content the softer was the blend. When a blend with a lower
CPI content was subjected to a low temperature, the free volume of the molecules
of chains in the blend was decreased [41]. Thus, in line with the calculations of
apparent activation energies, more Ea was required to make the transition from a
rubbery phase to a glassy phase. Likewise, the peel-strength of rubbers , especially
ethylene-propylene-diene-based (EPDM) rubbers, following the addition of two
different resins, namely hydrocarbon (HC) and coumaroneindene (CI), was studied in terms of miscibility and free volume [92]. The HC tackiﬁer was shown to be
fully compatible with vulcanized EPDM, whereas the CI tackiﬁer became heterogeneous with EPDM of low-weight proportions. For all HC-blended systems, a
single Ta indicated phase miscibility which, when displaced to higher values, indicated a reduction in free volume available for local segmental motions. It was concluded that the peel strength of the blended rubber would be increased
incrementally in line with the concentration of the HC tackiﬁer.

12.4
Effects of Plasticizers and Chemical and Physical Crosslinks

The variables that affect dynamic mechanical behavior include important factors
such as the level of crosslinking, the presence of a plasticizer, or phase separation.
Moreover, each factor may occur in either block or segmented copolymers, in
polymer blends, and in semicrystalline systems. In general terms, crosslinking
tends to increase the magnitude of the glass–rubber relaxation and loss behavior;
however, occasionally the relaxation is caused to broaden, as might be expected
due to an inﬂuence on the spreading of relaxation times caused by cooperative
backbone motions. In contrast, the addition of a plasticizer tends to reduce the
glass–rubber relaxation temperature and often broadens the loss response, though
different plasticizers may behave in quite different ways in terms of the extent of
such loss. This permits a degree of control on the thermal range over which
damping occurs. Antiplasticizers can, in fact, depress or eliminate one or more of
the sub-Ta loss responses by limiting the mobility of the corresponding molecular
group responsible for that transition. A representation of the effects of plasticizers
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Figure 12.6 Schematic representation of the effects of plasticizers and crosslinkers on the storage modulus curve. Hollow and full symbols differentiate initial (polymer blend) and final (influence of plasticizer or crosslinker) situations.

and crosslinkers on the storage modulus curve on an ideal polymer blend is
shown schematically in Figure 12.6.
12.4.1
Influence of Plasticizers on Viscoelastic Performance of Polymer Blends

Some examples of the effects of plasticizers on the viscoelastic response of polymer blends are available in the literature [93–97]. Currently, within the ﬁeld of
packaging, very many studies have been conducted with new polymeric materials
derived from renewable resources. For example, the effect of citric acid acting as a
plasticizer was investigated on polylactide/thermoplastic wheat ﬂour (wheat ﬂour/
PLA) blends [93]. This led to the creation of highly deformable materials, all with a
signiﬁcant degree of toughness that was due mainly to the PLA contribution, and
which provided an interesting compromise between brittle PLA and highly ductile
glycerol-plasticized wheat ﬂour. Other studies were initiated to investigate compatibility between hydrophilic starch granules and hydrophobic PLA, glycerol, formamide and water, each of which were assessed as plasticizers for starch so as to
enhance the dispersion and interfacial afﬁnity of thermoplastic starch (TPS)/PLA
blends [94]. Studies of the variation of tand showed formamide to be a much more
effective plasticizer for starch than was glycerol, after having excluded water from
the blend. Along the same lines, the effect of amphiphilic additives (e.g., Tween
60, linoleic acid, and zein) on thermoplastic starch/poly(lactic acid) (TPS/PLA)
was analyzed using monofrequency compression DMTA testing [95]. The blends
showed a lower Ta , due to the plasticizing effect, which in turn facilitated the
processability, ﬂowability and extensibility of these blends. Linoleic acid proved to
be a more effective additive for enhancing the ﬂowability of the TPS/PLA blends
than did either Tween 60 or zein.

12.4 Effects of Plasticizers and Chemical and Physical Crosslinks

Current investigations are aimed at providing polymers derived from renewable
resources but with electroactive properties. For example, an ionic liquid (1-butyl-3methyl imidazolium chloride; BMIM-Cl) was used as a plasticizer in starch, zein
and their blends, and compared to glycerol, as a classical plasticizer of starch [96].
For the blends, the temperature of the two relaxations associated with the starchrich and zein-rich phases was decreased with increasing zein content, this effect
being assigned to the migration of glycerol and/or water from the zein phase to
the starch phase. Subsequent DMTA testing showed that a compatibilization of
starch/zein blends took place in the presence of BMIM-Cl, whereas those plasticized by glycerol were incompatible. Interestingly, these results opened up new
perspectives for the use of bioplastics as solid electrolytes, as these materials are
electrically conductive due to the presence of the ionic liquid [97].
12.4.2
Influence of Chemical and Physical Crosslinkers on the Viscoelastic Performance
of Polymer Blends

Physical crosslinks can be introduced into polymer segments by various means.
For example, they can be crystalline fractions inherent to any of the blend components, or they may be formed after homogenization of the polymer blend, due to
physical entanglements or strain-induced crystallization (i.e., orientation). The
addition of ﬁllers has also been widely used to increase the stiffness of polymer
blends, while post-blending processes to induce covalent chemical crosslinking
can also be effective in this respect.
As some of the polymers present in blends may present with a degree of crystallinity, it is important to understand exactly how the crystalline domains can affect
the viscoelastic behavior of the blend. When processing polymer blends it is
essential to conduct any operations very carefully in order to prevent or improve
the development of crystalline phases according to the desired performance for a
certain application. Under service conditions the main effects of crystallinity occur
below the glass–rubber relaxation temperature, when not only is the storage modulus enhanced as major but the inﬂuence of the semicrystalline polymer present
in the blend, due to the physical crosslinking effect induced by crystallites. For
example, numerous studies to demonstrate the effects of the morphology and
crystallization processing of LDPE-LLDPE blends by means of Ziegler–Natta initiators [98–103] showed that the crystallization speed has a clear inﬂuence on the
segregation of crystals and cocrystallization of the blends [102]. Another example
involved studies of the inﬂuence of crystallinity of polyamide 11 (PA11) into polylactide/polyamide11 blends (PLA/PA11), using monofrequency DMTA tests [104].
At T < Ta for both polymers, the stiffness of PA11 was somewhat lower than that
of PLA, while the E0 -value of the blends roughly obeyed a linear mixing rule. Due
to the closeness of the two polymer moduli, the morphological changes that
occurred with blend composition had very weak effect on the E0 of the blends.
However, when passing Ta, the crystalline phase of PA11 preserved a reinforcing
effect in spite of the fall in temperature accounted for by both components alone.
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Drawing can also introduce physical crosslinks via the formation of crystalline
phases that improve the performance of blends. For instance, microﬁbrillar composites (MFCs) were prepared using different draw/stretch ratios from polypropylene/polyethylene terephthalate (PP/PET) blends [105]. The oriented PET
ﬁbrils in the stretched blend were found to have a greater nucleating effect for the
crystallization of PP than did the spherical PET particles in the neat blend and
randomly oriented short PET ﬁbrils in the MFC, thus improving the storage
modulus.
The concept of reinforcement is widely applied not only in the rubber sector but
also in the recovery of plastics. Elastomeric blends of trans-polyisoprene and liquid
cis-polyisoprene (TPI/CPI) showed a considerable shift in glass–rubber relaxation
temperature towards higher values, and this effect was ascribed to the increasing
crystallinity with the decrease in TPI content [41]. In fact, TPI has a rigid structure
whereas CPI has a loose viscous structure; thus, when CPI was added at the cost
of TPI in the TPI/CPI blends the material converged towards a rubbery elastic
phase. The effect of dynamic vulcanization on the mechanical and fatigue properties of ground tire rubber, styrene-butadiene rubber and their combination on polypropylene (PP/GTR and PP/SBR/GTR) blends was also studied [106]. The values
of E0 at T < Ta increased as the amount of GTR in the blend was increased, due to
an increased crosslink density of the rubber phase and also to the presence of
greater amounts of ﬁller. When the dynamic mechanical properties of recycled
high-density polyethylene and poly(vinyl alcohol) (rHDPE/PVA) blends were studied in tension mode [107], a reduction in the relaxation temperature of the amorphous domains of the PVA was demonstrated that was most likely due to
degradation of the material during processing. Increasing the amount of PVA in
the blend composition led to a higher values of loss modulus in the blends; notably, this behavior was associated with the molecular rigidity of the PVA.
It must be noted that some additives can play a different role, and in this sense
the coupling of a poly(etherimide)/thermotropic liquid crystalline polymer (PEI/
LCP) blend was characterized in terms of the addition of amino-phenol, allyl-phenol and diethylether-substituted polyphosphazene, using monofrequency DMTA
tests [108]. The highest increase in E0 was provided by the amino-phenol compound, due to an improved interfacial bonding between the matrix phase and the
dispersed phase, conferred by H-bonding between the amine group of the polyphosphazene and the carbonyl group of the LCP. In contrast, the effect of the
diethylether-unsubstituted polyphosphazene provoked a greater ﬂexibility, reducing the Ta of the PEI/LCP blend.
12.4.3
Strategies to Tune the Heat Distortion Temperature by Polymer Blending

The heat distortion temperature (HDT), which is also referred to as the deﬂection
temperature under load (DTUL), is usually presented in the datasheet of a material in order to rapidly estimate its thermal resistance capabilities under certain
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conditions. The HDT consists of a monotonously triple-point bending, under constant load and in a controlled-temperature chamber. The temperature at which the
probe is deﬂected by more than 0.25 mm is recorded as the HDT [109].
The application of DMTA can also provide HDT values, the main advantage
being an ability to offer a span of HDTs for different loads, simply by applying a
monofrequency DMTA analysis with the same heating rate as in HDT tests. In
one study [110], the relationship between experiments with polymer blends having
different degrees of miscibility, as well as the effect of ﬁber reinforcement and the
increase of crystallinity in the blend matrixes, were demonstrated. In brief, if the
ordinate of the storage modulus spectrum is entered with the value of the theoretical modulus E that will apply in a HDT analysis then, for common prismatic
probes, Eq. (12.16) can be used to determine the modulus E, where smax, L and
Dd are the maximum stress, the distance between supports applicable by HDT,
and the deﬂection at which HDT is registered (0.25 mm), respectively. Figure 12.7
shows a calculation of the HDT for two polymer blends with different values of
Ta . Clearly, if increasing the HDT of a polymer is focused, then a good criterion
would be to blend it with another polymer with a higher Ta , that would displace
the HDT to a higher temperature. In amorphous blends this option was shown to
be more effective than adding ﬁllers, as HDT is connected directly to the Ta . This
was shown to be an interesting option for semicrystalline polymers, which usually
have a high melting temperature but a low Ta . As shown in Figure 12.7, the addition of ﬁllers may considerably increase the HDT. Another interesting design
strategy would be to combine semicrystalline polymers (which confer strength to
the blend) with amorphous polymers (which provide processability). This is the
case for nylon-PPE blends [111], which have been used in automobiles to create

Figure 12.7 (a) Differences between polymers with low HDT (dashed line) and high HDT (full

line); (b) Schematic representation of the effects of blending on the HDT values. Hollow and full
symbols differentiate initial (individual polymers) and final (polymer blends) situations.
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external components that need to be painted and baked at high temperatures, but
without softening.
E ¼ s max 

L2
6  Dd

ð12:16Þ

Some examples can be highlighted at this point. When the inﬂuence of chlorinated polyethylene (CPE) content on the properties of poly(vinyl chloride) (PVC)/
poly (a-methylstyrene-acrylonitrile) (a-MSAN) blends (70/30) was investigated
[112], the addition of CPE was seen to contribute to improvements in toughness
but played a negative role in terms of strength and modulus. Indeed, the HDT
values remained essentially unchanged over all of the blend compositions, a property attributed to the greater rigidity of PVC/a-MSAN matrix compared to PVC. It
was also shown that the incorporation of CPE could increase the impact strength,
without sacriﬁcing any heat resistance.
Other research groups have focused attention on different binary and ternary
blends of PP, grafted-PP with acrylic acid (PP-g-AA), and ethylene-vinyl acetate
(EVA) and their reinforcement by organoclays [113]. The incorporation of 40 wt%
EVA into PP led to a decrease in the HDT, according to an increase of ﬂexibility
and toughness due to incorporation of the elastomeric phase. In contrast, the
addition of organoclays to a PP/EVA blend led to a slight increase in both modulus and HDT.
In the case of organoclay-based nanocomposites, the extent of enhancement of
E0 and HDT have been reported as indicators of the aspect ratio of the organoclay
particles dispersed in the polymer blend matrix and, therefore, reﬂect the state of
exfoliation or dispersion of the organoclay [114,115]. In this sense, the
reinforcement by montmorillonite (MMT) of nylon 6 improved the HDT of the
nanocomposites, due primarily to a combination of the high modulus and aspect
ratio of MMT, rather than to changes in the polymer matrix caused by the clay
platelets [114]. Other blends of nylon, modiﬁed by maleated ethylene–propylene
rubber (EPR-g-MA) plus glass ﬁbers, showed that either octyl or anhydride treatment would produce improved HDTs relative to either nylon 6 or nylon 6/EPR-gMA blends [116]. In the case of poly(hydroxyl butyrate-co-valerate) (PHBV)
reinforced with wood ﬁbers [72], an improvement of 24  C in HDT was shown.
The improvement in HDT by enhancing the ﬁber content was due not only to
reinforcement by the ﬁber, which had a higher HDT than the polymer matrix, but
also to an increase in the degree of crystallinity in PHBV due to the addition of
wood ﬁbers, the surface of which had served as nucleating sites.

12.5
Summary

The technique of DMTA is devoted to assessing the viscoelastic responses of
materials submitted to mechanical solicitations, as a function of both temperature
and frequency. Polymer blends may perform under conditions which induce
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stress–strain mechanical solicitations that may impact on the cooperative motions
responsible for their viscoelastic performance. The application of DMTA not only
allows investigations of thermal transitions to be made at different segmental
scales by characterizing the evolution of macromolecular relaxation times with
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Thermomechanical Analysis and Processing of Polymer Blends
Suchart Siengchin

13.1
Introduction

Combinations of standard polymers can help in the development of new materials; indeed, the blending of polymers represents a technological approach to providing materials with a full set of desirable and speciﬁc properties. During the
past few decades there has been a growing interest in polymer blends for the following reasons:
 The quest for new materials.
 The successful use of these blends in the automotive industry and various other
engineering applications.
 Improved processing capabilities, product uniformity, and the ability to make
quick changes to the formulations.
The reasonable performances of polymer blends has attracted economic interest
in a variety of industries. The method by which polymer blends are characterized
is very important from the point of their utility and added value. Such characterization may also help to provide an understanding of the behavior of any new
materials developed using these polymers, including polymer blends. The characterization of polymer blends is also very important if the user industries need to
deﬁne suitable quality aspects in order to obtain products that are of consistent
quality. This would be especially important when the quality criteria depend on
the proposed application of the blend. A careful examination of the various properties of a polymer blend not only provides details of its chemical composition and
constituents, but would also be valuable for predicting the types of possible application. Knowledge of the blend structure and of its observed properties would also
be helpful when developing appropriate modiﬁcations of polymer blends for various applications. Accordingly, the main aim of this chapter is to provide a systematic examination of the toughness characteristics of polymer blends, using novel
methods. Additional aims are to show that the concepts of latex and online

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.

394

13 Thermomechanical Analysis and Processing of Polymer Blends

manufacture of blends are feasible, and to study the structure–thermomechanical
relationships of the blends that have been produced.

13.2
Polymer Toughness

The applications of a semicrystalline polymer are often limited by the high level of
crystallinity, accompanied by brittleness and low-impact resistance [1,2]. However,
this problem can be overcome by blending the thermoplastic with an elastomeric
modiﬁer, which in turn will also improve the polymer’s toughness. Many research
groups have documented the effects of the various parameters of these modiﬁers
on the polymer’s toughness response, including rubber particle size [3,4], rubber
concentration [3,5] and interparticle distance [6,7]. These studies have revealed
that the rubber concentration should be above a critical level in terms of its particle size. In order to improve the toughness of a polymer, the interparticle distance
should fall below a critical value that depends on the volume fraction and the particle size of the rubbers. In this case, the stress ﬁelds of neighboring particles will
overlap such that a larger volume fraction of the matrix will support an average
load that is greater than the applied load. As a consequence of this, multiple localized plastic deformations will be initiated in the plastic zone ahead of the crack
tip. A typical rubber loading is up to 10 wt%, while the particle sizes required to
provide an effective toughening should range between 100 nm and 10 mm.
Although particles in excess of 100 nm will produce an adequate stress concentration effect, smaller particles are unable to store sufﬁcient elastic energy. Rubber
particles with diameters >10 mm have been found to be relatively inefﬁcient,
though they may be effective for bridging cracks.
Polyoxymethylene (POM) demonstrates a variety of outstanding properties,
including easy processing, high stiffness and tensile strength, high heat deﬂection
temperature, and solvent resistance. Consequently, POM is used widely, especially
in the automotive and electronic sectors. To date, POM has been combined with
polyurethane (PU), ethylenepropylene-dieneterpolymer, and other rubbery materials to improve its toughness [8,9]. Currently, POM/PU blends that exhibit highimpact strength and good thermal stability are well established in the market. The
PU additive is mostly a thermoplastic version that is incorporated into POM via
melt compounding.
The toughening of polyamide-6 (PA-6) has also been well studied; indeed, the
incorporation of rubber particles into PA has recently attracted increasing interest
due to the excellent impact properties that are created. The toughening of PAs via
melt compounding with various rubbers (e.g., ethylene–propylene copolymer,
ethylene–propylene–dieneterpolymer, styrene–ethylene/butadiene–styrene–with
and without various functional groups for improved compatibility with PA) is recognized as a state-of-the-art procedure [10–12]. Hydrogenated nitrile rubber
(HNBR), as one of the most stable rubbers, has also been applied as a toughener
in PAs [13]. In fact, HNBR is the preferred component for temperature- and
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oil-resistant thermoplastic elastomers of the blend type, which often contain PAs
[14,15].

13.3
Thermomechanical Analysis and Manufacture of Polymer Blends

Knowledge of both the thermal and mechanical properties of a polymer blend is
important in order for the material to achieve its highest potential. Thermomechanical analysis reveals the temperature and energy changes associated with
structural changes in a polymer blend, and hence the blend’s suitability for many
applications. In fact, the evaluation of thermomechanical properties, such as modulus versus temperature, is used to monitor the quality of the polymer blend for
an intended application. In general, the thermomechanical analytical methods
employed will vary from laboratory to laboratory. Typically, dynamic mechanical
thermal analysis (DMTA), short-time creep (performed at various temperatures)
and thermogravimetric analysis (TGA) are used to evaluate the various properties
of a polymer blend. Details of such applicability and of other investigations with
polymer blends are provided in the following subsections.
During the past few decades, the thermomechanical properties of polymer
blends have been studied extensively by many research groups. For example,
Wong et al. [16] investigated the empirical results obtained from TGA analysis to
offer a convenient means to estimate the overall crystallinity percentage of a polymer blend system. These authors found that the effect of temperature on the
induction time of PP/PE blends could be explained by considering the trend of
the Arrhenius equation. When Fernandez-Berridi et al. [17] conducted a high-resolution TGA of the elastomer composition of SBR/NR in tire formulations, satisfactory results were obtained for the rapid quantitative determination of elastomer
blends used in tires. A detailed survey of TGAs conducted in atmospheres of both
nitrogen and air was presented by Mourad et al. [18,19], who showed that the variations in decomposition temperature with low-density polyethylene (LDPE) and
isotactic polypropylene (i-PP) blend ratios and aging time were analogous in both
dynamic nitrogen and air atmospheres. The thermomechanical properties
revealed that the LDPE/i-PP blends are partially miscible/compatible, and that the
resulting blends were not fully homogeneous [19]. The effect of glycidyl methacrylate (GMA) on the thermal and mechanical properties of biodegradable PLA/
PBAT blend was studied by Kumar et al. [20]. In both TGA and DMA, the results
showed improved thermal properties as compared with virgin PLA. The results
with DMA revealed an increase in damping factor, thus conﬁrming the strong
interface between PLA and PBAT blends in the presence of GMA.
Over the past few years, many attempts have been made to improve the thermomechanical properties of polymers by blending. Nonetheless, there remains a
need for additional studies to widen the scope of knowledge of blending processes
and the thermomechanical behavior of the related polymer blends. Although
many studies have addressed the issue of creep polymers, investigations of the
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short- and long-term creep behaviors of polymer blends are lacking. Hence, the
present study was conducted to predict long-term creep behavior, based on shortterm creep results of polymer blend systems.
13.3.1
Theoretical Background
13.3.1.1 Dynamic Mechanical Thermal Analysis (DMTA)
The dynamic loading of materials by oscillating deformations (or stresses) has
become an increasingly popular method of rheological measurement. One advantage
of dynamic measurements is that periodic signals can be measured with great accuracy. As nonperiodic disturbances can be easily eliminated by ﬁltering, Dynamic
Mechanical Thermal Analysis is a quite common method to provide a better understanding of some of the additional complications that arise due to the time- and
temperature-dependence of the modulus of viscoelastic materials. Usually, the material’s viscoelastic behavior can be determined by measuring the storage modulus and
the loss modulus over a wide range of frequencies and temperatures. The storage
modulus is proportional to the degree of elasticity of the system, while the loss modulus is proportional to the dissipation or loss of energy as heat in a cycle deformation, and to a certain degree reﬂects the viscosity of the system [21]. A schematic of a
dynamic experiment, illustrating graphically the nature of the two sinusoidal signals
against time, is shown in Figure 13.1.
Consider the application of a sinusoidal strain, which can be presented by:
eðtÞ ¼ e0 sin vt

ð13:1Þ

where e0 is the maximum amplitude of the strain, v is the angular frequency, and
t is time.
The phase of the strain is set arbitrarily at zero, which can be done without any
loss of generality (perfectly elastic). The resulting stress s(t) is given by:
sðtÞ ¼ s 0 sinðvt þ dÞ

Figure 13.1 Schematic of the dynamic mechanical experiment.

ð13:2Þ
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A complex Young’s modulus (E ) reﬂects the contribution of both storage (E0 )
and loss (E00 ) components to the stiffness of material, as follows:
E ¼

s0
¼ E 0 þ iE 00
e0

ð13:3Þ

According to schematic of DMTA, the modulus at these two points can be calculated from Eqs. (13.2) and (13.3). The storage modulus (E0 ) gives directly:
E 0 ¼ E  cos d

ð13:4Þ

and in terms of the loss modulus (E00 ):
E 0 ¼ E  sin d

ð13:5Þ

The ratio of the loss modulus to the storage modulus is the tangent of the phase
angle shift d between the stress and strain vectors, thus:
tan d ¼

E 00
E0

ð13:6Þ

13.3.1.2 Creep Response
Polymer blends used for structural applications of practical interest may exhibit a
viscoelastic behavior that has a profound inﬂuence on their performance. Viscoelasticity is of particular interest in materials science and engineering, as it is causally linked to a variety of microphysical processes and can be used as an
experimental probe of those processes as a function of temperature. The viscoelastic behavior of polymer blends can usually be characterized in a creep test
(where the creep strain is measured in time under a constant load) at different
temperatures. In order to describe the creep results, phenomenological models
composed of spring and dashpot elements are frequently used (cf. Figure 13.2). A
spring element (elastic) behaves exactly like a metal spring, stretching instantly
when a stress is applied, maintaining the stress indeﬁnitely, and returning to its
original dimension at the instant the stress is removed. In a dashpot (viscous)
under stress, the plunger moves through the ﬂuid at a rate that is proportional to
the stress. In a creep experiment, the stress is kept constant and the change in
deformation of the polymer as a function of time is recorded.
In the linear viscoelastic range, the parameters of this series do not depend on
the level of the applied load.
For creep under applied constant stress s 0, the material response is:
D ð tÞ ¼

eðtÞ
s0

ð13:7Þ

where D(t) is the viscoelastic creep compliance and e(t) is creep strain at time, t.
In the nonlinear range the dependence on the level of the applied load can be
expressed by multiplying the linear parameters by so-called nonlinearity factors
which, of course, are load-, time- and temperature-dependent [22,23]. The
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Figure 13.2 Behavior of a Hookian spring and a Newtonian dashpot under excitation of
constant load.

nonlinear creep compliance is given by:
Dðt; sðtÞ; T Þ ¼

eðt; sðtÞ; T Þ
s0

ð13:8Þ

where s(t) is the real stress at time t, and T is temperature. This equation can be
simpliﬁed as:
eðt; sðtÞ; T Þ ¼ eðt; s0 ; T Þ ¼ eðt; T Þcs0

ð13:9Þ

Thus, the following equation can be also expressed in terms of creep compliance:
Dðt; sðtÞ; T Þ ¼ Dðt; s0 ; T Þ ¼ ceðt; T Þ

ð13:10Þ

where c is a constant. In the above equation, creep compliance is only a function
of the time and temperature.
Time–Temperature Superposition In order to predict the long-term creep behavior based on short-term creep measurements, it is generally assumed that the
polymer does not change its structure with time, and consequently the time–temperature superposition (TTS) principle can be adopted. TTS has been used to
obtain the master curves for creep compliance against time. According to TTS,
the creep at a given temperature (T0) is related to the creep at another temperature
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Figure 13.3 Scheme of the shift process according to TTS.

(T) by considering the shift factor (aT) along the time scale (t):
Dðt; T 0 Þ ¼

Dðt; T Þ
aT

ð13:11Þ

To illustrate the shifting process more clearly, two individual creep curves are
considered in Figure 13.3. The creep curves obtained at different temperatures
are superposed by horizontal shifting along a logarithmic time scale.
The shift factors can be correlated with temperature via the Williams–Landel–
Ferry (WLF) or the Arrhenius equations [24,25]:
logðaT Þ ¼

C 1 ðT  T 0 Þ
C 2 þ ðT  T 0 Þ

ð13:12Þ

where C1 and C2 are constants and T0 is the reference temperature.
From the temperature dependence of the shift factor, the activation energy (DH)
can be deduced from the following Arrhenius equation [26,27]:


DH 1
1
ln aT ¼
ð13:13Þ

R T T0
where R is the universal gas constant.
13.3.1.3 Thermogravimetric Analysis
The technique of thermogravimetric analysis (TGA), which is used for thermomechanical analysis, is one of the most widely used methods due to its rapidity of
operation and a lesser need for sample manipulation compared to other conventional analyses. TGA is deﬁned as a continuous process that involves the measurement of mass variation as a function of temperature or of time, at a constant
temperature and/or heating rate. The construction of a thermogravimetric balance
is shown schematically in Figure 13.4.
13.3.2
Latex and Online-Manufacturing Concept of Polymer Blends

The blending of polymers is an economic method for developing new polymeric
materials. Ultimately, the ﬁnal properties of the blend will depend on the
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Figure 13.4 The schematic construction of a thermogravimetric balance.

properties of its polymeric components and its composition, but mainly on the
miscibility of the polymers. In contrast, the rheological properties strongly dictate
the choice of processing conditions, which in turn greatly inﬂuence the morphology and therefore the mechanical/physical properties of the ﬁnished product. In
order to prepare polymeric polymer blends, a variety of methods have been followed, including in-situ polymerization, melt-blending and solution techniques. It
should be noted that one of the main aspects for many applications is a uniformity of the blend, so that the properties obtained are uniform throughout the material. In-situ polymerization is a challenge in this respect, as it allows the chemistry
to be adjusted in order to optimize the suitably functionalized polymer components. Unfortunately, this process is cumbersome and also costly, but if the modiﬁcation of the polymer material can be eliminated then the procedure might be
simpliﬁed and the production costs substantially reduced compared to state-ofthe-art processes. The use of conventional melt-compounding techniques to prepare polymer blends is usually more practical and economical than in-situ polymerization, and common polymer processing equipment such as extruders and
internal mixers are best-suited for that purpose. This blending process is somewhat similar to compounding. In a polymer blend the constituent polymers are
usually present in signiﬁcant weight or volume proportions with respect to each
other.
The latex compounding technique represents an alternative approach to the
preparation of blend materials. Latex compounding is a promising method when
compared, for example, to the in-situ polymerization and solution techniques that
are used to produce polymer blends. Today, the procedure is becoming increasingly important as many simple polymers are available in latex form, and latex
can be introduced into the polymer melt during compounding in line. In an
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aqueous polymer latex, the microscopic solid polymer particles are suspended in
water; Figure 13.5a and b shows a transmission electron microscopy image of PS
latex and an atomic force microscopy image of a POM/PU blend, respectively. In
this case, the mean particle size is about 200 nm and the particles are present over
a very narrow distribution. The main advantage of the latex compounding process
is that expensive chemical modiﬁcations of the polymer blend can be avoided. In
addition, polymer-containing lattices can be injected into the melt during continuous melt-compounding.

Figure 13.5 (a) Transmission electron microscopy image of the PS latex; (b) Atomic force

microscopy image of the POM/PU blend.
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Figure 13.6 Online extrusion compounding of a polymer blend.

This latex technique is also highly suited to the online extrusion compounding
of tough polymer blends. By using this online melt-compounding method, different toughened thermoplastics-based blend systems can be produced continuously
in a twin-screw extruder. For blending, a conventional mixing screw with a speciﬁc
design was used [28]. Thermoplastics-based blend systems were developed so that
the sum totals could be set to a speciﬁed mass ﬂow rate. The rubber latex could
then be injected into the extruder, using a pump, and the extrusion temperature
selected to process a range of material systems from the hopper to the die for
blends. The polymer pellets were charged into the feeder in the ﬁrst zone of the
extruder, after which the toughened thermoplastics-based blend was prepared
using a pump; the rubber latex was then injected into the melting zone of the
extruder. The water was eventually degassed in the transport zone of the screw
and evaporation completed using a vacuum pump (see Figure 13.6). One additional beneﬁt of this proposed online extrusion melt-compounding is that thermoplastics with extra toughening (including the use of nanoﬁllers) can be produced
via a very effective process that is both simple to operate and cost-efﬁcient.
13.3.3
Materials Systems Studied

The present studies have addressed the toughening of thermoplastics via a latex
and online melt-compounding technique. Accordingly, a PU latex with 50 wt% dry
content (Acralen U 550), with particle sizes ranging from 100 to 1000 nm (according to the suppliers’ information), was kindly supplied by Polymer Latex GmbH
(Marl, Germany). Granulated POM (Hostaform C 9021; Ticona GmbH, Frankfurt,
Germany) was used as the polymeric matrix for all composite systems. The volumetric melt ﬂow rate (MVR at 190  C/2.16 kg) was 0.8 cm3 min1. POM is fairly
stable against hydrolysis, and at the same time requires relatively low processing
temperatures. PU (10 wt%) was selected as the toughening agent for POM, and
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used in its latex form. It should be noted that the mean size of the rubber lattices
was closely matched to that of the conventional toughening agents and impact
modiﬁers. HNBR latex with a 40 wt% dry rubber content (Zetpol ZLX-A; Zeon
Corporation, Tokyo, Japan) was also used as an impact modiﬁer in the PA-6; the
HNBR content of the PA-6 blend was set at 10 wt%, while HNBR latex was provided as an aqueous dispersion of submicron-sized rubber particles. Granulated
PA-6 (Ultramid1 BS 700; BASF, Ludwigshafen, Germany) of density 1.15 g cm1
and melting point 220  C was selected as the polymeric matrix for all composite
systems. The blend composition was produced by melt-blending PA-6 with HNBR
that had been obtained after drying the corresponding latex.

13.4
Results and Discussion
13.4.1
POM/PU Blend

Scanning electron microscopy images of the fracture surfaces of tensile-loaded
specimens provided further insight into the dispersion state of the PU particles in
the POM matrix. This was due to the larger ﬁeld of view for SEM compared to
TEM. The PU rubber particles were also seen to be well-dispersed in the POM
matrix (Figure 13.7a and b). The mean diameter of the PU particles was between
700 and 900 nm, which closely matched the initial size of the PU particles in the
corresponding latex. The above-mentioned results support the effective dispersion
of rubber particles on the nanoscale range when using the latex online extrusion
technique. It should be noted that the dispersed PU particle size in a POM/PU
blend that had been produced discontinuously was clearly larger when compared
to the present techniques. Although, this technique is not straightforward for
POM, the processing conditions did not result in a prominent thermal degradation of POM. This claim is based on an inspection of the fracture surfaces of the
specimens where no formaldehyde-caused bubbles were seen.
The storage modulus (E0 ) and mechanical loss factor (tand) as a function of temperature for the POM and POM/PU blends are depicted in Figure 13.8. As can be
seen, the storage modulus E0 of POM systems decreases with increasing temperature, whereas the stiffness of the POM/PU blend was less than that of the POM,
due to the rubbery character of the incorporated PU. With regards to the relaxation processes, it is well known that pure POM exhibits three transitions [29–31].
The relaxation transition (c) located at about 60  C is assigned to the glass transition temperature (Tg). The two peaks observed at ambient temperature (b-relaxation) and about 130  C (a-relaxation), respectively, are usually assigned to the
motions of long molecular segments in disordered and well-ordered crystalline
phases, respectively [30]. The addition of PU results in a further relaxation, located
at about 50  C, representing the Tg of the PU. It should be noted that the incorporation of PU decreases the intensity of both the a- and b-relaxations to lower
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Figure 13.7 (a) Scanning electron microscopy image of the fracture surfaces; (b) Transmission
electron microscopy image of the POM/PU blend.

temperatures (ca. 5  C), with the most prominent change being noted for the
b-relaxation. The intensity of the b-peak was further increased when part of the
PU was present.
The effects of increased temperature on the creep response of POM and POM/
PU blend are shown in Figure 13.9a and b. The addition of PU to the POM
matrix resulted in a considerable increase in creep compliance, as might be
expected owing to such rubber modiﬁcation at all test temperatures. Although, in
all POM systems, creep is sensitive to temperature a more interesting observation
is the relative change in transient creep compared to instantaneous creep as the
temperature rises. Notably it was observed that, at ambient temperature, creep
was assigned to the motions of long molecular segments of POM in both disordered and well-ordered crystalline phases; subsequently, creep remained
unchanged at low values of creep strain, followed by a creep strain plateau that
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Figure 13.8 E0 versus T and tan d versus T traces for POM and the POM/PU blend.

was time-independent. Not unexpectedly, the molecular mobility was highly thermally activated at high temperature and acquired a rubbery status that was timedependent. In particular, the accelerating movement of the amorphous chains was
once more increased with increasing time.
The creep data, measured as a function of both time and temperature (T ¼
50 . . . 80  C), have been utilized to create creep master curves by adopting the
TTS principle. Creep at other temperatures can be estimated by considering the
shift factor (aT) along the time scale (t) (cf. Eq. (13.11)). The modeling of creep
behaviors is important from both fundamental and applications-driven perspectives. The Findley power law model has been proposed in order to evaluate the
creep behavior of polymer blends and to predict the long-term deformation based
on short-term experimental data. An empirical description for the creep compliance versus time is given by the Findley power law [32]:
DF ¼ DF0 þ DF1  tn

ð13:14Þ

where n is a stress-independent constant, DF0 is the time-independent compliance, and DF1 is the coefﬁcient of the time-dependent compliance term.
The constructed master curves, along with their Findley ﬁts, are shown in Figure 13.10. Whilst the rubber particles caused a marked increase in creep, the
POM systems experienced prominent creep due to the incorporation of PU in the
POM/PU blend. The data in Figure 13.10 show also that the power law model ﬁts
very well to the creep data for all system for up to 3000 h, or at least until a given
threshold. Although the authors observed the power law to be in good agreement
with experimental results up until a given time, for longer time durations the calculated data may have shown a considerable deviation from the experimental
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Figure 13.9 Effect of temperature on the tensile creep of (a) POM and (b) the POM/PU blend.

results. It should be noted that the master curves constructed from short-term
creep data at high temperatures may not follow the expected creep behavior, due
mostly to the increasing mobility of the polymer chains.
It has been reported that the addition of PU may result in a synergistic effect in
the thermo-oxidative stability of the POM matrix [8], in accordance with the TGAbased observations shown in Figure 13.11, where thermal degradation of the neat
POM clearly occurs as a one-step procedure representing depolymerization.
Whereas, the resistance to thermo-oxidative degradation by incorporating PU is
less than that of POM, subsequent TGA investigations revealed very similar data
relating to the thermal stability of POM-based systems between the nitrogen and
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Figure 13.10 Creep master curves constructed by considering Tref. ¼ 30  C for POM and the
POM/PU blend.

oxygen ﬂows (not reported here). Recently, TGA was used to investigate the degradation properties of these blends in terms of the effect of thermally aged polyethylene/polypropylene blends [33]. In this case, variations in decomposition
temperature for the PE/PP blends, and of the aging times in dynamic nitrogen
and air atmospheres, were analogous.

Figure 13.11 Weight loss versus temperature for POM and the POM/PU blend.

407

408

13 Thermomechanical Analysis and Processing of Polymer Blends

13.4.2
PA-6/HNBR Blend

DMTA spectra in the form of storage modulus (E0 ) and loss factor (tand) as a
function of temperature were plotted and are shown in Figure 13.12a and b. These
data show that the blend with HNBR exhibits a markedly lower stiffness than the
PA-6, at least below the Tg of PA-6; this effect is due to the rubbery characteristics
of the incorporated HNBR. The plots in Figure 13.12b reveal the Tg of PA-6 to be
ca. 50  C, with a strong secondary transition at about 50  C. The latter peak
(b-relaxation) is usually attributed to the mobility of nonhydrogen-bonded amide
groups on adjacent chains [34]. The incorporation of HNBR yielded an additional
maximum at 18  C (Tg of HNBR) in the tand versus T curves. The increment in
tand caused by adding HNBR is due to an increased chain ﬂexibility, most likely
in the interphase regions. It should be noted that the HNBR particles are dispersed on the microscale and rather coarsely in the PA-6 matrix, due to the
incompatibility between PA-6 and HNBR.

Figure 13.12 (a) E0 versus T and (b) tan d versus T traces for PA-6 and the PA-6/HNBR blend.

13.4 Results and Discussion

The effects of increased temperature on the creep response of neat PA-6 and a
PA-6/HNBR blend are shown in Figure 13.13a and b. A creep rate can be quantified as the time derivative (dD/dt) of the creep compliance curve. The creep rate
and creep compliance indicate the temperature-active softening of the PA-6 matrix
as a result of the highly increased mobility of polymer chains under the same
applied load. As might be expected, the incorporation of HNBR increased the
creep compliance and creep rate at all test temperatures. The effect on creep can
be explained based on the morphology of the PA-6/HNBR blend. When considering the external mechanical loading, including changes at the lamellar level in a
semi-crystalline polymer, the ﬁrst lamellae rotation and separation occur when the
amorphous molecules have been fully stretched. These rotation and separation
mechanisms, the occurrence of which depends on the relative orientation of the
lamellae with respect to loading, are also operational in the linear viscoelastic (i.e.,
creep) range. In this case, the HNBR particles act as stress concentrators due to
the large difference in E-moduli between PA-6 and HNBR. This stress-concentrating effect supports a stretching of the amorphous chains, while lamellae separation and rotation are also favored via the tie-molecules. The ultimate outcomes are
increases in both creep and creep rate (cf. Figure 13.13c).
The related parameters – that is, DF0, DF1 and n – were deduced from the best
ﬁts applied to the experimental data (cf. Eq. (13.14)). The related master curves,
viz. creep compliance as a function of time, selecting Tref ¼ 30  C as a reference
temperature, are depicted in Figure 13.14. The power law adequately describes
the incorporation of HNBR, which increases the tensile creep compliance compared to PA-6. The parameters of the Findley power law (cf. Eq. (13.14)) are listed
in Table 13.1. It can be seen that this power law ﬁts very well to the creep data for
all systems up to about 1500 h. It should also be noted that the master curves
constructed from short-term creep data at high temperatures may not follow traditional creep behavior, due to the highly increased mobility of the polymer chains.
Thus, the power law seems adequate for predicting the creep behavior of polymers
within a given time interval. Recent results achieved with PA-66- and polyoxymethylene (POM)-based systems showed that the power law function describes
the experimental results correctly up until a given time threshold, but for a longer
time duration the calculated data may show considerable deviation from the experimental data [28,35].
The effect of testing temperature on the force-versus-time curve is shown for
the PA-6/HNBR blend in Figure 13.15. Notably, with increasing temperature the
time to fracture was increased, as also was the peak force. The largest change in
fracture time occurred between room temperature (RT) and T ¼ 80  C, due to the
fact that the Tg of PA-6 had been surpassed at the latter testing temperature. In the
ﬁrst approximation, it can be assumed that the maximum load in the fractograms
increases with increasing testing temperature; accordingly, a similar increase
would be expected in Kd. The temperature dependence of the fracture toughness
and energy is depicted in Figure 13.16a and b, respectively, from which it can be
seen (Figure 13.16a) that the incorporation of HNBR causes a marked improvement in the fracture toughness of the PA-6. The large scatter in the Kd data of
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Figure 13.13 Effect of temperature on the tensile creep. (a) PA-6; (b) PA-6/HNBR blend;

(c) Creep rate versus time traces.

13.4 Results and Discussion

Figure 13.14 Creep master curves (compliance versus time) constructed by considering the TTS
and selecting Tref ¼ 30  C, and their fitting by the Findley power law equation.

Table 13.1 Fitting parameters of the Findley power law.

Sample designation
PA-6
PA-6/HNBR

DF0 (GPa1)

DF1 (GPa1 s1/n)

0.232
0.284

1.058
1.352

n
0.057
0.066

Figure 13.15 Characteristic force–time curves registered on notched specimens of PA-6/HNBR
at different testing temperatures.
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Figure 13.16 (a) Fracture toughness and (b) energy of PA-6 and the PA-6/HNBR blend at

different testing temperatures.

PA-6 at T ¼ 30  C was not reduced by HNBR, as the Tg of the latter was slightly
above this testing temperature. Clearly, the incorporation of HNBR improves the
Gd, though prominently only at RT and above (see Figure 13.16b). As noted above,
this effect is due to the rather high Tg of HNBR (ca. 25  C according to Ref. [36]).
It should also be noted that the crazing and shear yielding act as a major energyabsorption mechanism in PA-6/HNBR.

13.5
Summary

The aim of this chapter was to develop the toughening of polymers via novel
methods that allow the creation of both microblends and nanoblends. Latex is
effectively a stable aqueous dispersion of ﬁne rubber particles within the

References

submicron–micron range, with the relative particle size distribution depending
heavily on how the latex is manufactured. The mean rubber particle sizes in the
latexes are exactly as required for improving the toughness and impact modiﬁcation
of thermoplastics, and for this purpose polyoxymethylene (POM) and polyamide-6
(PA-6) matrices were both used. Polyurethane (PU) and hydrogenated nitrile rubber
(HNBR) may also be selected and used as toughening agents. The dispersion of the
blends was characterized by using transmission and scanning electron microcopies,
while their thermomechanical properties were investigated using DMTA (for creep,
performed at various temperatures) and TGA. The dispersed rubber particle size was
closely matched to that of the usual toughening agents and impact modiﬁers. The
impact resistance of PA-6 was greatly enhanced by the addition of HNBR rubber,
while online extrusion compounding to produce polymer blends containing rubber
particles to impart toughness offers a general method of modifying these properties.
It is essential, however, that the toughened properties are optimized by incorporating
various ratios of rubber content and concentrations.
13.5.1
Greek Symbols

e; e0
s
s0
v
d

¼
¼
¼
¼
¼

Strain-, amplitude of the strain
Stress
Applied constant stress
Angular frequency
Phase angle shift
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14
Water Sorption and Solvent Sorption Behavior
Fatemeh Sabzi

14.1
Introduction

Miscibility in polymer blends is currently an area of intense interest because of
scientiﬁc inquiry about its causes and the potential technological utility of this
physical approach to “new” polymeric materials. Because of their high molecular
weights, the combinatorial entropy of mixing of two polymers is quite small and,
thus, the usual source of a free energy driving force for mixing is virtually absent.
For this reason, miscibility between two polymers was once thought to be quite
rare. However, it is now recognized that an exothermic heat of mixing sufﬁces to
create thermodynamic conditions for miscibility, and that this possibility is not as
rare as was once thought, particularly when the two polymers have molecular
structures of complementing dissimilarity which permit speciﬁc interactions.
Based on this simple notion, many miscible blends have been discovered during
the past decade, and new systems are being identiﬁed at a rapid rate. Consequently, much interest has arisen about the property relationships exhibited by
such mixtures and, in turn, there is a serious need for techniques to characterize
the interactions between components of the blend. These two questions are somewhat interrelated since, to a degree, the strength of the interactions responsible
for miscibility will inﬂuence the physical properties of the blend.
In this chapter, an extensive study of miscibility is presented by solvent sorption
methods, utilizing solvent probes to ascertain interactions existing in polymer
blends. These methods employ the Flory–Huggins equation for the activity of the
probe a1 , in the polymer blend [1]:
ln a1 ¼ ln w1 þ ð1  w1 Þ þ ðx12 w2 þ x13 w3 Þð1  w1 Þ  x023 w2 w3

where 1 ¼ probe and 2,3 represent the polymers in the blend. The interaction
parameter of the probe and blend, x1b , is affected by the interaction parameter of
the blend x023 as noted in:
x1b ¼ x12 w2 þ x13 w3  x023 w2 w3

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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This equation notes that the interaction between the probe and the blend is also
a function of the interaction energy between the blend components. Thus, the pair
interaction parameters for components of multicomponent polymer blends can be
determined by analyzing the sorption isotherms of the common solvent. For
instance, the isotherms of water vapor sorption by poly(vinyl pyrrolidone) (PVP)poly(ethylene glycol) (PEG) and PVP-PEG-poly(acrylic acid) (PAA) blends with different compositions have been used to calculate the PVP-PAA, PVP-PEG, and
PAA-PEG pair interaction parameters [2]. The calculated values are all negative
and in good agreement with each other. Although x023 yields useful information
concerning the compatibility of polymer blends, this value should nevertheless be
regarded with caution. In a previous study [3], a theoretical discussion was presented regarding the Flory–Huggins interaction parameter for several random
copolymer–solvent systems, along with their corresponding homopolymer pairs.
The data on x1b used for an approximate estimation of the x023 interaction parameter for the limiting case of zero solvent concentration. The x023 for polyacrylonitrile
(PAN)-poly(cis-1,4-butadiene) (cis-Bu) is more negative in pentane than in hexane
or acetonitrile. Clearly, it seems that the solvent used for the study affects the
value of x023 .
The present study adds some insight into the interactions between two polymers but, more importantly, illustrates the type of property behavior that can be
expected from miscible or immiscible – but compatible – blends which exhibit
macroscopically uniform physical properties. The solubility, diffusivity and permeability behavior of numerous series of blends have been evaluated between 1974
and 2012. Whether or not a single phase exists depends on the chemical structure,
molar mass distribution, and molecular architecture of the components present.
Water, organic solvents and gases have been used as probes in sorption experiments and transport processes incorporating pervaporation, vapor, and gas
permeation.

14.2
Water Sorption
14.2.1
Chitosan Blends

Chitosan, the alkaline N-deacetylated derivative of chitin, is one of the most abundant naturally occurring polysaccharides, and has been proven to be biologically
renewable, biodegradable, biocompatible, nonantigenic, nontoxic, and biofunctional. Unfortunately, the rapid degradation and low hygrometric mechanical
property of chitosan limit its use, but to overcome this limitation chitosan generally has been blended with other polymers. The resultant blended chitosan-based
materials were shown to exhibit combinations of properties that could not be
obtained by the individual polymers. As the molecular chains of chitosan are rigid,
an improvement of the selectivity of chitosan membranes by manipulating its
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chain ﬂexibility represents a promising approach for producing polymeric packaging ﬁlms. One important role of a packaging material is to reduce the exchange of
water between a product and the environment. Hence, the sorption data are useful
for selecting a suitable packaging material that has desirable water vapor barrier
properties.
When chitosan-poly (vinyl alcohol) (PVA) blend ﬁlms were prepared, their water
sorption and permeability were found to increase with increases of sorbitol and
sucrose contents as plasticizers [4]. In another study [5], gravimetric investigations
were conducted of the kinetics of water sorption from air of various water activities by chitosan with different degrees of deacetylation (and molecular weights)
and chitosan/PVA blends. An analysis of the results presented showed a clear
effect of the deacetylation degree of chitosan and the presence of PVA in chitosan
blends on the water sorption rate. The character of the sorption curves, the calculated values of diffusion coefﬁcients of water vapor and the micropore volumes
have each shown that the higher chitosan deacetylation (and lower molecular
weight, Mw), the lower the sorption of water vapor. This observed effect can be
explained by a rising ordering of the molecular chains leading to an increase in
the structural packing in chitosan. A modiﬁcation of the chitosan structure in miscible blends with PVA has been reﬂected in reductions of their sorptive properties,
which depend on the weight fraction of PVA and water activity. The lower PVA the
content in the blends, the higher sorption ability is found. A good compatibility of
the components, resulting from the presence of hydrogen bonds between speciﬁc
groups (hydroxyl, amide) of chitosan and the PVA chains, causes an increase in
molecular packing and thus a decrease in pore volume and the rate of water diffusion. The modiﬁcation of chitosan with other polymers, such as hydroxyl propyl
cellulose (HPC), poly(ethylene oxide) (PEO) and jelliﬁed starch, demonstrated the
same water sorption behavior and miscibility of their components [6].
In the case when chitosan and PVA form interpenetrating polymer networks
(IPNs) [7], it is believed that an IPN with a greater PVA content will have a more
compact complex structure than other hydrogels, and a lower swelling ratio. When
studies on the moisture sorption characteristics of chitosan/PEO were carried out
[8], by applying the same reason for the chitosan/PVA blend behavior the slope of
the isotherm curves of sorption was found to increase with an increase in chitosan
content. The concentration-dependence of the thermodynamic functions of mixing chitosan with PVA and PEO was determined by Grebennikov et al. [9] and
Rashidova et al. [10]. Subsequently, the identiﬁcation of negative Gibbs free energies for both systems containing up to 30 wt% PVA and PEO suggested the formation of homogeneous structures.
A novel type of asymmetric blend membrane using a superﬁne chitosan powder
(SCP) and biomedical polyurethane (PU) was prepared, and the variation of water
absorption of different SCP/PU membranes investigated [11]. Chitosan chains
contain abundant hydrophilic OH and NH2 groups which easily absorb water
molecules; hence, as the SCP ratio was increased the membranes were able to
absorb more water and reach a higher equilibrium water absorption percentage.
The other factor that affects water absorption is membrane structure. In this case,
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as the SCP/PU ratio changes the porosity variation of the membranes was
inconsistent with that of membrane water absorption. As the SCP content was
increased from 0 wt% to 30 wt%, both the water absorption percentage and water
vapor transmission rate (WVTR) were found to increase, and this was attributed to
improvements in the porosity and hydrophilicity of the blend membrane. However, when the SCP content was further increased to 50 wt% and 70 wt%, the
porosities of the blend membranes began to reduce, thus depressing the diffusion
rate of the water vapor, whereas the water absorption of the blend membranes
remained enhanced. Consequently, the WVTR of the blend membranes still
increased in line with the SCP content. In addition, when the SCP content is very
high the OH and NH2 groups of the chitosan chains can interact with
O and NH groups in the PU chains, by hydrogen bonding. The interacC
tion of the PU chains is then weakened and the amorphous region increases,
which in turn contributes to the permeation of water vapor. Taken together, these
ﬁndings suggested that the SCP content was a major factor inﬂuencing the water
absorption of blend membranes, and that a decrease in porosity had a negligible
effect on such absorption.
14.2.2
PVP/Polysulfone Blend

Miscible polymer blends offer a physical method for tailoring properties to obtain
combinations that may be more desirable than those of either component polymer. The water sorption and transport behavior of miscible polymer blends have
been examined in several studies. For example, Schult and Paul [12] investigated
the water sorption and transport properties of homogeneous blends of PVP, a
water-soluble polymer that is miscible with a relatively hydrophobic bisphenol A
polysulfone (PSF) over the entire composition range. Unfortunately this study was
restricted to blends containing 40% PVP, since blends containing >40% PVP
would phase-separate when exposed to high water vapor activities. Such phaseseparation is driven by the fact that one polymer wishes to swell or dissolve in
water, while the other does not.
Equilibrium sorption isotherms were measured for various blend compositions
at 40  C as a function of water vapor activity, as shown in Figure 14.1 [12]. Similar
results were obtained at 30 and 50  C [13]. Water uptake was increases at all activities with increasing PVP content, although at high activities the concentration of
water in the ﬁlm showed a signiﬁcant upturn or swelling behavior. This effect
became more exaggerated at high PVP compositions.
Two possible interpretations of this situation were: (i) plasticization of the polymer by the penetrant; or (ii) clustering of the penetrant. These two phenomena
can be distinguished by the behavior of the diffusion coefﬁcient. Typically, plasticization results in an increase in the diffusion coefﬁcient with activity due to
increased segmental polymer mobility caused by the penetrant. In contrast, when
clustering occurs the effective diameter of the diffusing entity is increased, which
in turn decreases the penetrant mobility or diffusion coefﬁcient.

14.2 Water Sorption

Figure 14.1 Equilibrium water vapor sorption isotherms versus activity at 40  C.

The diffusion coefﬁcients of blends containing 0%, 10%, 20% and 40% PVP as
a function of water vapor activity are shown in Figure 14.2. The reduction in the
absolute magnitude of the diffusion coefﬁcient, as PVP is added to PSF, may be
explained by the concurrent decrease in the fractional free volume. For the blend
containing 40% PVP the diffusion coefﬁcient increased with activity and was
greater than that of PSF at high activities. This behavior most likely reﬂects the
strong tendency of sorbed water to plasticize the blend, which overshadows the
inﬂuence of the decrease in the free volume of the dry polymer. The permeability
coefﬁcients for blends containing up to 20% PVP are generally lower than those
for PSF, because the decrease in diffusion coefﬁcient is greater than the increase
in equilibrium water solubility. In contrast, for a blend containing 40% PVP the
permeability coefﬁcients are larger and more dependent on activity than those for

Figure 14.2

Water vapor diffusion coefficient versus activity at 40  C.
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PSF, owing to the very high water solubility and strong plasticization effect on the
diffusion coefﬁcient.
14.2.3
PEOX Blends

In a similar study, Schult and Paul [14] examined the water sorption and transport
properties of a series of miscible blends of hydrophilic poly(ethyloxazoline)
(PEOX) and the relatively hydrophobic poly(ethersulfone) (PES) at 40  C. Similar
results were obtained at 30 and 50  C [13], and the study was restricted to blends
containing 20% PEOX, or less. Similar to the PVP/PSF blends, the equilibrium
water sorption was increased with an increasing hydrophilic polymer content of
PEOX/PES. The equilibrium water uptake for pure PES was greater than that of
pure PSF, owing to the higher relative content of the sulfone unit. For a given
blend composition, the increase in the concentration of water sorbed relative to
that of the pure hydrophobic polymer was greater for PVP/PSF blends than for
PEOX/PES blends.
The addition of PEOX to PES causes the water vapor diffusion coefﬁcient to
decrease in absolute magnitude, but to increase more strongly with activity. This
behavior reﬂects the increased water sorption and the resultant tendency for materials containing PEOX to be plasticized, and overshadows the effect of the
decrease in the free volume of dry polymer. The permeability coefﬁcients for
blends containing 10% and 20% PEOX were lower than those for PES, because
the decrease in the diffusion coefﬁcient was larger than the increase in the equilibrium water solubility.
Blends of water-soluble PEOX with a series of hydrophobic styrene–acrylonitrile
(SAN) copolymers of varying AN content were also immersed in water to determine the kinetics of water swelling and the extent of PEOX extraction [15]. Copolymers containing 25% and 40% by weight of AN formed miscible blends with
PEOX, whereas those containing higher and lower amounts of AN formed
immiscible mixtures with PEOX. The sorption of large amounts of water by
PEOX induced a microphase separation of the two miscible polymers to form
microdomains of SAN in which, evidently, segments of PEOX were entrapped to
form physical crosslinks that precluded disintegration of the sample and extraction of the PEOX, the phase of which was highly swollen by the sorbed water.
14.2.4
PES/PEO Blend

Water sorption isotherms have been determined for PES, PEO, and 95/5, 90/10,
80/20, 70/30 and 60/40 PES/PEO blends at 30, 40, and 50  C [16]. The level of
sorption for the PES/PEO blends is similar up to activities of approximately 0.6.
However, for water vapor activities <0.6 the afﬁnity for water of PEO is not high
enough to allow for crystallinity. As the activity of vapor is increased, the sorption
rises steeply around activities of 0.7–0.8. Clearly, some highly favorable interaction
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occurs at these higher activities, most likely through the formation of PEO/water
complexes sufﬁcient to overcome constraints imposed by crystallites and cause an
eventual dissolution of the polymer. This behavior is reﬂected in the isotherms for
blends containing more than 10% PEO, and may indicate the presence of incipient or induced PEO nuclei with properties approaching that of bulk PEO; the
interaction of water with these small domains, if present, would eventually be
restricted by the surrounding PES continuum. Sorption isotherms have been not
obtained for blends containing more than 40% PEO, as there was evidence of
some degree of crystallization of the PEO component at higher fractions. An analysis of the equilibrium sorption isotherms provided information regarding polymer–polymer interaction, x023 , with negative values of x023 indicating the
miscibility of two components in the range of compositions examined.
14.2.5
Phenoxy Blends

The transport and sorption of water in miscible PES/Phenoxy blends has been
studied at 40  C as a function of blend composition [17]. The isotherms are essentially linear over much of the activity range. The highest values of sorption, diffusion and permeation have been observed for PES with a volume percent of 100,
and the lowest values for pure phenoxy. The intermediate compositions show
decreasing values with decreases in PES content. In an earlier study of this system
[18], the isotherms for the pure components and blends were reported to be practically coincident, except for activities >0.7 where the sorption at a given activity
was increased signiﬁcantly with the phenoxy content of the blend. The differences
in sample preparation or incomplete removal of solvent may be responsible for
these discrepancies.
Miscible 80/20 and 90/10 wt% blends of poly(n-vinyl pyrrolidone) (PVP) and
phenoxy polymer were also swollen with 73–85% water to produce rubbery hydrogels [19]. A ternary phase diagram was calculated assuming athermal mixing
between PVP–H2O and PVP and the known endothermic interaction between
H2O–phenoxy. Phase separation into a phenoxy phase containing minimal H2O
and PVP and a water-swollen PVP phase was predicted in accordance with experimental results. Phase separation was suspected as forming ﬁrst an interconnected phenoxy phase that was later dispersed by swelling forces transmitted
through PVP tie chains.
14.2.6
Poly(ethylene terephthalate) (PET) Nanocomposites

The incorporation of impermeable clay particles into PET (which is a semicrystalline polymer) can improve the barrier properties of PET nanocomposites
towards gases and water vapor. This, in turn, results in outstanding property
improvements in terms of a decreasing water permeability for food packaging
and an increasing ﬂame resistance. When a new system of saturated polyesters
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and their nanocomposites synthesized from glycolyzed poly(ethylene terephthalate) (GPET) with various compositions was investigated for the sorption and diffusion in water [20], the swelling of the saturated polyester was seen to decrease in
line with increases in GPET content. Typically, a sample containing 50% GPET
showed minimum swelling, whereas a neat sample (without GPET) showed maximum swelling. The sorption, diffusion and permeability coefﬁcients for all samples showed a decrease that was in line with increases in GPET content,
indicating that the solvent assimilation or the ability to absorb solvent had
decreased with the incorporation of rigid bulky groups (e.g., an aromatic ring)
into the chain, causing the polymer to become stiffer and have a reduced ﬂexibility. These data conﬁrmed the good compatibility of the nanoclay and polymer
matrix. The sorption curves of samples with varying montmorillonite clay contents showed maximum and minimum swellings for samples with 5% and 4%
clay contents. However, this effect may have been due to an accumulation of clay
at the interface that reduced the barrier properties of the nanocomposite.
As the temperature is increased, the polymer chain shows a higher segmental
mobility and the swelling rate is also increased. However, the nanocomposite sample with 4% clay showed a reverse order, with maximum swelling at low temperatures and minimum swelling at high temperatures. Layered nanoﬁllers have a
platelet-like structure that is evenly distributed into the polymer matrix, creating
multiple parallel layers that force the solvent molecules to ﬂow through the polymer via a tortuous path, forming complex barriers to the solvent molecules.
14.2.7
PMMA/HHIS and PMMA/HS

Modiﬁed polystyrenes containing p-(hexaﬂuoro-2-hydroxyisopropyl) (HHIS) [21]
and p-hydroxystyrene (HS) [22] groups as hydrogen-bond donors were blended
with (poly(methyl methacrylate) (PMMA) as acceptors. The two poly(styrene-co-phydroxystyrene) (PHS) copolymers used contained 5 and 15 mol% of HS units,
respectively, while water vapor was used as a diffusional probe to study segmental
mobility in the hydrogen-bonded polymer blends. Although, both the HHIS and
HS groups had strong afﬁnities for hydrogen bonding with the carbonyl groups of
PMMA, which resulted in miscible blends, the phenol groups had a greater tendency towards self-association. The excess volumes of mixing were negative for the
PHS-5 blends. Whereas, negative excess volumes appeared to be the norm for
miscible blends, the volume of mixing for the PHS-15 blends changed from a
slightly negative value to a positive value as the PHS content was increased from
25% to 75%. Similar trends were found for the blends of HHIS copolymers, with
the excess volumes becoming more positive when the proportion of hydroxyl
groups in the styrene copolymer was increased. Central to the interpretation here
is the assumption that the volume shrinkage expected from the formation of a
hydrogen bond between a free hydroxyl group and a carbonyl group would be
diminished to some extent by the poor packaging of styrene and methyl methacrylate segments in the immediate neighborhood of the interacting sites, and
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consequently the net volume shrinkage would be small. However, the dissociation
of the self-associated hydroxyl groups was accompanied by a volume increase. If
C bond cannot overcome the volume increase
the establishment of an OH  O
caused by the break-up of self-association and poor chain packing, then the excess
volume would become positive.
The sorption isotherms showed that the PHS-5 copolymer absorbed less water
vapor than did PMMA, whilst the PHS-15 copolymer (with more polar hydroxyl
groups) absorbed more water vapor than did PHS-5, but still less than did
PMMA. In both blends the vapor solubility was decreased with increasing
amounts of the copolymer. It is well known that, in relatively nonpolar polymers,
there is a tendency for the sorbed water molecules to associate or form clusters.
Composed predominantly of styrene units, the PHS-5 polymer is relatively nonpolar and the tendency for the sorbed water molecules to form clusters is greatest.
The cluster function is much smaller for PMMA, when the clustering values in
the blend are decreased with decreasing amounts of PHS-5. The clustering of
sorbed water molecules is reduced in PHS-15, which contains a larger proportion
of polar groups than PHS-5, to a point that it is almost indistinguishable from the
clustering in PMMA.
The diffusivity values of PHS-5 blends far exceed the average values of the component polymers; the blends have almost the same diffusion coefﬁcients as
PMMA, while PHS-5 has the lowest value, and it appears that negative excess volumes of mixing and clustered water molecules causing partial immobilization are
responsible for this behavior. In contrast, in PHS-15 blends the positive excess
volume of mixing seems to nullify the restrictive effect of hydrogen bonding,
such that the diffusivity is equal to the average value for each blend. In the case of
HHIS blends [21], the positive excess volumes found for several pairs were
believed to be the result of poor chain packing of styrene and methyl methacrylate.
In fact, for several blends the diffusion coefﬁcients were higher than the average
values for the component polymers.
14.2.8
PVC/EVAc

Marais et al. [23] focused their attention on using copolymers and blends as selective packaging materials that exhibited high H2O/CO2 and CO2/O2 selectivities;
these would provide a better preservation of foods by decreasing the respiratory
intensity and anaerobic fermentation rate through controlling the permeabilities
of oxygen, carbon dioxide and water. Investigations were made into the transport
properties of water, pure carbon dioxide and oxygen through miscible binary
blends of poly(ethylene-co-vinylacetate) (EVAc) with PVC. The main beneﬁt of mixing PVC into EVAc copolymers is the possibility of introducing a glassy polymer
that is known to be compatible with rubbery EVAc series, and which would provide a barrier to gas permeation and thereby improve gas selectivity by changing
the permeability, diffusivity and solubility. Usually, glassy polymers are recognized
as being more selective than rubbery permeable polymers, and subsequent
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investigations have been made with a range of EVAc copolymers including EVAc19
(19% w/w VAc), EVAc50 (50% w/w VAc) and EVAc70 (70% w/w VAc), as well as
blends of EVAc19/PVC (13% w/w VAc), EVAc50/PVC (29% w/w VAc) and EVAc70/
PVC (35% w/w VAc).
As can be seen in Figure 14.3a, the water permeability increases steadily with
the VAc content, as would be expected when the average number of polar groups
(carboxyl) in the copolymer is increased. In the case of blends, this number is not
the predominant factor, however. The unexpected decrease in the permeability
coefﬁcient for EVAc70/PVC appeared to be linked to the addition of PVC, a glassy

Figure 14.3 Transport parameters for water, oxygen and carbon dioxide with EVA series and
EVA/PVC blends. (a) Permeability coefficients; (b) Diffusivity coefficients; (c) Solubility
coefficients.
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polymer that is able to interact with the acetate groups of EVAc. However, in order
to have a better approach to the water permeability it is necessary to examine the
diffusivity data (Figure 14.3b). In comparison with the EVAc series, the lower overall water diffusivity in the EVAc/PVC blends can be explained by the very low
intrinsic free volume of PVC and largest density of material or the small chain
segment mobility caused by hydrogen-bond interactions between hydrogen atoms
and Cl-substituted carbon of PVC with VAc carbonyls. For the EVAcx series and
EVAcx/PVC blends, the same behavior was observed when the polar group content was increased. This variation can be explained by the fact that, for a high VAc
content, the amounts of amorphous phase and the associated amount of polar
groups are sufﬁciently large to govern the diffusion process. The presence of VAc
units reduces the crystallinity of the polymer material, which in turn enhances
diffusivity by decreasing the tortuosity of the diffusion path. In contrast, the polar
and bulky acetyl groups also reduce chain segment mobility; the latter reduction in
mobility is enhanced by the addition of PVC, which interacts with VAc groups in
the blends.
In terms of water solubility, the amount of water sorbed by the blend was very
low, despite the polar character of PVC; notably it was only half that of the pure
EVAcx ﬁlm of equivalent overall VAc content. It would appear that the interaction
between the two polymers leads to a reduction in the number of polar groups
available to interact with water.
Similar to water permeation in EVA/PVC blends, the VAc content is not the
predominant factor and the permeability coefﬁcients for O2 and CO2 do not
depend on the increase in the average number of polar groups. Assuming that
gases (as small permeants) have practically no afﬁnity with polymeric materials, and their sorption coefﬁcient varies moderately with their chemical composition, then the diffusivity will be mainly governed by the structure of the
material. On the one hand, polar and bulky acetyl groups reduce the chain
segment mobility, whereas on the other hand the presence of VAc units also
reduces the crystallinity of the polymer material, thus enhancing diffusivity by
decreasing the tortuosity of the diffusion path. In the case of solubility, as
there are no polar interactions between oxygen molecules and polymer groups,
the sorption coefﬁcient for O2 would be much lower than that for CO2, and
would vary randomly with the VAc content. In the case of CO2 the sorption
coefﬁcient would increase in line with the VAc content of the copolymer. The
blending of EVAc with glassy PVC would lead to a reduction in the sorption
coefﬁcient.
The selectivity to water (aH2O/O2 and aH2O/CO2) increased with the VAc content in
EVAc copolymers and in EVAc/PVC blends, and was highest for the copolymer
EVAc70. The CO2/O2 selectivity was lowest for the blend of EVAc70 with PVC.
Nevertheless, it is interesting to note that for water selectivity with equivalent VAc
content, the EVAc/PVC blends are better than EVAc copolymers, whereas for the
gas the selectivity was practically unchanged. These results can be explained (at
least in part) by the intrinsic properties of PVC, which offers high water and low
gas selectivities.
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14.2.9
PBI/PI

The miscibility of a polybenzimidazole {poly[2,20 -(m-phenylene)-5,50 -bibenzimidazole]} (PBI) and a polyimide {poly[2,20 -bis(4-(3,4-dicarboxyphenoxy)phenyl)propane-m-phenylenediimine]} (PI) was studied over the entire composition range
[24]. The relationships between composition and the diffusion coefﬁcients of water
and 1,2,4-trichlorobenzene (TCB) indicated that the speciﬁc free volume of PBI/PI
blends decreased with polymer–polymer interaction due to hydrogen bonding
between the NH groups of PBI and the carbonyl groups of PI. The water sorption of PBI was relatively high, while that of PI was small. The equilibrium uptake
of TCB was always lower than water, and was higher in PBI than in PI. The vapor
absorption of the blends was lower at each composition than might be expected by
the rule of additivity, or by considering the limiting case of a simple physical combination of pure PBI and PI phases, which was attributed to the speciﬁc interaction of the two polymers. The polymer–polymer interaction parameter, x023
calculated from the equilibrium water and TCB vapor uptake, were positive and
shown to depend on the composition. The results obtained from the water absorption provided increasing values of x023 with an increasing PI content of the blend.
Below 0.6 PI fraction, the change was slower than above, when the increase in the
interaction parameter became considerable. The x023 values calculated from TCB
uptake showed smaller changes as a function of composition, though a sudden
increase was observed between 0.4 and 0.6 PI content. Considering that the equilibrium vapor sorption of PBI is much higher than that of PI for both solvents, it
can be assumed that the solvent uptake of the blends would be a consequence of
interactions only with PBI, and PI can be considered as a neutral component. In
addition, the calculated x12 - and x13 -values were found to be independent of composition, which proves the validity of this assumption. In summarizing these
results it can be deduced that PBI and PI do not form thermodynamically homogeneous blends, in spite of intermolecular hydrogen bonding. The formation of an
heterogeneous structure can be attributed to the stiffness and self-association of
the polymer chains. A phase inversion takes place between 0.4 and 0.6.
14.2.10
PP/EVA

Among oxygen-sensitive food-packaging applications, several materials have been
developed that provide a high-barrier to gas diffusion; unfortunately, however,
some of these are easily plasticized by moisture and consequently are more often
blended with hydrophobic polymers. The water sorption and diffusion properties
of poly(ethylene-co-vinyl alcohol) (EVA) and its polypropylene (PP) blends of
increasing EVA content are, therefore, of considerable interest from both fundamental and practical points of view [25].
The water sorption isotherms of all PP/EVA blends are shown in Figure 14.4.
With regards to the EVA content, differences in water uptake are apparent
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Figure 14.4 Sorption isotherm of PP/EVOH blends in terms of water sorbed amount (%) as a

function of EVOH content at 25  C. , 90/10; &, 80/20; ^, 70/30; , 60/40. The inset shows
the mean cluster size (MCS) versus EVOH content.

between the 90/10 and 80/20 blends on the one hand, and between the 70/30 and
60/40 blends on the other hand, though these differences are only strongly accentuated as the water activity rises. The reason why these blends fail to show any
clearly ranked differences in water uptake at low water activities lies in their morphologies. When plasticization is negligible (as shown in Figure 14.5), water
uptake is the result of a balance between the number of hydrophilic sites and the
existing free volume. The mean cluster size (MCS; shown in Figure 14.4 as an
inset) increases exponentially with increasing blend hydrophilicity.
The water-solubility coefﬁcients of the PP/EVA ﬁlms, and values for pure PP
and EVA for comparison, have been included in Figure 14.5. As expected, the percentage water uptake increases linearly with the EVA content, owing to the
increasing number of OH groups within the polymer matrix that are able to
develop strong hydrogen bonds with the water molecules. The degree of plasticization increases linearly with EVA content up to 30%, but tends to stabilize for the
highest concentration. Moreover, even in the latter blends this parameter is significantly smaller than that of the EVA copolymer; this is due to the EVA phase being
conﬁned in isolated spherical domains within the hydrophobic PP phase, which in
turn prevents the EVA fraction swelling.

Figure 14.5 Water solubility coefficients (S) (bars) and plasticization factors (lines) of the EVOH

amorphous fraction in PP/EVOH films at 25  C and 0.98 water activity.
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In terms of diffusivity, the D-values diminish linearly from 10% to 30% EVA. It
appears that a higher number of interacting sites and a greater cluster size contribute to a further reduction in the effective diffusivity on increasing EVA content. This factor alone does not explain the slightly higher diffusion coefﬁcient of
the 40% EVA sample, however. Rather, the effect is related to the greater void
space around EVA spheres, which causes the plasticized interface to become a
preferential pathway for moisture diffusion. In the case of pure EVA, the diffusion
coefﬁcients are at least one order of magnitude smaller with respect to 70/30 PP/
EVA blends at lower water activities. The reasons for this are the faster free volume blocking (due to the greater number of hydrophilic sites) and differences in
the initial free volume owing to the high inter- and intra-chain self-association in
EVA copolymers. Because of the well-known plasticization process that the EVA
copolymer undergoes, the D-values become superimposable with those of the 70/
30 blends at very high water activities.
14.2.11
PVA/P(AA-AMPS)

Blend membranes of poly(vinyl alcohol)/(acrylic acid-co-2-acrylamido-2-methylpropylsulfonic acid) (P(AA-AMPS)) were constructed to analyze the effects of polymer
blend ratio on the sorption and diffusion properties of penetrant molecules, by
applying molecular simulations. The sorption and diffusion of water/propylene
was calculated respectively, using grand canonical Monte Carlo (GCMC) and
molecular dynamics (MD) simulations [26]. The calculated amount of propylene
adsorbed in the PVA and PVA-P(AA-AMPS) blends was zero, notably because the
interaction between propylene and the polymer, and also its large molecular size,
made it difﬁcult for propylene to be adsorbed. Although increasing the P(AAAMPS) content of the membrane caused the water uptake to be increased to
51 wt%, a further increase in P(AA-AMPS) content caused the water sorption to
be decreased. These simulated results showed the same changing trends as the
experimental study [27]. As the acetate and sulfonic groups in the P(AA-AMPS)
chains had a stronger interaction with water than with hydroxyl groups in the
PVA chains, the incorporation of P(AA-AMPS), with a high density of acetic acid
and sulfonic groups, would increase the interaction between the blend membranes and water, and thus enhance the water uptake. However, as the P(AAAMPS) content was increased, there was a sharp decrease in the free volume that
led to a decrease in the number of adsorbed sites. Consequently, the water uptake
was decreased at higher P(AA-AMPS) contents.
The simulated results of water diffusion in the PVA and PVA-P(AA-AMPS)
blend membranes showed that the diffusion coefﬁcients of water would decrease
in line with increases in P(AA-AMPS) content. The main factors determining the
diffusion of water in the membrane are the free volume properties, chain mobility, and polymer–water interactions. With an increase in P(AA-AMPS) content the
diffusion coefﬁcients of water continue to decrease, despite the chain mobility
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being increased slightly. Consequently, the greater polymer–water interactions and
the decreased free volume would probably play a more important role than would
chain mobility. Notably, for these membranes the water diffusion coefﬁcients
assessed by simulation showed the same trend as did the experimental measurements [27].
14.2.12
PVP/PEG

Treatment of the water state in hydrogels represents a major challenge if the effect
of sorbed water is obscured or hidden by a strong speciﬁc interaction between the
polymeric components of the composite. This is exactly the case for a compatible
blend based on a stoichiometric hydrogen-bonded complex formed by mixing
high-molecular-weight poly(N-vinylpyrrolidone) (PVP) with the short-chain poly
(ethylene glycol) (PEG) [28]. PEG, which bears two hydrogen donor hydroxyl
groups at both ends of short chains, has been shown to form hydrogen bonds
with the proton-accepting carbonyl units of signiﬁcantly longer PVP macromolecules. In this way, the ﬂexible PEG chains can serve as a comparatively long Hbonded crosslink, thus creating a free volume between the cohesively interacting
PVP macromolecule and the plasticizing glassy PVP, because of the free volume
formation and greater molecular mobility of the PEG compared to the PVP chain
segments. Water is not a compatibilizer in the PVP-PEG systems, but rather offers
serious competition to PEG for hydrogen bonding with PVP. The hydrogen bonding of the PEG hydroxyl groups to the carbonyl groups in the PVP units is thought
to occur directly through water molecules associated with the PVP carbonyls, thus
increasing water mobility. However, whereas water sorption has a dramatic effect
on the state of crystalline excess PEG in blends, the state of the amorphous phase
– which is constituted by the PVP–PEG hydrogen-bonded complex – is essentially
unaffected by hydration.
14.2.13
iPHB/aPHB and iPHB/PECH

Poly(hydroxyalkanoates) (PHA) comprise a family of biopolymers that recently has
attracted much attention, due to their full biodegradability, biocompatibility and
natural origin. The most well-studied but easily produced member of this family
is poly(3-hydroxybutyrate) (iPHB), an isotactic which serves as a carbon and
energy storage material. In efforts to improve the properties of iPHB, it has been
blended with a miscible second polymer, intended as a polymeric toughener that
does not impair the biodegradability of the original iPHB. Thus, only iPHB-rich
blends containing up to 40% atactic PHB (aPHB) or poly(epichlorohydrin)
(PECH) have been considered, for which the carbon dioxide and water vapor
transport properties were studied [29].
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CO2 sorption was increased with the amount of aPHB added to bacterial iPHB.
This was an expected behavior as the effect of aPHB is to decrease the overall
crystallinity of the blend in such a manner that more amorphous polymer is available to the CO2 molecules for sorption, assuming zero gas solubility in the crystalline phase. However, the behavior of the iPHB/PECH system was less
straightforward, given that the blend isotherms appear to overlap with that of
iPHB. It is worth noting that, in this case, the situation is complicated due to the
superposition of the effects of the blend composition and the crystallinity degree.
The apparent CO2 solubility in the iPHB/aPHB blends is clearly higher than in
iPHB/PECH blends. In contrast, the behavior of the diffusion coefﬁcients is opposite to this, being higher for the iPHB/PECH system. This is consistent with a
higher mobility of the amorphous phase in this blend, leading to a facilitated
transport of CO2 molecules through the polymeric media. Interestingly, the trends
made evident by solubility and diffusion coefﬁcients tended to compensate in
such a manner that both systems showed virtually the same permeability to carbon dioxide at each composition. The interaction energy density for the polymer
pair calculated from sorption measurement gave a value of 0.60 cal cm3 at
30  C. This result was clearly different from those reported for other types of
experimental measurement, and conﬁrmed the concentration- or temperaturedependence of this parameter.
The dependence of water sorption isotherms on blend composition follows the
same trend as CO2. The diffusion coefﬁcient for iPHB/aPHB blends tended to be
slightly higher than those for the iPHB/PECH system, as opposed to the observed
behavior for carbon dioxide. The upward curvature of the sorption isotherms,
together with a decrease in the diffusion coefﬁcients with activity, is usually indicative of the clustering phenomenon. This means that there is a tendency for the
sorbed water molecules to associate or to form clusters, due to the pre-eminence
of water–water over water–polymer interactions.
14.2.14
Epoxy Resin/PEI

The fragile nature of epoxy resins can be improved by the introduction of a second
component that is capable of phase separation, such as rubbers and thermoplastic
polymers. The excellent properties of epoxy materials are greatly affected by
absorbed water, and thus their potential applications are conﬁned. Consequently,
water sorption behavior in polyetherimide-modiﬁed diglycidyl ether bisphenolA/4,40 -diaminodiphenyl sulfone (DGEBA/DDS) systems has been investigated by
Li et al. [30]. Increasing the polyetherimide fraction in the blends has the effect of
reducing water uptake, while the fractional free volume is seen to decrease with
the increasing polyetherimide fraction. Pure epoxy resins show the highest uptake
and lowest diffusion coefﬁcient; this is due to the numerous hydrophilic groups
(e.g., hydroxyl and amine) that couple strongly with water molecules (by hydrogen
bonding), causing them to locate mainly in the epoxy resin and impede water
diffusion.
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14.2.15
PMMA/PEO

The equilibrium sorption and transport of water vapor in poly(ethylene oxide)/
poly(methylmethacrylate) (PEO/PMMA) blends has been investigated in order to
determine which parameters govern the morphology and scale of component
compatibility in ﬁlms of semi-crystalline polymers, together with problems related
to the number and composition of the amorphous phases [31]. Blends are either
immiscible or (most probably) partly miscible in the amorphous phase; the exceptions are the 10/90 and 20/80 PEO/PMMA blends, which are miscible as the
PMMA phase contains a small part of the PEO component. A decay in permeability has been observed when passing from the more-permeable PEO-rich ﬁlms to
blend ﬁlms that are rich in the least-permeable PMMA. The sorption equilibrium
has been determined only for PEO and 90/10 and 80/20 PEO/PMMA blends,
mainly because the quantity of sorbed water is too small in blends that contain a
greater PMMA content. However, the sorption equilibrium was seen to decrease
with increasing PMMA content, as the number of hydrophobic sites was
increased. The clustering function value was larger for the more hydrophobic
PMMA than for PEO, and was increases in line with PMMA content in the blend;
this conﬁrmed the decreasing trend in the diffusion coefﬁcient with PMMA content. These results were subsequently compared with data obtained for blends prepared from amorphous PMMA and a semicrystalline biodegradable polybutylene
succinate-adipate polyester (BIONOLLE 3000) [32]. Again, although the permeability was decreased by PMMA content, the slope was much less important than had
been reported for the PEO/PMMA blend. At this point it is important to remember that the crystallinity of pure PEO is much higher than that of BIONOLLE.
Furthermore, the crystallinity of PEO in the blend was strongly decreased as the
PMMA content was increased, whereas the crystallinity of BIONOLLE was quite
independent of the PMMA content.
It is interesting to add that, by preparing interpenetrating polymer network
(IPN) hydrogels from PEO and PMMA polymers [33], the equilibrium water content of the hydrogel would increase with increasing PEO content. This effect was
attributed to the hydrophilicity of PEO and hydrophilic functional groups capable
of hydrogen bonding, such as CONH and CONH2. With an increase in the
hydrophilic content of the IPN hydrogels, the diffusion coefﬁcient values were
found to increase as the result of a greater penetration of water into the hydrogels.
In another study, diethyl ether was used as a probe to investigate the local structure in blends of PEO/PMMA [34]. Typically, the diffusion values decrease as a
sign of the tortuous pathway observed in heterogeneous systems, where there are
regions that support rapid diffusion and regions that support slow diffusion, or act
as barriers. In this blend, PEO is known to undergo a rapid segmental motion
typical of a rubbery state, whereas the segmental motion of PMMA is slower by
many orders of magnitude. Mobile PEO would provide a pathway for the diffusion
of structurally similar diethyl ether, whereas the solid-like PMMA would act as a
barrier.
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14.3
Pervaporation
14.3.1
THF/Water Mixtures

Srinivasa et al. [35] studied the performance of PVA membranes that are used for
dehydrating tetrahydrofuran (THF) and water mixtures, by blending the polymer
with poly(ethyleneimine) (PEI). The blend membrane was crosslinked with glutaraldehyde (GA) in order to reduce swelling and increase the structural strength.
The interactions included hydrogen bonding between hydrogen ions of the
hydroxyl groups of PVA and nitrogen ions of the amine groups of PEI, as well as
covalent crosslinking induced by the addition of GA. Although both PVA and PEI
are soluble in water, their blend is not. In fact, the PVA/PEI blend membrane is
highly hydrophilic in nature and absorbs water preferentially owing to extensive
intra- and intermolecular hydrogen bonding. Comparatively, the sorption percentage was greater for the PVA/PEI membrane than for a GA-crosslinked PVA/PEI
membrane, due to the compact nature of the membrane after crosslinking.
Unfortunately, an increased swelling has a negative impact on membrane selectivity, as the swollen and plasticized upstream membrane layer allows some THF
molecules to escape into the permeate side, along with water.
In order to acquire a more detailed picture of the molecular transport phenomenon, Srinivasa et al. [36] performed sorption gravimetric experiments to monitor
how varying the blend ratios would affect the swelling, diffusion and permeability
coefﬁcients of the above-mentioned system. At lower PVA concentrations, the
membrane swells appreciably due to the presence of NH2 groups of the relatively more hydrophilic PEI. A higher concentration of PVA caused an increased
interaction between the amino groups of PEI and the hydroxyl groups of PVA, and
this resulted in a lesser degree of swelling. The decrease in diffusion coefﬁcient
and increase in PVA content could be attributed to reductions of the free volume
and inter-segmental spacing in the polymer network. It is clear that permeability –
which is the net effect of sorption and diffusion – decreases in line with the PVA
content, thus allowing a lower degree of water transfer across the membrane.
In another study, Sunitha et al. [37] described the experimental pervaporative
dehydration of THF, using a blend membrane of PVA/PVP with different blend
ratios. The polymers are perfectly miscible via hydrogen-bond interactions
between the carbonyl groups of the cationic PVP and the hydroxyl groups of the
neutral PVA. The results showed that a high selectivity and promising permeability could be achieved with a 9 : 1 blending ratio of the PVA/PVP membrane. However, on increasing the PVP concentration the afﬁnity towards water was increased
and selectivity decreased, due to enhancements in hydrophilicity and the membrane free volume.
Novel IPN membranes were prepared by crosslinking PVA with GA and PVP
with 4,40 -diazostilbene-2,20 -disulfonic acid, disodium salt (DAS), and then used to
separate THF/water and THF/methanol mixtures by pervaporation [38]. It is

14.3 Pervaporation

interesting to note that the permeation ﬂux increases in line with the PVP content
in the membrane at about 80 wt%, without any loss of selectivity attributed to the
disappearance of PVA crystallinity. The absence of any further increase in the permeation ﬂux for PVP contents >80% was seen to be related to the crosslinking of
both polymer components, and the membrane was unable to swell any further.
This IPN membrane would be best-suited for the dehydration of THF, as it is
much less fragile than a pure PVP membrane, although when PVA/PVP IPN
membranes were used to separate a THF/methanol mixture the membranes
appeared to be less selective. Moreover, the selectivity was decreased when the
PVP content was increased. The sharp decrease in membrane selectivity at a PVP
content of about 20 wt% was attributed to the fact that PVP shows not only a lower
afﬁnity towards methanol compared to water, but that it also exhibits hydrogenbond interactions with PVA and blocks PVA crystallization. As a result, the THF
molecules can penetrate more easily into the membrane, which in turn leads to a
lower membrane selectivity.
14.3.2
Acetic Acid/Water Mixture

In industrial unit operations, waste water is almost always contaminated with acetic acid, the separation of which is difﬁcult by conventional distillation, due to the
close relative volatilities of the two compounds. In contrast, pervaporation (PV) –
which involves dehydration using hydrophilic blend membranes – represents an
attractive alternative. In order to obtain a better PV performance, a novel mixedblend membrane was developed using a suitable graft copolymer such as hydroxyl
ethylcellulose and acrylamide (HEC-g-AAM) with a hydrophilic sodium alginate
(NaAlg) polymer [39]. The degree of membrane swelling was increased in line
with the increasing HEC-g-AAM content. However, as the amount of graftcopolymer was increased the blend membrane became more hydrophilic than
NaAlg itself, an effect which further increased the free volume and resulted in a
tenfold increase in ﬂux. Consequently, selectivity must also be increased by the
same ratio – that is, the higher the grafting ratio, the higher would be the selectivity. Although difﬁcult to achieve, this type of simultaneous enhancement in ﬂux
and selectivity supports the increased selective permeation of water molecules
through the swollen membrane at higher grafting ratios.
14.3.3
Ethanol/Water Mixture

Ethanol is a renewable fuel that can be produced from biomass by fermentation,
and PV has proved to be a viable technology to supplement the distillation of ethanol for puriﬁcation purposes. In order to dehydrate such organic solvents, hydrophilic membranes were prepared by blending sericin and PVA, followed by
chemical crosslinking with dimethylolurea (DMU) [40]. DMU appears to be an
appropriate crosslinking agent, as the crosslinking occurs primarily through the
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hydroxyl functionality of the polymers; this would leave the amino groups in sericin free to interact with water, thus improving the dehydration performance.
Although each of the membranes investigated were able to selectively permeate
water, the chemically crosslinked sericin/PVA blend was generally superior to
membranes made from either sericin or PVA alone. For all of the above-mentioned membranes, a high selectivity appeared to be accompanied by a relatively
low permeability. When comparing the permeation ﬂux of the two sericin/PVADMU1 and sericin/PVA-DMU5 membranes, it became clear that a more intense
chemical crosslinking using a larger amount of DMU would restrain membrane
swelling and lead to a lower permeation ﬂux.
14.3.4
DMF/Water Mixtures

The separation of aqueous dimethylformamide (DMF) solutions has been studied
over the concentration range of 0 to 100 wt%, using sodium alginate (NaAlg)/PVP
blend membranes [41]. By adding PVP, the permeation ﬂux was increased while
the separation factor decreases. An increase in operating temperature was also
found to increase the permeation ﬂux, but to decrease the separation factor. A
blend ratio of 75/25 (NaAlg/PVP, w/w) was preferred for the remainder of the
study, due to acceptable ﬂux and separation factors. When Aminabhavi and Naik
[42] grafted PVA with acrylamide to separate water/DMF mixtures, the membranes proved to be more selective for water than DMF; moreover, while the separation factor was increased with grafting, the permeation ﬂux did not change to
any considerable extent. In another study performed by Kurkuri and Aminabhavi
[43], the grafting of PVA with polyacrylonitrile caused the ﬂux to decrease but the
selectivity to increase. When Das et al. [44] crosslinked polyurethane urea/polymethylmethacrylate (PMMA) IPN membranes for the PV separation of DMF/water
solutions they showed that, as the PMMA content was increased, the DMF ﬂux
and separation factor values were also increased due to the presence of more polar
groups in PMMA.
14.3.5
1,4-Dioxane/Water

A blend membrane of PVA with PEI was developed for the dehydration of 1,4dioxane [45]. Although PVA and PEI are both water-soluble, their blend exhibited
swelling but was insoluble in water. Such non-solubility may be due to the formation of a weak force of interactions, resulting in blending of the two homopolymers. The PVA/PEI blend membrane is highly hydrophilic in nature, and
preferentially absorbs water owing to extensive intra- and inter-molecular hydrogen bonding and dipole–dipole interactions between water and the functional
groups of the PVA/PEI membrane, such as amine and hydroxyl. On increasing
the PVA content of PVA/PEI blend membranes, the sorption percentage would be
decreased and this would result in a reduction in ﬂux and a rise in selectivity. A
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higher concentration of PVA would cause an increased interaction between the
amino groups of PEI and the hydroxyl groups of PVA. Increased interactions
would also reduce the degree of swelling, which would in turn lower the free volume of the polymer due to the close proximity of the chains. This would enable
the preferential permeation of water molecules that are smaller in size and therefore would diffuse more rapidly than dioxane molecules.

14.4
Vapor Permeation
14.4.1
Chitosan/CPA

Safronov et al. [46] performed a thermodynamic investigation of the compatibility
in binary blends of chitosan with ter-copolymamide 6/66/610 (CPA) under ambient conditions, based on the dissolution of the individual polymers and their
blends of different composition in formic acid. The chitosan-rich blends were
characterized by large and negative values of the enthalpy of mixing that provided
a high polymer compatibility and negative values of Gibbs free energy of mixing.
The ﬁrst possible reason for this might be a speciﬁc hydrogen-bonding between
the OH and NH2 groups in chitosan and CONH fragments in CPA.
Subsequently, such interaction would lead to structuring in the blend, which
would in turn give rise to negative values of entropy of mixing. A second possible
reason might relate to the speciﬁc thermodynamic features of polymer glassy
structures. When used in the present study, chitosan was amorphous and existed
in a glassy state under ambient conditions; however, as CPA has a ﬂexible chain it
might be considered as a form of plasticizer, and this would result in large negative values of enthalpy of mixing. The entropy of mixing in this case would also be
negative.
In CPA-rich blends, both the enthalpy and entropy of mixing are positive and, as
a result, the Gibbs free energy of mixing (which is the difference between a relatively large enthalpy term and a smaller entropy term) would also become positive.
The process may be similar to the isothermal fusion of CPA crystallites present in
its structure under the inﬂuence of chitosan, which acts as a macromolecular solvent in the blend. The need for CPA fusion is an obstacle to its compatibility with
chitosan, and the blends would tend to phase-separate, at least potentially.
14.4.2
Natural Rubber Blends

The diffusion and transport properties of polymers were found to depend heavily
on the additives and type of crosslinking. Usually, ﬁllers are added to rubbers in
order to cheapen the product and also to improve their properties. Thomas and
others have investigated the transport properties of aromatic solvents such as
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benzene, toluene and p-xylene through micron-sized [47] and nanostructured [48]
ﬁller-reinforced natural rubbers (NRs), carboxylated styrene–butadiene rubber
(XSBR), and their 70/30 blend latex membranes. As a result of differences in
polarity, the two components were seen to be thermodynamically immiscible and
the afﬁnity of the two phases towards the ﬁller was different. The addition of a
ﬁller would reduce the availability of spaces and restrict the mobility of chain segments. Thus, the activation energy needed for the diffusion of penetrant molecules would be higher than that of a pristine polymer. As the ﬁller concentration
increased, the solvent uptake at equilibrium would decrease in the case of both
NR and XSBR. For XSBR, the uptake would decrease constantly in line with ﬁller
loading, but this can be explained in terms of the polymer–ﬁller interaction due to
the polarity of XSBR. This system exhibits a lower diffusivity value due to the
restricted chain mobility caused by the high cohesive energy density of XSBR. In
NR, however, the solvent uptake appeared to level off at higher loadings, probably
due to a poor rubber–ﬁller interaction. The NR chain segments are more ﬂexible
and show higher diffusivity values; however, in the case of the NR/XSBR blend
system the uneven distribution of ﬁller in two immiscible phases resulted in a
rather complex behavior, whereby solvent uptake and diffusivity were ﬁrst
decreased when a ﬁller was added, but then showed remarkable increases at
higher ﬁller loadings.
An analysis of the transport of chlorinated [49] and aromatic [50] hydrocarbons
through a Nylon/ethylene–propylene rubber (EPR) blend was investigated by
Thomas et al. The permeation coefﬁcient of Nylon is small compared to that of
pure EPR, while the various blend compositions would have intermediate values.
While the crystalline Nylon phase decreased in line with the increasing volume
fraction of EPR, the sorption coefﬁcient increased and so did the permeation
coefﬁcient; taken together, these observations supported the hetero-phase structure. As the Nylon/EPR blend is incompatible with poor physical and chemical
interactions across the phase boundaries, this system requires compatibilization
in order to reduce the interfacial energy between the phases. Nylon was compatibilized with EPR via the introduction of a compatibilizer precursor (EPR-g-MA)
that was physically miscible with the second phase but had a chemical functionality (MA group) that was able to react with the amino end group of Nylon, so as to
form a graft copolymer at the interface [49]. As a consequence the permeability
was sharply increased when EPR-g-MA concentrations were increased to the critical micelle concentration (an effect attributed to a total surface area enhancement), but were then decreased. Only minimal changes were observed in
permeation coefﬁcient values at higher compatibilizer concentrations.
Similar to the Nylon/EPR system, the effect of compatibilization on transport
properties can be seen in natural rubber/acrylonitrile–butadiene rubber (NR/
NBR) blends compatibilized with poly(ethylene-co-vinyl acetate) (EVAc) [51]. In
this case, the penetrant used was benzene. Subsequently, it was noted that the
solvent uptake tendency of compatibilized samples was lower, while a greater
time lag and minimum values for permeation and diffusion coefﬁcients were
exhibited compared to the uncompatibilized blend. The polar CN– end of NBR
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was thought to interact with the polar part (OCOCH3) of the EVAc phase, and
its nonpolar part with the nonpolar NR phase; in this way, miscibility of the blend
components would be increased while the interfacial tension between NR and
NBR would be reduced. It appeared that the crystalline nature of EVAc would
offer a greater resistance to solvent uptake, and a similar trend was found in NR/
EVAc composites [52].
It has been established previously that the permeability of heterogeneous
rubber–rubber blends is intermediate between that of the component polymers.
This effect is remarkable with regards to the diffusion and permeation of substituted benzenes (notably benzene, toluene and p-xylene) through blends of NR/
NBR [53], thermoplastic polyurethane (NR/TPU) [54], and polystyrene (NR/PS)
[55]. Pure NR with ﬂexible chains will easily adjust, with solvent ingression showing the highest degree of solvent uptake. However, based on the inherent solventresistant behavior of NBR, semicrystalline TPU and PS, the level of solvent uptake
and the intrinsic diffusion coefﬁcient would each be expected to decrease in line
with the fall in rubber content and the increase in chain stiffness. The trend in the
transport behavior of blends of NR and epoxidized natural rubber (ENR) epoxyprene with 25 mol% epoxidation (and with pentane, hexane, heptane and octane
as penetrants) was also in accordance with the above-described data [56]. In this
case, the epoxy group and the polar nature of the ENR chains hindered chain
ﬂexibility. The same blend membranes were also evaluated for the selective separation of chlorinated hydrocarbons from acetone [57]. In this case, it was noted
that the degree of swelling was increased in line with the volume fraction of ENR,
and achieved a maximum for neat ENR-25 due to the polar nature of the ENR
network and the greater hydrogen-bonding efﬁciency of acetone compared to chlorinated hydrocarbons. Therefore, by increasing the amount of ENR, the permeability (which is sorption multiplied by diffusion) is ﬁrst increased and then
decreases. The permeability of NR/ENR 70/30 and NR/ENR30/70 is then lower,
compared to that of NR/ENR 50/50.
Siddaramaiah et al. reported details of the sorption and diffusion of aromatic
liquids consisting of nitro, bromo, and chlorobenzene [58] and some aldehydes
and ketones [59] into NR blends with bromo-butyl rubber (BIIR), chloro-butyl rubber (CIIR), neoprene, ethylene propylene dieneterpolymer (EPDM), polybutadiene
(PB), and styrene butadiene rubber (SBR). The maximum mass uptake of chlorobenzene and bromobenzene by all blends was in the order: NR/BIIR > NR/CIIR >
NR/neoprene > NR/EPDM > NR/polybutadiene > NR/SBR. This may be due to
the presence of polar groups such as bromide and chloride in BIIR, CIIR and
neoprene. All of the penetrants showed relatively low sorption values for NR/
EPDM, although these may have been attributed to the blend’s tightly packed
structure, such that it exhibited both the toughness of plastic and the elasticity of
the gum elastomer phase. This intrinsic property of EPDM might restrict the free
movement of penetrant molecules, leading to lower values of sorption. The same
research groups also attempted to examine the sorption and diffusion behavior of
structurally different EPDM blends, such as EPDM/NR, EPDM/BIIR, and EPDM/
SBR, using aliphatic chlorinated hydrocarbon penetrants [60]. However, because
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of the presence of the halogen atom in BIIR, which shows a greater interaction
towards chlorinated hydrocarbons, the EPDM/BIIR exhibited a higher mass
uptake compared to the other two blends.
14.4.3
NBR Blends

The transport characteristics of styrene butadiene rubber/acrylonitrile–butadiene
rubber (SBR/NBR) blends have been studied using CH2Cl2, CHCl3, and CCl4 as
penetrants [61]. There is a regular reduction in solvent uptake, diffusion and permeation coefﬁcients in CH2Cl2 and CHCl3, and an increase in these parameters when
CCl4 was used with an increase in SBR content in the blend. This could be explained
in terms of the polarity of the solvents: CCl4, being nonpolar, interacts more with
blends that contain larger amounts of SBR (nonpolar), whereas CH2Cl2 and CHCl3
are polar and interact more with blends containing larger amounts of NBR (polar).
A similar trend of decreasing equilibrium uptake with crystalline EVAc and PP
content increasing was observed, respectively, in the sorption of methyl-substituted benzenes through crosslinked nitrile rubber/poly(ethylene-co-vinyl acetate)
(NBR/EVAc) [62] and acrylonitrile-co-butadiene rubber/polypropylene (NBR/PP)
blend membranes [63]. The two crosslinking systems used in this investigation
were sulfur and peroxide; the peroxide-cured system had a lower solvent uptake
than the sulfur-cured system, as the peroxide-cured samples had rigid CC
bonds and higher crosslink density, whereas the sulfur-cured samples had more
ﬂexible and long SS bonds and a lower crosslink density.
An ethylene propylene diene monomer/poly (ethylene-co-vinyl acetate) (EPDM/
EVAc) blend has also been proven to exhibit the above observations in systems
with benzene, toluene and xylene as probe molecules [64]. The reduction in solvent uptake was prominent when the EVAc content was increased, and the compositions became less rubbery or more plastic-like due to the semicrystalline
nature of EVAc. The liquid sorption characteristics of sulfur- and peroxide-crosslinked 40/60 EPDM/EVAc blends can be explained by the nature of the SS and
CC chemical bonds.
The separation of hexane–acetone mixtures through high-density polyethylene/
ethylene propylene diene monomer (HDPE/EPDM) blend membranes was linked
to the polymer blend concept when developing membrane materials for PV [65].
The ﬂux was lowest for the 100/0 HDPE/EPDM membranes, but was slowly
increased in line with increases in the weight % of EPDM present, although
EPDM did have a retarding effect on selectivity. Because of their close solubility
parameter values, there was a strong interaction between EPDM and hexane.
Such interaction effectively increased the frequency and amplitude of the rubber
chain motions, which in turn allowed the permeate molecules to pass easily
through the membrane. As a result, the permeation rate was increased and the
selectivity decreased. The swelling ratio and permeation rate were highest for
blends vulcanized with sulfur, but lowest for those treated with peroxide. However, the reverse of this situation was observed with regards to selectivity.
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The barrier properties of 70/30 acrylonitrile–butadiene rubber/ethylene propylene diene monomer rubber (NBR/EPDM) vulcanizates, when loaded with carbon
black ﬁllers [e.g., ISAF (intermediate super-abrasion furnace), HAF (high-abrasion
furnace) and SRF (semi-reinforcing furnace)] and using benzene, toluene and
xylene as penetrants, have been examined with reference to the type of ﬁller
employed [66]. The ﬁlled samples were found to exhibit a better resistance to
uptake of the three organic solvents when compared to the respective unﬁlled
blends for any given blend ratio. With regards to the three types of carbon black
used, solvent uptake was in the order: SRF- > HAF- > ISAF-ﬁlled samples. The
reason for this order was attributed to the better ﬁller reinforcements and
enhanced crosslink densities of the matrix as the size of the carbon black particles
used was decreased. A similar behavior was also identiﬁed for NR/EVA composites [52].
14.4.4
LCP Blends

The sorption of toluene, CCl4 and THF by blends of PP and a thermotropic liquid
crystal polymer (LCP), poly(ethylene terephthalate/p-hydroxybenzoic acid) copolyester (Rodrun 5000) have been studied, as have the effects of solvent presence
on the blend’s structural properties [67]. At the initial stage of the sorption curve,
and for whichever solvent was used, sorption uptake was faster and more extensive as the Rodrun content was increased, despite the very low permeability of the
latter. These results also indicated that microcracking had occurred as a consequence of sorption, and that this was in addition to the microcracking induced by
the presence of Rodrun. A combination of a lack of solvent uptake in Rodrun, a
lack of a nonoccupied volume change in PP as a result of solvent presence, and
the irreversible nature of the process in the blend provided support for the existence of this additional microcracking. Plasticization was also believed to occur
due to debonding of the dispersed Rodrun phase.
The transport properties of incompatible blends of poly(ethylene terephthalate)
(PET) and a blend composed of 40 mol% PET and 60 mol% Rodrun 3000 were
investigated, using dichloromethane as permeant [68]. Blends submitted to physical aging showed a decrease in permeability of a proportion that was increased in
line with the amount of LC phase present, and by a larger contribution that was
derived from the polymeric matrix. This decrease in permeability was essentially
attributed to a lowering of sorption, as the diffusional behavior of the different
samples was the same.
Data relating to the diffusivity and solubility of methanol in blends of polyethersulfone (PES) and a type of LCP, poly(hydroxyl-benzoic acid (73 mol%)-co-hydroxynaphthoic acid (27 mol%)) have been reported by Wiberg et al. [69]. Samples were
taken from injection-molded and compression-molded specimens over a wide
range of compositions. The solubility of methanol was proportional to the PES
content. Values beyond 40% LCP were not available because of the low methanol
diffusion in blends with a high LCP content; consequently, the LCP phase
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constitutes an impenetrable obstacle to methanol diffusion. The methanol solubility was seen to be independent of whether the LCP phase was febrile (injectionmolded) or continuous (compression-molded). Methanol transport in PES may be
referred to as a “concentration-dependent diffusion”; that is, there was a substantial increase in the free volume associated with sorption, but this was not sufﬁcient to induce a transformation of the glassy polymer to a rubbery state. The
extensive solubility of methanol in PES caused a nonuniform swelling and the
formation of microcracks. The zero-concentration diffusivity of the blends
decreased strongly in line with the increasing LCP content.
14.4.5
PU/PDMS

The main aim of elucidating the sorption behavior and diffusion coefﬁcients
of pure toluene and methanol in blends incorporating various levels of polyurethane (PU) into rubbery poly(dimethylsiloxane) (PDMS) is to optimize the
transport properties [70]. Previously, it has been shown that the solubility of
methanol increases while that of toluene decreases in line with the PU content
of the blends, and this results in lower values of selectivity with higher PU
contents. These data suggest that the declining diffusivity of both solvents in
PU-rich membranes can be explained by a lower fractional free volume due to
the mobility conﬁnement arising from the higher hard-segment level contribution of PU. The diffusion selectivity in the polymer blends preferentially
favored toluene diffusion, and toluene also exhibited a higher solubility in the
membranes. The adsorbed toluene molecules may loosen the hard-segment
structure and cause chain relaxation, promoting toluene diffusion to a greater
extent than for methanol.
14.4.6
EEA-CB

In order to understand the phenomena behind resistance variations in the conductive polymer composites (CPCs) due to solvent diffusion, Feller et al. [71] have
performed sorption experiments with poly(ethylene-co-ethyl acrylate)-carbon black
(EEA-CB) and EEA ﬁlms in the presence of toluene. One main point here was to
determine the inﬂuence of CB in the diffusion process. The ﬁrst results showed
that, whichever polymer was used, the diffusion coefﬁcient increased with toluene
activity, which indicated plasticization of the material by the solvent. However, it
was interesting to note that the plasticization phenomenon was reduced when ﬁllers were introduced into the polymer matrix. It also appeared that the toluene
diffusivity was about twofold lower in EEA-CB than in EEA, which was certainly
due to a hindrance effect of the carbon black particles. In other words, the
decrease in toluene solubility was the result of a tortuosity effect due to the morphology of CPC with a dispersion of CB particles, which acted as barrier components and increased the path for toluene molecules inside the composite.
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Moreover, it seemed that the presence of CB in contact with solvent molecules led
to an organizing effect in the CPC, allowing more cohesion in the polymer matrix
and suggesting the presence of strong interactions between EEA chains and CB
resulting from an adsorption process.
14.4.7
PVC/EVAc

Today, PVC is one of the most widely industrialized materials used to create PV
membranes to separate benzene/cyclohexane mixtures, with a proven high sorption selectivity for benzene; however, a pure PVC membrane does not have a high
permeation ﬂux in a low benzene content. Therefore, PVC is modiﬁed by blending with low-molecular-weight EVAc in the region of compatibility with WEVAc
< 0.2, where the sum of dispersion forces between the alkyl, ester and chlorinated
units, dipole–dipole interaction among ester molecules, and hydrogen-bonding
interaction between the carbonyl groups in EVAc and the CHCl groups in PVC is
positive. There is, however, considerable disagreement regarding the inﬂuence of
VAc content on blend compatibility [72]. The degree of swelling (DS) values for all
blend membranes in the benzene/cyclohexane mixture were lower than in benzene, and pure PVC had almost no swelling. This indicated that PVC is good
against cyclohexane, but that the addition of a small amount of EVAc to the PVC
could cause a very large increase in the equilibrium DS of the blend membrane.
In contrast, the permeation ﬂux was increased as the WEVAc content of the blend
was increased, while the value of the separation factor was lowered.
14.4.8
PHB/PEO and PHB/PMMA

The miscibility behaviors of poly-D()(3-hydroxybutyrate) (PHB)/poly(ethylene
oxide) (PEO) and PHB/poly(methyl methacrylate) (PMMA) blends have been studied using a chloroform vapor sorption technique [73]. The addition of PEO, which
has been reported to be miscible with both PHB and PMMA, did not enhance the
compatibility of PHB and PMMA. Polymer–polymer interaction parameters monitored by using the chloroform vapor sorption technique were found to be negative
for PHB/PEO, but positive for PHB/PMMA systems. However, the interaction
parameters of both systems were changed signiﬁcantly depending on their
composition.
14.4.9
PVA/PAA

The PV properties of homogeneous membranes prepared from a polymer blend
of PVA with poly(acrylic acid) (PAA) have been investigated using methanol–
toluene and ethanol–toluene liquid mixtures [74]. The PV ﬂux was decreased and
selectivity increased gradually for all feed mixtures with different compositions as
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the PVA content in the blends was increased. Notably, the higher the rigid PVA
content, the less was the membrane swollen.

14.5
Gas Permeation
14.5.1
PVA/PEI/PEG

The results of various studies have shown alkanolamines to be important carriers
for the selective removal of CO2. For example, Matsuyama et al. [75] prepared a
polyethyleneimine/poly(vinyl alcohol) (PEI/PVA) blend membrane and investigated its CO2/N2 separation performance. PEI contains both primary and second
amino groups, exhibits an extended hydrogen-bonding with PVA so as to reduce
the latter’s crystallinity and promote miscibility. When Hamouda et al. [76,77]
investigated the sorption behavior and the permeability of PVA/PEI/PEG membranes for pure CO2 and N2, the compact organization of the polymer crystallites
prevented any sorption of the permeant molecules in their structure. This caused
molecular diffusion in the remaining amorphous phase to be much slower, by
creating impermeable obstacles on the diffusion pathways. Clearly, an inverse
relationship exists between the PVA crystallinity and the gas permeability of the
blend. The PVA crystallinity would pass through a minimum at the content of
maximum permeability and selectivity with the PEI content. In contrast, PEG
does not show an extremely high performance, but would be partially associated
with PVA in its amorphous form by hydrogen bonding; however, the main part of
the PEG would be separated into a PEG-rich dispersed phase that would cause a
reduction in the selectivity of the membrane.
14.5.2
PS/PC

The CO2 sorption isotherms of samples of polystyrene/polycarbonate (PS/PC)
blends with different compositions have been obtained as a function of the polymer blend composition [78]. Basically, the polymer blend system studied was heterogeneous (i.e., phase-separated), although a small amount of polystyrene was
found to be partly miscible with polycarbonate and this would most likely disrupt
the crystallization of polycarbonate, especially at the higher polystyrene content.
The relationship between the extent of CO2 sorption by the PS/PC polymer blend
and the PC composition was seen to obey an increasing trend. The CO2 sorption
behavior of the PS/PC blend system could be explained by a simple additive rule
corrected for the degree of crystallinity of the PC component, such that the effect
of the partly miscible region in this system on sorption behavior would be almost
negligible. This ﬁnding suggested that the amount of this miscible region was
small and that the interaction in the PS/PC blend was weak.

14.5 Gas Permeation

14.5.3
PS/PPO

The sorption and permeation of CO2 gas in miscible blends of poly(phenylene
oxide) (PPO) and PS has been measured over the entire range of blend compositions [79]. The sorption curves for blends lie intermediate to those for the pure
components, as seen for mixtures of polycarbonates and a copolyester formed
from 1,4-cyclohexanedimethanol and a mixture of terephthalic and isophthalic
acids [80] and an increasing PPO content. This trend suggested that CO2 would
be bound more strongly in the blends than in pure PS. The magnitude of the heat
of mixing was exothermic, and the x023 found in this way was 1.08. It was interesting to note that PPO is much more permeable to CO2 than is PS. The permeability and diffusion coefﬁcients for the blends fell between the extremes for the
pure component polymers; however, this relationship was far from additive either
on an arithmetic or logarithmic scale, as has been found for the polycarbonate–
copolyester blends. The negative departure from such additive expressions is
apparently general for miscible blend systems interpreted in terms of a free volume model, and showed that a part – but not all – of this departure may be attributed to the volume contraction that was exhibited by the PPO–PS system and
expected for mixtures with an exothermic heat of mixing. However, such an
observed behavior may have practical value when good barrier properties are an
issue.
The compatibility of PS and PPO may also be explained in part by the nearequal solubility parameters of the two polymers [81]. PS and PPO pack more
closely when blended than is possible for either homopolymer in the pure state,
and this suggestion is supported by permeation measurements which showed
that hexane molecules have a lower permeability in PS/PPO polymer blended
ﬁlms than in ﬁlms of either of the two homopolymers. This apparent increase in
the packing of PS and PPO in the blends suggests that an intimate molecular
mixing of the two homopolymers occurs in the blends.
14.5.4
PS/PTMPS

The gas permeability of O2 and CO2 was studied for various polymer blend membranes of polystyrene (PS) and poly[1,1,1-tris(trimethylsiloxy)methacrylate propylsilane (PTMPS) [82]. In order to improve the compatibility of these polymer
blends, the effect of adding the graft copolymer was also investigated. The gas
permeability of various composition polymer-blend membranes increased rapidly
with an increasing content of PTMPS in the polymer blend. In the polymer blend
membranes containing the graft copolymer, the gas permeability decreased in line
with increases in the graft copolymer content and then reached a near-constant
value, when the PTMPS content remained constant. This result was attributed to
a decrease in the interstices at the phase boundaries, owing to improvements in
the compatibility of the component polymers.
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14.5.5
Matrimid/PSF

The permeation rates of He, H2, CO2, N2 and O2 have been reported for a series
of miscible polysulfone–polyimide (PSF-PI) blend membranes [83]. For gases
which do not interact with the polymer matrix, such as He, H2, N2 and O2, the
permeability coefﬁcients were seen to vary monotonically between the values of
the two pure component polymers. In the case of CO2, permeability through the
blend membranes was in all cases lower than that for the pure polymers. This
behavior was attributed to a strong interaction between CO2 and polyimide in the
blend membranes, or to possible polymer matrix densiﬁcation and consolidation
caused by CO2 permeation at high pressures. Regardless of the absolute value of
CO2 permeability in the blends, the plasticization phenomena of PSF/PI membranes were of major importance, with pure PSF and PI polymers showing different CO2 permeation characteristics. In PSF, the CO2 permeability varied in
accordance with predictions of the dual sorption theory, whereas the CO2 permeability in PI decreased initially with increasing pressure and, after a short leveling
at a critical pressure (which was well predicted by the dual-mode theory) it
increased again. The pressure where CO2 permeability reached its lowest value
and the respective curve showed an inﬂection point is termed the critical pressure
of plasticization. The plasticization pressure was seen to shift to higher pressures
with increasing PSF content, while the plasticized polyimide exhibited a substantially higher permeability, due to polymer matrix swelling, though its permselective
efﬁciency was diminished to rubbery polymer levels. The extent of plasticization of
the PSF/PI blend membranes was analogous to the PI weight content.
He permeation is also very sensitive to local concentration ﬂuctuations, and thus
can be used as a probe for the phase state in polymer blends [84]. In the abovementioned system, the PSF-rich blend exhibited partial miscibility below the Tg
whereas, after annealing, the PSF- and PI-rich domains phase separated; this
resulted in a reduction of the permeability coefﬁcient and showed that PI controls
the absolute permeability values. It was concluded that transport in a phase-separated Matrimid/PSF is dominated by the polyimide over a wide concentration
range. Assuming that the plasticization behavior may also be dominated by the
polyimide, it must be concluded that only the homogeneous blend such as Matrimid/P84 would be less susceptible to plasticization.
14.5.6
Matrimid/P84

The high plasticization tendency of Matrimid can be stabilized by blending with
copolyimide P84, which is hardly affected by the sorbed molecules [85]. The CO2
concentration in the P84 ﬁlm was lower than in the Matrimid/P84 and Matrimid
ﬁlm at corresponding pressures. It was unclear why the sorption isotherms of the
Matrimid ﬁlm and the blend coincided. The permeability coefﬁcients of the blend
were found to lie between the values of the homopolymers. On the basis of the
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ﬁlm densities, it was concluded that blending Matrimid with P84 would result in a
densiﬁcation of the polymer matrix, and hence a reduction in the free volume.
Densiﬁcation of the polymer matrix resulted in lower permeability values. The
plasticization pressure of the Matrimid/P84 blend was shifted to higher feed pressures with increasing P84 content. The diffusion coefﬁcients of the blend corresponded with the diffusion coefﬁcients of P84, which was lower compared to that
of Matrimid. This explained the lower permeability of the blend compared to
Matrimid, as the concentration in the blend was comparable to Matrimid; hence,
Matrimid blended with P84 would result in a decrease in diffusivity. The selectivity of the blends lay between the values of homopolymers; the selectivity of P84
was greatest, and decreased in line with the increasing Matrimid content.
14.5.7
Matrimid/PBI

Gas separation in systems containing H2/N2, CO2/CH4 and H2/CO2 has been
evaluated by blending the high-performance polymers Matrimid and polybenzimidazole (PBI) [86]. The blend membrane was completely miscible through strong
hydrogen bonding interaction among the functional groups, which in turn caused
an increase in chain packing density and hindrance in the segmental mobility of
the polymer chains. Thus, a general decline could be observed in gas permeability
with increases in PBI concentration. The consequence of this behavior was the
melioration in selectivity of selected gas pairs.
An attractive performance for the separation of H2/N2, N2/CH4, CO2/CH4, O2/N2
and H2/CO2 gas pairs has been also obtained by tuning the PBI content in homogeneous Matrimid/PBI blend carbon membranes [87]. Carbon membranes are basically formed through the pyrolysis of polymeric materials, and exhibit a much larger
permeability and permselectivity compared to their corresponding precursors.
When gas permeability and selectivity were evaluated for three different compositions, a large difference was clearly apparent in the permeability values of the samples; essentially, the higher PBI content brought about a lower permeability, whereas
selectivity was only enhanced for the H2/N2, O2/N2 and H2/CO2 pairs. A gradual
reduction in the PBI content of precursors could provide a carbon membrane with
enhanced N2/CH4 and CO2/CH4 selectivities. One interesting property of the carbon membranes developed for separating N2 and CO2 from CH4 was due to the
prominent effect of diffusivity selectivity than of solubility selectivity. The possession
of such an enhanced diffusivity selectivity would indicate the formation of ﬁnely
tuned pores in the microstructure of carbon membranes that could either constrict
or retard the transport of large molecules such as CH4.
14.5.8
CA/PMMA

The He, O2 and N2 gas-transport properties of cellulose acetate (CA), poly(methylmethacrylate) (PMMA) and CA/PMMA blends of several compositions have been
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measured at 35  C [88]. Consistent with the lower absolute permeability, PMMA
exhibited exceptionally high He/N2 and He/O2 gas separation factors that would
make PMMA-based membranes most attractive for helium extraction and puriﬁcation. PMMA was also more selective for CO2/CH4 separation than either PS or
bischloral polycarbonate (BCPC) [89]. In spite of the tendency for the MMA moiety to invoke plasticization by CO2, PMMA proved to be considerably less permeable than either PS or BCPC. The permeability of these blends also fell between
the values of the homopolymers.
14.5.9
PU/PMMA

The effect of blend composition on the permeability, diffusivity and solubility of
CO2, H2, O2, CH4 and N2 has been investigated using phase-separated polyurethane/poly(methylmethacrylate) (PU/PMMA) blend membranes [90]. The diffusion process in homogeneous blends was seen to be strongly inﬂuenced by the
interaction between the polymers, whereas in heterogeneous blends the permeability was much more dependent on the degree of heterogeneity. The permeability of
all gases was decreased as the PMMA concentration in the blend was increased,
due to a decrease in the volume available for molecule diffusion. Addition of the
vitreous component PMMA hampered diffusion of the gas molecules, because the
transport occurred better through the elastomeric PU phase. For H2/N2 and O2/N2
gas pairs, the addition of PMMA increased both the diffusion selectivity and permselectivity. In the case of CO2/CH4 and CO2/N2 pairs, the behavior of diffusion
selectivity did not follow a general tendency; this may be understood as a complex
effect of CO2 plasticization on the mobility of the polymeric chains, which depends
on the blend composition and varies in relation to the gas pair being evaluated.
14.5.10
EVA-45/H-48

The sorption and permeation of CO2 and CH4 have been studied for blends of
ethylene-vinyl acetate copolymer (EVA-45) and chlorinated polyethylene (H-48)
[91]. A small negative x023 obtained from sorption experiments introduced the
blend as miscible, while the permeability and diffusion coefﬁcients were decreasing functions of the H-48 volume fraction. The results of steady-state diffusion
coefﬁcients suggested a small negative value of activation energy for diffusion.
Although, in general, positive activation energy values are expected for miscible
blends, the small negative values reported here may reﬂect interference associated
with an imperfect mixing of the components.
14.5.11
PS/PVME

A similar behavior as above was observed for propane diffusion in miscible blends
of polystyrene and poly(vinyl methyl ether) (PVME) in the rubbery state [92]. The
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small value of selectivity indicated a weak ability to discriminate on the basis of
molecular size and shape. This behavior is typical of rubbery polymers. The relatively low value of selectivity highlighted the reason why few rubbery polymers
have found applications as gas-separation membranes. The sorption of CO2 in
PS/PVME blend also exhibited a negative deviation from semi-logarithmic additivity rule as a sign of a single-phase blend [93].
14.5.12
TLCP/PET

The alteration of CO2, N2 and O2 transport properties of the PET matrix due to the
presence of the TLCP phase has been evaluated by Motta et al. [94]. The addition
of TLCP increased the barrier properties of PET; indeed, blending PET with only
2% (w/w) TLCP decreased the permeability down to about 30% with respect to
pure PET, and this was attributed essentially to an extraordinarily low gas solubility. The nonlinear relationship between the logarithm of the permeability and
blend composition suggested that the system is incompatible. The ordered
domains of the nematic mesophase, with their efﬁcient chain packing, formed
impenetrable barriers to the molecules of gases. The impermeable regions also
imposed a more tortuous path on the steady-state permeation of the penetrant
across the polymer ﬁlm, which in turn reduced the space available for diffusion
and led to the penetrant taking a longer path in order to circumnavigate the
impermeable regions.
14.5.13
CELL/PVA

The relationship between the gas-transport properties and composition of semicrystalline binary blends of cellulose (CELL) and PVA has been assessed by following the kinetics of CO2 sorption [95]. The blends are thermodynamically miscible
with x023 ¼ 0:985, consistent with the presence of favorable interactions due to
hydrogen bonding between the two different polymers. As sorption takes place
only in the amorphous regions, the absolute level of CO2 equilibrium sorption is
relatively low with the highest value for pure CELL. The sorption curves for the
blends lie intermediate to those for the pure components. Accordingly, both the
diffusion coefﬁcient and permeability were increased in line with the CELL content, with little or no pressure dependency.
14.5.14
Trogamid Blends

Studies of the free volume in blends of an amorphous polyamide (Trogamid) with
three additives, namely of 4,40 -(hexaﬂuoroisopropanilidene) diphenol (HFBA), 1,5dyhydroxynaphthaline (Ndiol) and poly(4-vinylphenol) (PVPh), each of which can
act as an antiplasticizer, have been performed by monitoring CO2 transport
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properties [96]. Results obtained with the HFBA blend showed an increase in both
free volume and D, indicating that the addition of this compound produced a plasticization of Trogamid. In general, the permeability stayed constant but the solubility was slightly diminished because the gas–polymer interaction was weaker
than the additive–polymer interaction. In the case of blends with Ndiol, a decrease
in transport magnitudes was appreciated as a consequence of reducing the hole
size and antiplasticization effects. Finally, for polymeric blends of Trogamid with
PVPh, the CO2 transport properties were hardly affected by the presence of a second component. In fact, this situation was seen as logical when considering that
the speciﬁc volume of both polymers, and subsequently the free volume, did not
vary by much either.
14.5.15
TPX/Siloxane

The effects of composition on the homogeneity, gas permeability and selectivity of
oxygen/nitrogen of poly(4-methyl-pentent-1) (TPX) and siloxane blend membranes
have been studied [97]. The results showed that the gas permeability had been
signiﬁcantly improved without any loss of selectivity compared to pure TPX membrane, for blended membranes containing less than 20 wt% siloxane. As the proportion of siloxane increased, however, the blend showed phase separation and an
increased permeability and decreased selectivity for oxygen and nitrogen. It also
appeared that, the lower the siloxane content, the greater was the homogeneity
shown.
14.5.16
PTMSMMA/3-Methylsulfolane

The performances and characteristics of a series of poly(trimethylsilylmethyl
methacrylate) (PTMSMMA) membranes blended with low 3-methylsulfolane relative to selectivity have been studied through the determination of CO2 permeability [98]. The PTMSMMA blend membranes changed from a glassy to a nearrubbery state, while the solubility and permeability of CO2 became lower with an
increasing 3-methylsulfolane content due to a decrease in the volume of the
microvoids. This increase in diffusivity of CO2 was attributed to an increased
mobility of the polymer chains. The ideal separation factor for CO2 over N2 could
not be improved satisfactorily through blending with a low 3-methylsulfolane content, but it did exhibit very much higher levels of permeability and selectivity with
a high 3-methylsulfolane content.
14.5.17
BCPC/PMMA

The miscibility of PMMA with bisphenol chloral polycarbonate (BCPC) has been
studied using gas-permeation experiments [99]. Gas permeability coefﬁcients for

References

He, H2, O2, Ar, N2, CH4 and CO2 are lower than those calculated from the semilogarithmic additivity rule, indicating that PMMA is miscible with BCPC over the
whole blend composition range. These permeation results can be interpreted in
terms of the free volume contraction which has been proposed to describe gas
transport behavior in polymer mixtures. Similar observations for the miscible
blends of polycarbonate with a copolyester formed from 1,4-cyclohexanedimethanol and a mixture of terephthalic and isophthalic acids have been made using CO2
[100]. Negative deviations of both permeability and diffusion coefﬁcients from
simple additivity relations have been observed, and interpreted qualitatively to
have resulted from the decrease in volume when the blends were mixed.

14.6
Conclusions

The aim of this chapter was to provide a comprehensive review of the type of
water sorption and solvent sorption behavior that can be expected from miscible
or immiscible, but compatible, polymer blends. It was concluded that miscibility
depends on the molecular structures of the polymers, their morphologies and the
blend composition, as well as the processes of the blends. Several blends also exist
which, despite intermolecular hydrogen bonding, do not form thermodynamically
homogeneous blends due to the stiffness and self-association of the polymer
chains.
The data obtained also suggest that the declining diffusivity of solvents in membrane can be explained by a lower fractional free volume due to the mobility conﬁnement arising from polymer–polymer interactions due to hydrogen bonding
between donor and acceptor groups, or from chain segment crystallinity. However,
as the temperature increases the polymer chain showed a higher segmental mobility and the swelling rate was increased. A plasticization phenomenon that depends
on the blend composition and solvent activity may also affect polymer chain
mobility.
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15
Modeling and Simulation
Yingrui Shang and David Kazmer

15.1
Introduction
15.1.1
Numerical Models for Polymer Blends

Polymer blends and composites have been widely used as engineering and functional materials [1–3]. Immiscible and partially miscible blends, including polymers, are also involved in many common application processes such as
evaporation, injection, or extrusion. During recent years, computer simulation
has become an important tool in the polymer sciences, complementing both analytical theory and experiment. This interest is due both to the many fundamental
scientiﬁc questions that polymer systems pose, and to the importance of polymeric materials in technology. Computer modeling and numerical simulation can
help research groups and engineers to study the thermodynamics, miscibility,
morphology and interfaces of polymer blends. Some of the properties of these
polymer blends can be characterized by the same experimental measures as for
homogeneous materials, including mechanical properties, strain and stress
curves, or viscosity. Although certain aspects of the blends are not observable in
situ, it is possible to employ methods such as scanning electron microscopy, transmission electron microscopy, or atomic force microscopy to observe the structure
and morphology of polymer blends on the nanometer scale. However, these methods can only replicate partial images of the system. In the meantime, although
small-angle X-ray diffraction can be used to provide statistical information on the
structures of blends, detailed local structural information at the micro/meso level
of the blends remains vague.
When compared to experimental assessment methods, simulation methods are
capable of providing detailed illustrations of the structural features at the scale of
macromolecules, lattices, or even atoms. Moreover, the simulation methods have
provided tools for in-line investigations of the evolution and formation of multiphase polymeric structures during a variety of processes such as annealing and
spin coating. Numerical simulations allow the modeling and investigation of
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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phenomena with varying material properties and process states, allowing the
quantitative assessment of process dynamics, feasibility, and sensitivities.
Whilst it would be rather difﬁcult to provide a comprehensive and detailed
description of all types of numerical simulation methods on polymer blends, different models can be applied depending on the topic under discussion.
The volume of ﬂuid (VOF) method represents a category of numerical techniques used to trace the free surface of the ﬂuid or the interface of two types
of adjacent ﬂuids. The ﬂuids or mixture are described with a mesh grid, which
is either stationary or moves with the ﬂow front or interfaces in a prescribed
manner. The interfaces of the different components in each mesh grid are
then calculated for each step. Hence, the VOF technique is an advection
method which describes only the ﬂow front and must be adapted to other constitutive equations (e.g., Navier–Stokes) to describe the physics in the motion
of the ﬂow.
In the VOF method, the volume fraction of ﬂuid A, C A , is deﬁned as the integral
of indicator function of ﬂuid A in each mesh grid (control volume). Obviously,
CA 2 ½0; 1

ð15:1Þ

and the volume fraction of ﬂuid B, C B ¼ 1  C A .
Taking h ¼ dx ¼ dy ¼ dz as the size of one mesh grid in each dimension, the
whole domain can be divided into n3 small control volumes. Therefore, if CA;i;j;k
denotes the volume fraction of ﬂuid A in the i; j; kth grid,
CA;i;j;k h2 ¼ V A;i;j;k

ð15:2Þ

where V A;i;j;k denotes the volume of ﬂuid A in the i; j; kth control volume, while
the multiphase ﬂuid ﬂows in space R3 with velocity v. In an incompressible ﬂuid
without consideration for chemical reactions and the diffusion of one type of ﬂuid
to another, the movement of ﬂuid (ﬂow) is the only cause of a change in the volume fraction, which can be denoted as follows:
@C
þ v  rC ¼ 0
@t

ð15:3Þ

The interface segments are then determined based on the volume fraction in each
control volume. In the VOF method, the interface is usually simulated as linear
segments or planers in control volumes. In this way, the VOF method conserves
the volume of the ﬂuid and describes the interfaces within the multiphase ﬂow.
Once the interface has been determined, the pressure and velocity can be updated
with constitutive equations. The evolution of the topology can represent multiphase phenomena, such as breaking up and joint of the ﬂow front.
Figure 15.1 shows a schema comparing the real ﬂuid conﬁguration, where Figure 15.1c shows the simple line interface calculation (SLIC) VOF and Figure 15.1d
the piecewise linear interface calculation (PLIC) VOF (the latter is also referred to
as Youngs’ method). From these data it can be seen that, in the SLIC VOF
method, the interfaces are implemented as segments parallel to the x or y
axis. Although the SLIC method is advantageous in terms of simplicity and
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Figure 15.1 Interface reconstructions of fluid shown by: (a) actual configuration; (b) volume

fraction; (c) representation with simple line interface calculation (SLIC); and (d) piecewise linear
interface calculation (PLIC) [12].

computation time and has an acceptable reliability, the PLIC method is superior to
the SLIC method in terms of accuracy and ﬂexibility [4].
The VOF methods are popular for interface tracking and predicting the morphologic development of blends because they are easy to implement and can be
extended from a two-dimensional (2D) model to three-dimensional (3D) model.
In the past, VOF methods have been implemented more and discussed in greater
detail by ﬂuid physicists than by polymer scientists, and an historic overview of
VOF methods has been produced by Scardovelli and Zaleski [5]. An alternative
review of numerical interface tracking methods was prepared by Hyman [6], while
numerous other reviews have been made of VOF simulations of speciﬁc ﬂuid–
ﬂuid or ﬂuid–gas morphologies [4,7–9]. Other reviews of VOF methods are available elsewhere [10,11]. Generally, for VOF methods the composition gradient
between the two components is not considered, and only a sharp interface or the
midline of the interface can be calculated using a VOF-type method.
Molecular dynamics (MD) modeling refers to a category of simulation methods
that focus on the particles in an ensemble (e.g., molecules and atoms) and calculate the movements of those particles in an established force ﬁeld (the force ﬁeld
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is a vector ﬁeld that describes the forces applied to particles). Examples of elements that contribute to the force ﬁeld may include Van de Waals forces, dielectric
ﬁelds of charged particles, chemical bonds, and magnetic ﬁelds. Subsequently, the
velocity and acceleration of the particles can be calculated from the force ﬁeld,
while macroscopic properties such as pressure and temperature can be obtained
by summation of the state of the particles. By providing the length scale of the
domain scales concerned, a fully atomistic or molecular description of a macroscopic system remains beyond the capabilities of current computations. While the
MD simulation of polymers beneﬁts investigations of the conﬁgurations of very
long polymer chains or meso-scale features. Another critical issue of MD modeling on polymeric systems is the long balance time, given the complexity of the
very long polymer chains. In fact, it is necessary to employ an acceleration method
to identify the possible metastable states that occur during molecular movements,
and then to employ Monte Carlo methods to determine the next conﬁguration,
based on their probabilities [13,14]. Binder and Paul have provided a comprehensive review on the recent development of algorithms in the Monte Carlo sampling
of polymer systems [15]. A coarse-grained particle-based simulation of polymer
system can be adapted to illustrate the morphology of polymer blend in less detail
[16–19]. Muller and Binder [19] showed that, when investigating the morphology
of polymer blends, there is no need for a polymeric model containing details at
the atomic level; rather, it is sufﬁcient to use a coarse-grained model such as bond
ﬂuctuation on a lattice model [20–22]. Recently, Detcheverry et al. adapted the local
density function normally used in a phase-ﬁeld model to calculate the interaction
energy in a Monte Carlo simulation of a coarse-grained polymer system [17]; however, the challenge remains to simulate the phase structure in a large domain.
The morphologic evolution of a polymer blends depend on the free energy of
the system, which can be treated as a function of the local composition. The
Cahn–Hilliard equation [23,24] can be used to describe the free energy of an
inhomogeneous mixture, whereas for a polymer blend the local free energy is
measured using the Flory–Huggins-type equation. In contrast to the VOF model,
the domain interfaces in the Cahn–Hilliard model are represented by the composition gradient, while the thicknesses of the interfaces are inﬂuenced by the
nature of the blend, which is more practical in the case of a polymeric blend system. Likewise, in many cases the morphology and inﬂuences of the interfaces are
involved, rather than the microscopic conﬁgurations of the macromolecules.
In this chapter, attention will be focused on applications of the Cahn–Hilliard
equation on the numerical simulation of an inhomogeneous polymer blend.
The numerical model of a binary polymer system and a polymer–polymer–solvent system will be reviewed as examples to illustrate the application of such
modeling methodologies. Attention will be paid in particular to a diffusion-controlled system with no mechanical ﬂow, and the effects of substrate patterning
will be taken into consideration to highlight the inﬂuences of external attraction
during the phase separation of polymer blends. The results of the numerical
simulation will then be veriﬁed using realistic experimental results, on a quantitative basis.

15.1 Introduction

Figure 15.2 The minimal fluctuation of composition in space.

15.1.2
Spinodal Decomposition

Due to the high enthalpy of mixing, different types of polymers are usually
immiscible in a multiphase system. When the system is quenched in the spinodal
region, phase separation will occur if small composition ﬂuctuations exist in the
mixture. A system with small ﬂuctuation domains is usually referred to as being
metastable, as shown in Figure 15.2. The spinodal decomposition actually represents the system in a very unstable state, and phase separation can be initiated
without visible nucleation. In contrast, in a binodal decomposition, phase separation must be initiated with small domains with sharp composition changes, as
shown in Figure 15.3. Phase separation initiated by major composition changes
in the small domains is termed nucleation.
Mathematically, the condition for spinodal decomposition can be determined by
the equation [25],
@2f
<0
@C 2

ð15:4Þ

where f is the mixing free energy of the system and C is the composition of one
type of polymer in the mixture.

Figure 15.3 The nucleation of an unstable phase.
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Figure 15.4 The free energy of a binary mixture.

The free energy proﬁle of a binary system is plotted in Figure 15.4. In the spinodal region, the second derivative of the free energy with respect to the composi s in the spinodal
tion is negative. When considering an average composition of C
region, with arbitrarily small ﬂuctuations in composition, it is clear that the free
energy will decrease when one polymer is concentrated at the expense of the
@ f
other. In the binodal region, when @C
2 > 0, the free energy will increase as one
type of polymer agglomerates from inﬁnitesimal composition ﬂuctuations. In
order for the phase separation to be initialized in a binodal region, a sharp composition charge should be present in the domain to lower the free energy. As shown
 b is an average composition in a binodal region, while C l reprein Figure 15.5, C
 b , with a smaller free
sents the composition that is signiﬁcantly different to C
energy level. Phase separation initiated by abrupt composition ﬂuctuations in
small domains in a binodal decomposition is termed nucleation.
The phase diagram of a typical binary immiscible system is shown in Figure 15.6, where the spinodal and binodal lines are depicted; these two lines
can be calculated from the mixing free energy. The spinodal line of a binary
system can be calculated from Eq. (15.4), whilst for a ternary system the spinodal line can be calculated from the mixing free energy from the equation
as follows:
2

@2f @2f
@2f
2
2 ¼ @C @C
@C 1 @C2
1
2

ð15:5Þ

15.1 Introduction

Figure 15.5 Spinodal decomposition and binodal decomposition.

where C1 and C 2 represent the compositions of the two polymers. In a ternary
system, it should be noted that C1 þ C2 þ C3 ¼ 1, where C 3 is the composition of
the third component which, in the present study, is the solvent.
In polymer blends, if two phases exist at equilibrium, the chemical potential of each component in the two phases should be the same. In a binary

Figure 15.6 The phase diagram of a binary system.
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system, the binodal line can be calculated simply based on the following
condition:
m0 ¼ m00

ð15:6Þ

where m represents the chemical potential, and the prime and double primes
represent the chemical potential in the two phases. In a ternary blend, the criteria
can be represented as:
m01 ¼ m001
m02 ¼ m002

ð15:7Þ

where the subscripts 1 and 2 represent polymers 1 and 2. Calculation of the binodal line in a ternary system involves solving two nonlinear partial equations for
four unknown variables. By applying the free energy equation into Eq. (15.7),
these four variables are based on the compositions of three components. However,
by applying the material conservation rule another unknown variable can be eliminated, and therefore this equation can, in theory, be solved (although in practice
this is not very easy). A detailed discussion on the construction of ternary phase
diagrams can be found elsewhere [26–30].
15.1.3
Cahn–Hilliard Equation

The free energy proﬁle during the phase separation in a inhomogeneous mixture
is described by the Cahn–Hilliard equation [23,24,31,32]:
)
Z (
X
2
FðC 1 ; C2 ; C 3 Þ ¼
f ðC 1 ; C2 ; C3 Þ þ
½ki ðrC i Þ  dV
ð15:8Þ
V

i¼1;2;3

where f is the local free energy density of homogeneous material, wi is the lattice
volume fraction of component i, and ki is the gradient energy coefﬁcient for the
component i. The total free energy of the system is composed by two items, as
shown in Eq. (15.8). The ﬁrst item is the local free energy, and the second item is
the composition gradient contribution to the free energy.
The local free energy was presented with variety of mathematical models in different studies, such as the double-well model. A well Flory–Huggins equation can be
adapted for a polymer blend; the ternary Flory–Huggins equation is as follows [33]:

RT C 1
C2
f ðC1 ; C 2 ; C3 Þ ¼
ln C1 þ
ln C 2 þ C 3 ln C 3
ð15:9Þ
m2
vsite m1
x12 C 1 C2 þ x13 C1 C 3 þ x23 C 2 C 3 Þ
where R is the ideal gas constant, T is the absolute temperature, vsite is the lattice
site volume in the Flory–Huggins model, mi is the degree of polymerization of
component i, and C i is the composition for the component i.
The Flory–Huggins-type of free energy is well known and has been studied
extensively for polymer blends [34], although it was initially derived for smallmolecular solutions. The primary drawback of the Flory–Huggins model for
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polymer blends is that the macromolecules are assumed to be strings of small
molecules, or even monomers, and each monomer occupies one lattice site. The
entropy of the system is determined by the relative positions of the monomers.
This clearly ignores the differences between the monomers in one polymer chain,
and extra entropy from the connections of monomers within one macromolecule
is therefore omitted in Flory–Huggins-type free energy. The effects of the entanglement are also ignored by this model. Nevertheless, Flory–Huggins-type free energy
is selected, given the complexity of accurately measuring the local free energy, and
the simplicity of numerical simulation within a reasonable computation time.
The gradient energy coefﬁcient, k, determines the inﬂuence of the composition
gradient to the total free energy of the domain. The value of k is difﬁcult to measure experimentally. Although efforts have been made by Saxena and Caneba [35]
to estimate the gradient energy coefﬁcient in a ternary polymer system from experimental methods, few results have been reported for speciﬁc conditions. Initially,
the value of k can be estimated by the interaction distance between molecules [36]:
k¼

RTa2
3vsite

ð15:10Þ

where a is the monomer size. A modiﬁed equation to calculate k, taking into consideration the effects of the composition, has been reported by Gennes et al. [37]:
ki ¼

RTa2
36vsite C i

ð15:11Þ

where the subscript i represents component i.
The mobility is estimated from the diffusivity of the polymers. The mobility of
polymer blends with long chains can be estimated by the equation as follows [37]:
Mi ¼

Ci Dm N e vsite
mi RT

ð15:12Þ

where mi is the degree of polymerization as stated before, Dm is the diffusivity of
the monomer, and N e is the effective number of monomers per entanglement
length. Because of the scarce experimental data for N e, a more generalized form
was employed for the present study:
M¼

Dvsite
RT

ð15:13Þ

15.1.4
Numerical Method

According to Eq. (15.8), the time evolution of the local composition can be derived as:


@Ci
@f
@f
¼ M ii r2

 2kii r2 C i  2kij r2 C j
@t
@C i @C3
ð15:14Þ


@f
2
2
2 @f

 2kji r C i  2kjj r Cj
þM ij r
@C j @C3
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where the subscripts i and j represent components 1 and 2, and
X
M ii ¼ ð1  hCi iÞ2 Mi þ hC i i2
M j i ¼ 1; 2; j ¼ 1; 2; 3
M ij ¼ 

X



j6¼i

ð1  hCi iÞhCj i M i þ hC 1 ihC2 iM 3

i ¼ 1; 2; j ¼ 1; 2

ð15:15Þ

i6¼j

where hC i i is the average composition of component i. To simplify the derived
equation, Eq. (15.14), kii ¼ ki þ k3 , and k12 ¼ k21 ¼ k3 , where ki is the gradient
energy coefﬁcient. These equations provide a system of nonlinear fourth-order parabolic partial differential equations, and are difﬁcult to solve with ordinary numerical methods. When using an ordinary ﬁnite difference method, the time step must
be very small to obtain a stable result, and therefore the computation time will be
extremely long before a signiﬁcant real-time length can be achieved. Consequently,
the spectral method was employed in the present study to solve the partial differential equation. The spectral method, using fast Fourier transform or discrete
cosine transform are widely employed to solve the Cahn–Hilliard equation [38–40].
Spectral methods are viewed as a major development among weighted residuals
discretization methods [41], the key elements of which are the trial functions,
which approximate the target function. The trial functions often take the form of
truncated serial expansions of the original function. The details of numerical treatments for different systems are introduced in Sections 15.2.2 and 15.3.3.

15.2
Numerical Simulation of Phase Separation of Immiscible Polymer Blends on a
Heterogeneously Functionalized Substrate

When investigating a binary polymer blend system, if the polymer mixture is
quenched into an immiscible state then the stable blend will separate into A-rich
and B-rich domains, and coarsen with time. In the present study, the system was
assumed to be diffusion-controlled and there was no predominant dynamic mass
ﬂow. Rather, the composition proﬁle was determined by the free energy minimization, as stated above.
In the aforementioned free energy model of polymer blends, the local free
energy is a function of the composition and the temperature. The free energy penalty for the composition gradient is a function of the composition, the temperature, and the gradient of the composition. Other effects such as external pressure,
temperature variations and contacting substrate may also be taken into consideration in speciﬁc systems. In this example, a functionalized substrate surface with
different attraction forces to the two types of polymer is applied to one side of the
polymer blend, while the other side is kept as a free surface. The surface energy is
speciﬁed as a function of the coordinates and added to the total free energy to
represent the contribution by the functionalized substrate. In practice, the application of a functionalized substrate is used to control the topology of the phase separation towards an ordered structure.

15.2 Numerical Simulation of Phase Separation of Immiscible Polymer

Polymers demonstrate viscoelastic properties in different states, and therefore
on certain occasions it may be necessary for the numerical model to involve elastic
energy during phase separation. In this example, the numerical simulation is carried out with and without this part of free energy. The elastic energy of the
domain can be added to the total free energy in the model. In summary, both 2D
and 3D numerical models are introduced to investigate template-directed polymer
self-assembly with a binary polymer blend.
15.2.1
Fundamentals

According to Cahn [24,31], the mass ﬂux, J, in the mixture can be denoted as:
J ¼ M  rm

ð15:16Þ

where M is mobility and m is the chemical potential of the polymer blends. In
order to determine the chemical potential, the expression of the total free energy
must be determined. According to Cahn and Hilliard [23], the free energy, F, of a
binary system can be written as:
Z
FðCÞ ¼ ff þ f e þ kðrCÞ2 gdV
ð15:17Þ
V

where C is the mole fraction of one polymer component, f is the local free-energy
density of the homogeneous material, f e is the elastic energy density, and k is the gradient energy coefﬁcient. Thus, the item kðrCÞ2 is the additional free energy density
if the material is in a composition gradient. Consecutively, the chemical potential m is:
m¼

@f
@f
þ e  2kr2 C
@C @C

ð15:18Þ

The mobility of the diffusion model is non-negative and evaluated as a positive
constant in this study. By substituting the chemical potential expression into the
equation for the mass ﬂux, the evolution of the composition can be written as the
function of local composition:
 

dC
@f
@f
ð15:19Þ
¼ r2  M
þ e  kr2 C
dt
@C @C
The free energy variation on the heterogeneously functionalized substrate is simulated by a free energy term, f s , which is also a function of the composition and the
coordinates, r. The surface free energy is added to the total free energy on the
surface of the substrate:
Z
Z
FðCÞ ¼ f f þ f e þ kðrCÞ2 gdV þ f S ðC; rÞdS
ð15:20Þ
V

S

The term represents the thermal noise in the phase separation, and may be
added to the free energy, as indicated in the studies of Shou and Chakrabarti [42].
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However, in this study the thermal ﬂuctuations are neglected as they are negligible for quenches far away from the critical points and/or spinodal lines [43,44].
The Flory–Huggins-type free energy is used as the bulk free energy density [33].
A binary Flory–Higgins free energy reads as follows:


RT CA
CB
f ¼
ln CA þ
ln CB þ xAB CA CB
ð15:21Þ
vsite mA
mB
where Ci is the volume fraction of component i, mi is the degree of polymerization of component i, T is the temperature (in K), R is the ideal gas constant, xAB is
the Flory–Huggins interaction parameter between the two components (which is
dependent on temperature), and vsite is the molar volume of the reference site in
the Flory–Huggins lattice model.
The elasticity is assumed isotropic in the domain. According to Vegard’s law
[45], the stress-free strain is isotropic and depends linearly on the composition:
e0ij ¼ gðC  C 0 Þdij

ð15:22Þ

where e0ij is the stress-free strain, c0 is the average composition of the domain, dij is
the Kronecker delta function, and g is the compositional expansion coefﬁcient which
is expected to be independent of the composition and the composition gradient [46].
According to the linear elasticity, the stress, sij s is linear with the change of the
strain by Hook’s law:

ð15:23Þ
sij ¼ c ijkl ekl  e0kl
where c ijkl represents the isothermal elastic tensor, which is independent of both
position and composition. The elastic energy then can be expressed as follows,
with no external anisotropic elastic applied:

1
f e ¼ c ijkl eij  e0ij ekl  e0kl
2

The total strain can be evaluated by the local displacement, u [47].


1 @ui @uj
eij ¼
þ
2 @r j @r i

ð15:24Þ

ð15:25Þ

The displacement of the reference lattice is then solved by the elastic equilibrium.
Given the fast relaxation time compared to the rate of morphology evolution, it
can be assumed that the system is in elastic equilibrium [48]:
@s ij
¼0
@r j

ð15:26Þ

15.2.2
Numerical Method

The Cahn–Hilliard equation is known for its difﬁculty in solving due to its nonlinearity and the biharmonic term. The cosine transform method is applied to the
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spatial discretization:


^
dC
@f
@f
^
ð15:27Þ
¼ Ml
þ e  klC
dt
@C @C
n
o
^ and @f þ @f S represent the Fourier transform of the composition and
where C
@C
@C
the summation of the ﬁrst derivation of bulk free energy density and surface free
energy both with the respect of the composition. l is the approximation of discrete
Laplacian operator in the transform space [49]:
X
X
2
cosð2pki Þ 
2
lðkÞ ¼

i

i

ð15:28Þ

ðDxÞ2

Here, the vector k denotes the discretized spatial element position in all dimensions. Numerically, ki ¼ ni =N i , where ni is the element in the ith dimension and
N i represents the number of elements in the ith dimension. Dx is the spatial step
in the numerical modeling.
By this means, the partial differential equation is transferred into an ordinary
differential equation in the discrete cosine space. A semi-implicit method is used
to trade-off the stability, computing time, and accuracy [39,40]. In order to remove
the shortcomings with the small time-step size associated with the explicit Euler
scheme to achieve convergence, the linear fourth-order operators can be treated
implicitly while the nonlinear terms can be treated explicitly. The resulting ﬁrstorder semi-implicit Fourier scheme is:
^
ð1 þ MDtklÞC

nþ1

^  MDtl
¼C
n

Df ðCn Þ Df e ðCn Þ
þ
DC
DC

ð15:29Þ

A second-order Adams–Bashforth method [50] was also used for the explicit treatment of the nonlinear term (the sum of the bulk free energy density and template
surface free energy differentials). The equation can be discretized into the form,
^ nþ1 ¼ 4C
^n  C
^ n1
ð3 þ 2MDtkl2 ÞC


@f ðCn Þ @f e ðCn Þ
@f ðCn1 Þ @f e ðCn1 Þ
þ

þ
þ2MDtl 2
@C
@C
@C
@C

ð15:30Þ

When the initial condition and the time length are selected, the composition
proﬁle of the domain for the second time step can be calculated with Eq. (15.29).
Subsequently, the third and following time steps can be calculated with Eq. (15.30).
For simplicity and generality, the equations are dimensionalized. The scaling
dimensions and time are chosen as follows:
2 ¼ kvsite
L
RT

ð15:31Þ

2C vsite
L
M C RT

ð15:32Þ

t ¼
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Table 15.1

Characteristic terms for nondimensionalization.

Characteristic length
Characteristic time
Characteristic free energy
Characteristic gradient energy coefﬁcient
Characteristic mobility

kvsite
2

L ¼
RT
L2 vsite
t ¼
MC RT
f ¼ RT f
vsite
2
RT L

k¼
vsite
 ¼ MC
M
L2

The other parameters are treated accordingly. The factors for nondimensionalization are listed in Table 15.1.
15.2.3
Implementation

Another difﬁculty in the numerical simulation of polymer systems is the measurement of parameter values. Whilst such values may be readily available for smallmolecule materials, the monomers and functional groups exhibit different properties in polymers, not to mention the differences in polymerization and polydispersity. The parameters are thus selected in a ﬂexible and practical manner,
according to the corresponding experiment conditions and the literature. The temperature is 363 K (90  C), the degree of polymerization of polymers A and B are
447 and 915, respectively, and the interaction parameter, xAB , in the Flory–Huggins-type free energy is evaluated by an empirical function of the temperature as
follows:
xAB ¼ a þ

b
T

ð15:33Þ

where a and b are constants which are independent of temperature, with a equal
to 0.032 and b equal to 48.2 according to Kressler et al. [51]. In order for the phase
separation to occur, the critical value of the interaction parameter can be calculated from the degree of polymerization of the polymers:

2
1
1
1
xc ¼
ð15:34Þ
pﬃﬃﬃﬃﬃﬃﬃ þ pﬃﬃﬃﬃﬃﬃﬃ ¼ 0:00323
2
mA
mB
The gradient energy coefﬁcient, k, is selected as 6.9e-11 J m1 [52] for a generic
polymer material, while the diffusivity, D ¼ 1e-20 m2 s1, is chosen as a typical
value for polymers. The mobility of the system can then be evaluated, using the
relationship [53]:
M¼

Dvsite
RT

ð15:35Þ
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Figure 15.7 The spatial variation of surface free energy factor.

where D is the diffusivity, and vsite is usually chosen as the molar volume of water,
1.8e-5 m3 mol1; thus, M ¼ 5.98e-29 m5 (Js)1. In the simulation, the nondimensionalized mobility is 1.
In the elastic model, the reference composition is chosen according to the initial
condition. The compositional expansion coefﬁcient is chosen as g ¼ 0:02 [21].
The attraction force of the surface to the polymer is a short-range force which
can only affect the domain near the substrate surface. The surface energy is linear
to the local composition [54]:
f S ðC; rÞ ¼ s0 ðrÞ þ s1 ðrÞðC  Cref Þ

ð15:36Þ

where s0 ðrÞ and s1 ðrÞ are surface attraction parameters that represent the functionalization of the substrate, and Cref is the reference composition. For nondimensionalization, C ref and s0 ðrÞ are chosen to be 0. For example, as can be seen in
Figure 15.7, the functionalized substrate energy factor s1 ðrÞ is alternating across
the x direction of the substrate in an effort to develop a corresponding alternating
strip pattern in the self-assembling polymer near the substrate.
15.2.4
Results and Discussion

To ensure that phase separation is induced spontaneously, the second derivative of
the local free energy with respect to the composition should be negative [55]:
@2f
<0
@C 2

ð15:37Þ

To meet this requirement, the shape of the free energy must be tuned by temperature to quench the mixture into a miscibility gap. A process of phase separation initiated from a random composition distribution is shown in Figure 15.8.
The effect of the functionalized substrate attraction is excluded; however, it can be
seen that in the case without consideration of the elastic energy, the patterns
evolve rapidly during the early stages of the phase separation, while the gradient
in the interface of the two phases increases very quickly.

471

472

15 Modeling and Simulation

Figure 15.8 Evolution of phase separation in a 128  128  128 three-dimensional domain
without a patterned substrate. (a) Without elastic energy; (b) With isotropic elastic energy.

The situation when considering isotropic elastic energy initiates at a slower
pace, with the slower rate of evolution being due to an elastic energy term
increase when the local composition differs from the average value of the whole
domain. The rapid change in local composition during the early stage exaggerates
the effects of the elastic energy and thus slows down the decomposition. When
the system nears a steady state the change in local composition slows, the impact
of the isotropic elastic energy is hardly distinguishable, and a much longer time is
required to observe any signiﬁcant changes in the pattern.
In order to achieve an optimal polymer self-assembly replicating the predesigned substrate, the characteristic length of the domain, RðtÞ, should match the
pattern strip length, lp . The characteristic length is then measured with respect to
time. In numerical modeling the domain growth is studied by evaluating the paircorrelation functions g i , where the subscripts i and j represent the directions in
the domain [25].
g i ðd; tÞ ¼

Nj
1 X
g ðd; tÞ
N j k ¼1 i;kj
j

ð15:38Þ
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Figure 15.9 Evaluation of the pair-correlation function gi ðd; tÞ in a 2D phase separation model

without elastic energy.

where g i;ki is deﬁned as
 




g i;kj ðd; tÞ ¼ y k ¼ ki ; kj ; t y k ¼ ki ; kj þ d ; t

ð15:39Þ

where y is the order parameter which equals the composition difference of the
two polymers in the element k, and d is a positive variable and varies from 1 to ki .
The angle brackets denote the average value of the expression inside the brackets
over all the lattice points. The characteristic length in the ith dimension, Ri ðtÞ, is
the ﬁrst zero value of g i ðd; tÞ.
The interface of the polymer and the patterned substrate is the focus of this
study. For improved model ﬁdelity, the characteristic length is measured using a
2D model of 128  128 elements instead of a 3D model. Phase separation takes
place on a neutral substrate, and the effect of the elastic ﬁeld is included. In theory, when spinodal decomposition has occurred in the binary polymer mixture the
average characteristic lengths are the same in all directions. RðtÞ is measured in
both x and y directions, and the average value is recorded. The values of g i ðd; tÞ
without and with elastic energy are shown in Figures 15.9 and 15.10, respectively.
It has been established previously that RðtÞ increases proportionally to t1=3 [56–58].
In the present study, the value of g i ðd; tÞ was plotted with t1=3 to observe this relationship. It can be seen from Figures 15.9 and 15.10 that the ﬁrst zero values of
the pair-correlation function increased with time; RðtÞ was then determined with
ﬁrst-order interpolation between the two points when the sign of the pair-correlation function changed, as can be seen in Figure 15.11.
In the double logarithmic plot in Figure 15.11, the RðtÞ value without elastic
energy can be ﬁtted in a straight line in the double logarithmic diagram with the
x-axis set to be t. The RðtÞ value of the system with the consideration of isotropic
energy effects takes longer to become stable than the system without elasticity
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Figure 15.10 Evaluation of the pair-correlation function gi ðd; tÞ in a 2D phase separation model

with elastic energy.

effects, as can be seen in Figure 15.2. In the stable stage of an isotropic elastic
system, the RðtÞ-value can also be ﬁtted with a straight line in the double logarithmic diagram with respect to t. The ﬁtting lines are in the form of y ¼ a þ bxn,
where a and b are constants (a is equal to 0 in both cases). The exponents are
0.3567 and 0.3223, and b is equal to 0.4026 and 0.4480 for the nonelastic and
elastic cases, respectively. These values are compatible with the observation that
RðtÞ is proportional to t1=3 [25,28,29]. From the data in Figure 15.11 it can be seen

Figure 15.11 The relationship between the characteristic length, RðtÞ, and time, t.
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that RðtÞ increases faster in the case without elastic energy. The difference in the
evolution rate of the two cases was also due to the elastic free energy term added
to the local free energy, which slowed minimization of the free energy.
Clearly, the numerical simulation method has the major advantage that the
results can be assessed quantitatively. Generally, the pattern of spinodal decomposition tends to replicate the pattern in the substrate with increasing time. Hence,
in order to optimize the ﬁnal pattern according to the substrate the characteristic
length should be compatible with the pattern scale. The similarity of the ﬁnal pattern to the pattern on the substrate is measured with respect to time. The compatibility of the ﬁnal pattern with the patterns designed on the substrate can be
measured by a factor, CS :
1
CS ¼ hjyðkÞ  Sk ji
2

ð15:40Þ

8
< s1 ðkÞ
; s1 ðkÞ 6¼ 0;
Sk ¼ js1 ðkÞj
:
0;
s1 ðkÞ ¼ 0

ð15:41Þ

where

and where s1 ðkÞ is the parameter in the surface energy, which denotes the
strength of the surface functionalization, and can be varied across the substrate surface. Sk is the qualitative representation of the substrate attraction.
Clearly,
CS 2 ½0; 1

ð15:42Þ

Hence, the greater the value of CS the more compatible the resulting polymer
morphology is to the functionalized substrate. If CS is equal to 1, the resulting
pattern absolutely replicates the substrate pattern, whereas if C S is equal to 0 the
random distribution of the phase separation is close to the substrate pattern.
Phase separation can be simulated numerically in a 128  128 elements 2D model
on a heterogeneously functionalized substrate. The change in shape of the gðd; tÞ
with time is depicted in Figures 15.12 and 15.13 (Figure 15.15 shows the
RðtÞ-value across the direction perpendicular to the strips patterns on the substrate). It can be seen that, with the existence of functionalization on the substrate,
the characteristic length, RðtÞ, in the x direction increases quickly in the early
stage but slows beyond a critical value that is related to the dimension of the pattern strips. The system with isotropic elastic energy has smaller evolution rates
but an earlier critical time than the phase separation without elastic energy; this
effect is due to the longer initial time in the case without elastic energy, which
can be seen in Figure 15.14. The x-axis is logarithmic according to t1=3 in Figures
15.14 and 15.15. When evolution has been initiated the characteristic length can
be ﬁtted into straight lines before and after the critical time, both in situations
with and without elastic energy. The slope of the ﬁtting line was decreased from
0.947 to 0.045 for the case without elastic energy, and from 0.491 to 0.046 for the
case with elastic energy.
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Figure 15.12 Evaluation of the pair-correlation function gi ðd; tÞ in a 2D phase separation model

without elastic energy on a heterogeneously functionalized substrate.

In Figure 15.15 the compatibility factor, CS is also plotted with t1=3 . There is also
a critical time during evolution of the compatibility factors; for example, the critical time for C S was empirically identical to that of RðtÞ in Figure 15.15. The compatibility of the phase separation pattern with the substrate increased quickly
before the critical time and became stable afterwards. The existence of a critical
time in the evolution of the characteristic time and compatibility was due to an

Figure 15.13 Evaluation of the pair-correlation function gi ðd; tÞ in a 2D phase separation model

with elastic energy on a heterogeneously functionalized substrate.

15.2 Numerical Simulation of Phase Separation of Immiscible Polymer

Figure 15.14 The characteristic length in x direction (the direction perpendicular to the strips in

the pattern).

effect of the pattern strips, whereby those strips in the x direction redeﬁned the
characteristic length other than the intrinsic value of the spinodal decomposition.
However, when the resulting pattern from the phase separation covered the functionalized substrate as designed in general, the system reached its critical time,
after which RðtÞ and C S were both increased at a much slower pace. In practice,
these results implied that the optimized annealing time should be close to the
critical time, although a longer annealing time would not provide any signiﬁcant
help in reﬁning the ﬁnal pattern.

Figure 15.15 The characteristic length in x direction (the direction perpendicular to the strips in

the pattern).
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It can be seen that the curve in the semi-logarithmic plot of CS corresponds to
that in the semi-logarithmic plot of RðtÞ for the phase separation patterns on a functionalized substrate. The critical time to enter the stable state, as shown in Figure
15.12, was almost the same as the critical time shown in Figure 15.11. The increase
in CS with respect to time after tc can be ﬁtted by a straight line in a semi-logarithmic axis; the slope of the ﬁtting line was approximately 0.05. The trend shown in
Figures 15.13 and 15.12 implied that the resultant pattern could be greatly reﬁned
according to the substrate by increasing the time. However, annealing for a time in
excess of tc would provide little help in optimizing the resultant pattern.
The lateral composition proﬁle of phase decomposition with a patterned substrate can be observed in a 3D model, with a checkerboard structure being
observed in the early stage of phase separation [59,60]. This effect was due to the
alternating attraction factor, s1 ðrÞ, on the strips, whereby the polymer close to the
substrate was attracted and attached to the respective area on the substrate, while
the neighboring region in the domain to the depth direction was concentrated on
the other type of polymer. This effect was seen to start from the interface with the
substrate and to decay through the thickness direction to the domain. As the spinodal decomposition developed in the bulk domain, the random phase separation
would overcome the checkerboard effect. The attraction force on the substrate
must be strong enough to sustain the effect from the bulk domain. The inﬂuence
of the attraction factor is currently under investigation.
Spinodal decomposition with a heterogeneously functionalized pattern is shown
in Figure 15.16 (though the initial state is the same as shown in Figure 15.8),

Figure 15.16 Effect of heterogeneously functionalized pattern on phase decomposition. (a)

Without elastic energy; (b) With isotropic elastic energy.
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where the checkerboard structure in the lateral direction is seen to decay faster in
the case without elastic energy. The impact of the substrate functionalization cannot propagate into the depth of the polymer blends; however, as the attraction
force applies only to the substrate surface the checkerboard structure in the
domain will be replaced by a bicontinuous structure.
The lateral composition proﬁle with the patterned substrate can be investigated
using the function,


1 XX

hðzÞ ¼
yðkÞ  Sk 
ð15:43Þ

k1 k2 k k
1

2

z

which represents the average order parameter y on the plane k3 ¼ z. In addition,
k1 ; k2 , and k3 represent the elements in the ﬁrst, second, and third directions,
respectively, with k3 in the direction perpendicular to the substrate.Changes in
hðzÞ with time are shown in Figure 15.17. Clearly, the strength of the composition
wave can be seen to decrease from the substrate surface in the depth direction,
while the involvement of elastic energy retards the decomposition process in a
lateral direction. The composition wave from the substrate propagates more slowly
in the case that includes the isotropic elastic energy, due to the decreased driving
force that was previously noted by Cahn [31]. The composition waves shown in
Figure 15.17 cannot be observed in the phase separation with a substrate that is
neutral to both polymers.
15.2.5
Summary

Examples of 2D and 3D numerical simulations have been developed for the phase
separation of a binary immiscible polymer blend. When the effects of isotropic
elastic energy were investigated it was observed that, during the spinodal decomposition process, the characteristic length, RðtÞ, was proportional to t1=3 , and
the involvement of an isotropic elastic energy resulted in a smaller slope in the
RðtÞ  t1=3 diagram. The introduction of a patterned substrate with regular strips
induced a critical time in RðtÞ in the direction perpendicular to the strips, and
compatibility between the resultant pattern and the substrate pattern, CS . The
strips conﬁned the increase in RðtÞ in a direction perpendicular to the strips.
Although there remained a linear relationship between RðtÞ and t1=3 when the system had reaches a critical time, the slope of the RðtÞ  t1=3 diagram was seen to
decrease in the second stage.
The composition proﬁle in depth direction was investigated using a 3D model,
whereby a checkerboard structure was observed in the early stages of decomposition, but this decayed as the intrinsic value of RðtÞ in the bulk domain increased.
The strip patterns were conﬁned to the surface domain in the later stages of phase
decomposition. A consideration of the isotropic elastic energy also caused a slower
evolution in the depth direction.
The impact of these parameters will be investigated in future research, while the
inﬂuences of the attraction force, composition, substrate pattern geography and
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Figure 15.17 Evolution of composition profile in the lateral direction with a patterned substrate.

15.3 Numerical Simulation of the Self-Assembly of a Polymer–Polymer–Solvent Ternary System

other factors will be examined using numerical modeling. The numerical simulation will also be compared with experimental results to seek validation. A new
polymer–polymer–solvent ternary model is also under development.

15.3
Numerical Simulation of the Self-Assembly of a Polymer–Polymer–Solvent Ternary
System on a Heterogeneously Functionalized Substrate
15.3.1
Introduction

In the past, polymer-based ternary systems have been the subjects of extensive
study, with both Scott [29] and Hsu et al. [30] investigating the thermodynamic
fundamentals of a polymer-based ternary system with Flory–Huggins-type free
energy, as well as providing a method to calculate the binodal curve in ternary
blends. A generalized numerical simulation for ternary phase separation was
described by Chen [61], while Huang et al. established a numerical model for a
polymer–polymer–solvent ternary system based on Flory–Huggins-type free
energy and nonlinear diffusion equations [43]. Likewise, when He and Nauman
investigated the inﬂuences of polymer chain length on phase separation, it was
noted that the long chains of polymers would destabilize the blends and increase
the quench depth [62]. Subsequently, numerical polymer–nonsolvent–solvent systems were established and studied by Altena et al. [63] and Zhou et al. [64], while
Tong et al. developed a numerical model of a ternary phase separation with the
consideration of chemical reaction dynamics [65].
In the following sections a polymer–polymer–solvent blend phase separation is
investigated, with the respect to self-assembly on a heterogeneously functionalized
substrate. The evolutionary mechanisms were studied by measuring the characteristic length, and the inﬂuence of different compositions was examined. The
effects of a heterogeneously functionalized substrate were studied, and a discrete
cosine transform spectral method was employed to solve the nonlinear partial differential equation. A semi-implicit method was used in the time evolution; this
method was found to be efﬁcient and unconditionally stable over large time steps
[40] (see Section 15.1.4).
15.3.2
Thermodynamics

During the process of phase separation in a mixture, the evolution of composition
can be described by a continuity equation:
@C i
¼ rJ i;net
ð15:44Þ
@t
where Ci represents the composition of the polymer i, and J i;net denotes the net
ﬂux of component i. As the simple diffusion model described by Eq. (15.16) is
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inadequate for a multiphase situation, the model developed by Kramer et al. [66]
was employed in the present study as it was shown to agree better with experimental observations [67,68]. The mass ﬂux of the nonlinear diffusion model can
be written as:
X
J i;net ¼ J i  Ci
Jj
ð15:45Þ
j¼1;2;3

Here, the chemical potential is determined by the expression of the free energy,
while the total free energy of a ternary system, F, can be derived from the thermodynamic principles presented by Cahn and Hilliard [31,32], as can be seen in Eq.
(15.8). The chemical potential of component i can then be derived [69]:


@F
@f 
@f 
ð15:46Þ
mi ¼
¼
r
@ðrCi Þ
@C i @C i
where f  represents the nonhomogeneous free energy density, and is equal to
P
P
f þ i¼1;2;3 ½ki ðrCi Þ2 . In an incompressible ﬂuid, i¼1;2;3 Ci ¼ 1, where C1 and
C 2 are regarded as independent variables and C 3 ¼ 1  C 1  C2 . By substituting
Eqs (15.45) and (15.46) into Eq. (15.44), the time evolution of the composition of
component i can be represented as [37,43,70]:


@C i
@f
@f
¼ M ii

 2kii r2 Ci  2kij r2 Cj
@Ci @C 3
@t
ð15:47Þ


@f
@f
þM ij

 2kji r2 C i  2kjj r2 Cj
@Cj @C 3
where the subscripts i and j represent components 1 and 2, and
X
 i Þ2 M i þ C
2
M ii ¼ ð1  C
M j i ¼ 1; 2; j ¼ 1; 2; 3
i
j6¼i

X

 i ÞC
 j Mi þ C
 iC
 j M3
ð1  C
M ij ¼ 

i ¼ 1; 2; j ¼ 1; 2

ð15:48Þ

i6¼j

 i is the average composition of component i. In order to simplify the soluwhere C
tion of Eq. (15.47), kii ¼ ki þ k3 , and k12 ¼ k21 ¼ k3 , where ki is the gradient
energy coefﬁcient.
The Flory–Huggins-type free energy is used as the bulk free energy density [33],
which can be read as Eq. (15.9):
The free energy can be plotted in three dimensions, as depicted in Figure 15.18,
where it can be seen that the free energy is minimized with intermediate concentrations of C1 and C 2 , which would tend to drive diffusion from higher freeenergy regions into lower free-energy regions.
In Figure 15.18, the interaction parameter of the two polymers, x12 , is chosen as
1 to show the immiscibility. The interaction parameters of polymers to the solvent,
x13 and x23 are set to 104 to represent the solubility of the polymers in the solvent. It can be seen that the free energy increases when the composition of the
solvent decreases. On the surface of C 1 þ C2 ¼ 1, and when there is no solvent in
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Figure 15.18 The free energy of a polymer–polymer–solvent ternary mixture. PAA, poly(acrylic

acid); PS, polystyrene.

the system, the free energy reﬂects the immiscible behavior of the two polymers.
According to thermodynamics, the spinodal decomposition will occur when
the system is quenched into the spinodal region in the phase diagram.
The spinodal line in a ternary system can be calculated with the following
equation [71]:
@2f @2f
@2f
2
2 ¼ @C @C
@C 1 @C2
1
2

ð15:49Þ

The spinodal line in the ternary diagram can be calculated as shown in Figure
15.19. The initial conditions are marked in the phase diagram, as C3 to be 30%,
40%, 50%, 60%, and 70%, and C1 equal to C2.
The heterogeneity of the functionalized substrate is implemented into the numerical model by an additional term, f s , to the total free energy on the interface of the
mixture and the substrate. Thus, an updated version of Eq. (15.9) can be read as
)
Z (
X
2
FðC 1 ; C 2 ; C 3 Þ ¼
f ðC 1 ; C2 ; C3 Þ þ
½ki ðrCi Þ  dV þ f s ðC 1 ; C 2 ; rÞ
V

i¼1;2;3

ð15:50Þ
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Figure 15.19 The spinodal curve of the polymer–polymer–solvent system.

where r is the coordinates vector on the mixture–substrate interface. Further
details of this are discussed in the following section.
15.3.3
Numerical Method

The cosine spectral method was applied to the spatial coordinates. The evolution
equations for a ternary system can then be transformed into the discrete cosine
space as follows:


^i
@C
@f
@f
^ i  2kij lCj
 2kii lC

¼ M ii
@C i @C3
@t
ð15:51Þ


@f
@f
^
 2kji lCi  2kjj lC j
þMij

@C j @C3
n
o
^ i and @f  @f represent the cosine transforms of C i and @f  @f ,
where C
@Ci
@C 3
@Ci
@C 3
respectively. l is the approximation of discrete Laplacian operator in the transform
space [49]:
P
P
2 i cosð2pki Þ  i 2
lðkÞ ¼
ð15:52Þ
ðDxÞ2
where k denotes the discretized spatial position vector, ki ¼ Nnii is the value of k in
the ith dimension, N i represents the number of elements in the discrete space in
the ith dimension, and Dx is the spatial step of the discretization. Similar to the
methodology in the previous section, the linear fourth-order terms in Eq. (15.51)
are treated implicitly and the nonlinear terms treated explicitly. The two ordinary
differential equations with two unknowns are then solved to obtain the concentration for the next time step.
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The parameters in the equation are nondimensionalized. The original values are
divided by characteristic values to vanish the units, and the characteristic length
and time are chosen as follows:
kvsite
L2c ¼
RT
ð15:53Þ
L2c vsite
tc ¼
Mc RT
where M c is the characteristic mobility which is selected so that the value of the
nondimensionalized mobility in the numerical simulation is 1. Other characteristic parameters can be derived from Eqs (15.47) and (15.53).
15.3.4
Implementation

An immiscible polymer pair is implemented in this numerical modeling. The
degree of polymerization was chosen as 100, according to experimental data. The
interaction parameter, xij , in the Flory–Huggins free energy for polymers can be
evaluated as a function of temperature in a binary case. In a ternary phase separation, the critical value of the interaction parameter for spinodal decomposition to
occur between two polymers can be estimated as:

2
1
1
1
x12;c ¼
ð15:54Þ
pﬃﬃﬃﬃﬃﬃ þ pﬃﬃﬃﬃﬃﬃ
2
m1
m2
where x12 was chosen to be 0:08; this is greater than the critical value x12;c and
ensures that the initial values are quenched into the spinodal region [25]. x13 and
x23 are both set as 0:001, which represents a very good solubility of the polymers.
The gradient energy coefﬁcients were selected as k1 ¼ k2 ¼ k3 ¼ 6:9  1011 J m1 ,
and the diffusivity, D ¼ 1  1020 m2 s1 , which are common values for generic
polymer blends [52,64]. The mobility of the system can be evaluated using the relationship [57]:
Mi ¼

Dvsite
RT

ð15:55Þ

where the site volume of the lattice model in the Flory–Huggins free energy equation is usually selected as the volume of a water molecule. During modeling, the
characteristic nondimensionalized mobility is 1.
The experimental functionalization is summarized in Table 15.2. Here, polystyrene/poly(acrylic acid) (PS/PAA) is the polymer pair, and the substrate is functionalized by –NH2 and ODT [72]. One type of functionalized surface will attract
one type of polymer but meanwhile repel the other type of polymer to the same
area of the substrate surface.
The additional term representing the surface energy on the blend–substrate
interface is treated as a linear function with concentrations C 1 and C2 [54,73]:
f s ðC1 ; C 2 ; rÞ ¼ s1 ðrÞðC1  C1;ref Þ þ s2 ðrÞðC 2  C 2;ref Þ þ s0 ðrÞ

ð15:56Þ
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Table 15.2

Polymer

PS
PAA

Functionalization in the experiments.
Attracting/Repelling forces

Hydrophobic
Negative static electrical force

Functionalization groups
NH2

ODT

Repel
Attract

Attract
Repel

where s0 ðrÞ, s1 ðrÞ, and s2 ðrÞ are functions of the coordinate vector on the substrate,
and C i;ref are arbitrary reference compositions. For simplicity, Ci;ref are selected as
0, and s0 ðrÞ 0. s1 ðrÞ, and s2 ðrÞ are tuned so that there are alternating attraction
forces to different type of polymers on the strips of the functionalized substrate, as
can be seen in Figure 15.20. To qualitatively depict the functionalization of the
substrate, the values of s1 and s2 are set to be alternating around zero across the x
direction; s1 and s2 have opposite signs in all locations, representing the experimental condition that one type of functionalization on the surface will attract one
polymer but repel the other.
A Matlab program with graphical user interface has been developed for the simulation of binary and ternary polymer systems. The users can easily edit the material properties and environment variables in the program, and the results are
saved as images and data ﬁles in a designated folder. Analysis tools are also implemented in the Matlab program [74].
15.3.5
Results and Discussion

In this example, a 3D model was established to conduct the simulation with the
mesh size of 64  128  16. Similarly, the initial situation in modeling was a random distribution with small compositional differences in locations. According to
the selected parameters, the system was initiated from average compositions of
C 1 ¼ 0:2, C 2 ¼ 0:2, and C3 ¼ 0:6, which is a relatively diluted solution. To isolate

Figure 15.20 The spatial variation of the surface energy factor, s1 ðrÞ.
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Figure 15.21 Evolution of phase separation, showing: (a) PS; (b) PAA; and (c) solvent at different times for C 3 ¼ 0:60.

the effects of the solvent composition, the compositions of polymers were set
equal to each other, as in this case for the following simulations. The time evolution of the morphology for the system of C3 ¼ 0:60 is shown in Figure 15.21.
The notation t represents the nondimensionalized time steps during the simulation, as deﬁned in Eq. (15.53). In the ﬁgures, a darker color represents a higher
concentration of one composition in the blends. It can be seen that the spinodal
decomposition was induced from the random distribution, and as the two polymers are immiscible to each other they agglomerated into different domains.
Clearly, for each polymer, as the time increased the maximum local composition
increased and the characteristic domain size grew. Meanwhile, the solvent was
miscible to both polymers thus it could be observed that during the early stages
the solvent composition ﬁeld tended to be uniform across the domain. However,
since the polymers repelled each other and the peak values of the polymer compositions in different locations increased, small depressions appeared in the solvent
composition ﬁeld. During the later stage of the decomposition, the third component concentrated on the interface between two polymers and formed a thin layer.
These phenomena were also observed by Huang et al. [34], whereby different type
of polymers were seen to agglomerate separately and form an intersecting net
structure.
The solvent in the blends can increase the mobility of the polymer molecules
and decrease the interaction force between the macromolecules. From Figure
15.18, it can be seen that the solvent in an immiscible polymer pair can decrease
the free energy level of the system and increase the miscibility of the two polymers. Therefore, the solvent concentration can inﬂuence the resultant pattern in
the spinodal decomposition; indeed, the solvent concentration can be changed to
investigate the inﬂuence of solvent composition on the morphology of phase separation. The morphology evolution of ternary systems with different solvent composition is shown in Figure 15.22; in this case the initial condition is the same,
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Figure 15.22 Evolution of phase separation, showing: (a) PS; (b) PAA; and (c) solvent at differ-

ent times for C 3 ¼ 0:30.

except that the compositions are scaled according to the amount of solvent
present.
It can be seen that the less solvent that is present in the blends the faster the
phase separation is initiated and propagated. This behavior can be explained by
the system being quenched more deeply into the miscibility gap by evaporation of
the solvent, as can be seen in Figure 15.19; this phenomenon is also implied by
the free energy depiction in Figure 15.18. Evaporation of the solvent will increase
the total free energy level of the system, which in turn would make the polymer
pair more likely to phase separate.
In order to quantitatively evaluate the morphology evolution, the characteristic
lengths of the resultant patterns are measured from the composition proﬁle. First,
the pair-correlation function g i is calculated with Eq. (15.57):
gi ¼

Nj
1 X
g ðd; tÞ
N j k ¼1 i;kj

ð15:57Þ

j

where g i;kj ðd; tÞ is deﬁned as
g i;kj ðd; tÞ ¼ hyðk ¼ ðki ; kj Þ; tÞyðk ¼ ðki ; kj þ dÞ; tÞi

ð15:58Þ

where yðk; tÞ is the order parameter which equals the composition difference of
the two polymers on the element k, and d is a positive variable that varies from 1
to ki . The angle brackets denote the average value of the expression inside the
brackets over all the lattice nodes. The characteristic length in the ith dimension,
Ri ðtÞ, is the value of d when g i ﬁrst changes sign from positive to negative. The
time evolution of the pair-correlation functions for systems with different solvent
compositions can be seen in Figure 15.23, where it is apparent that a higher
solvent concentration will result in a slower evolution of the domain size. In
the system with a higher solvent concentration the maximum value of the
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Figure 15.23 The pair-correlation function, g i , of the ternary system with different solvent com-

positions, t ¼ 1024.

pair-correlation function is smaller than that in the system with a lower solvent
concentration in which the polymers are less agglomerated. It can be seen that
the ﬁrst zero point of g i increases with time.
The characteristic lengths are calculated from g i . The comparison of the characteristic lengths, RðtÞ, of ternary systems with different solvent concentrations is
shown in Figure 15.24.
When the RðtÞ  t relationship is plotted in a double logarithmic diagram, it can
be observed that during the stable evolution the RðtÞ  t relationship can be ﬁtted
with a straight line. The index numbers of the ﬁtting lines are 0.369 and 0.341, for
the cases of C3 ¼ 0:60 and C3 ¼ 0:30, respectively. These index numbers are close
1
to that in the well-known relationship of RðtÞ / t3 reported elsewhere regarding
numerical simulations and experiments [75,76]. The RðtÞ value of the condensed
system is larger than that of the diluted system, and it is clear that with the
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Figure 15.24 The characteristic lengths of ternary phase separation.

decrease of the solvent the evolution rate is increased; this effect is due to a higher
free energy level with less solvent in the system, as can be seen in Figure 15.18.
In order to investigate the inﬂuence of the heterogeneously functionalized substrate on the morphology evolution, the additional surface energy term, f s , is
added to the total free energy on the solution–substrate interface. In Eq. (15.56),
js1 j and js2 j are set to be constantly 1e  3 on all positions and with alternating
signs in the x direction, as shown in Figure 15.20. To measure the reproducibility
of the result polymer surface pattern according to the substrate pattern, a parameter, C s , is introduced:
1
Cs ¼ hjyðkÞ  Sk ji
2

ð15:59Þ

8
< s1 ðkÞ
; s1 ðkÞ 6¼ 0;
Sk ¼ js1 ðkÞj
:
0;
s1 ðkÞ ¼ 0

ð15:60Þ

and

where s1 ðkÞ is the parameter in the surface energy expression for polymer 1,
which denotes the strength of the surface attraction. Sk is the quantitative representation of the substrate attraction. Obviously,
Cs 2 ½0; 1

ð15:61Þ

The greater the value of Cs , the more compatible the resulting morphology is to
the functionalized substrate. When C s equals 1, it shows that the resultant pattern
replicates the substrate pattern exactly. Meanwhile, when C s is equal to 0:5 this
represents a random phase separation, while C s equal to 0 denotes a totally
opposite phase pattern as desired by the substrate pattern.
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Figure 15.25 Evolution of phase separation on a patterned substrate, showing: (a) PS; (b) PAA;
and (c) solvent at different times for C 3 ¼ 0:60 and js1 ðkÞj ¼ 1e  3.

The morphology evolution of ternary systems with different solvent concentrations are shown in Figures 15.25 and 15.26. An alternating composition proﬁle
can be observed near the substrate in the early stage of the decomposition in the
case of C 3 ¼ 0:60. The composition of the polymer alternates from the functionalized substrate into the depth, while the composition proﬁle changes regularly in
the depth direction and the direction parallel to the substrate and perpendicular to
the strips. This checkerboard structure in the depth direction is similar to the situation in a binary case [77,78]. The pattern on the polymer surface next to the substrate replicates the substrate pattern very well in the early stages of the
decomposition for varying solvent compositions. However, as the phase separation
progresses, and when the internal thermodynamics force overcomes the surface

Figure 15.26 Evolution of phase separation on a patterned substrate, showing: (a) PS; (b) PAA;
and (c) solvent at different times for C 3 ¼ 0:30 and js1 ðkÞj ¼ 1e  3.
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attraction force, the polymer surface patterns for solutions with lower solvent concentrations are interrupted into unconnected sections aligned on the attracting
strips. This was also observed by Keilhom in a binary numerical model [78], when
the ternary blends on the surface tended to form a morphology with intrinsic characteristics similar to those of the bulk domain. With lower solvent concentrations
(as shown in Figure 15.26), the intermolecular interaction is higher between the
immiscible polymer pairs, and therefore the polymer pair tends to phase separate
according to the thermodynamic force in the bulk domain, without signiﬁcant
assembly to the functionalized substrate.
When the ternary model with varying solvent concentrations was studied experimentally, the thickness of the polymer membrane was very thin compared to its
width and length. As the solvent evaporates into air very rapidly, its composition is
considered to be unchanged through the depth of the thin ﬁlm. The decrease in
average solvent composition was shown to obey the relationship [79]:
C3;t ¼ C 3;0 eat

ð15:62Þ

where C3;t is the composition of the solvent in time t, C3;0 is the initial solvent
composition, a is a constant, and t is time. According to the respective experimental conditions, the initial concentration of the solvent, C3;0 was set at 0.70. From
Figure 15.19, it can be seen that during evaporation of the solvent the solution is
quenched from the homogeneous region into the spinodal region, which is similar to the case of a spin-coating process in the experiment [72]. The thickness also
decreased as the solvent was evaporated. The change in thickness due to solvent
evaporation is shown in Figure 15.27, where the thickness, Lz is normalized by
the initial value.

Figure 15.27 Change of film thickness (Lz) with time (t).
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Figure 15.28 Evolution of phase separation on a patterned substrate, showing: (a) PS; (b) PAA;
and (c) solvent at different times for C 3 ¼ 0:30 and js1 ðkÞj ¼ 1e  3. The thickness is scaled by a
factor of 5.

The solvent composition and ﬁlm thickness were both decreased rapidly during
the early stage of evaporation and phase separation. However, in the later stages
most of the solvent evaporated into the air, and C 3 was close to 0.
The decrease in solvent with time inﬂuences the morphologic development.
From data relating spinodal decomposition with solvent evaporation (see Figure
15.28) it can be seen that as the solvent evaporates the two polymers phase separate with a sharper interface. This effect was considered due to the low concentration, although as the ﬁlm thickness was thin during the later stage of the
evaporation the composition proﬁle was almost the same in the depth direction.
The compatibility measurement, C s , of the morphology at the solution–substrate
interface, is plotted with the respect to time in Figure 15.29, and with respect to
the thickness direction in Figure 15.30. It can be seen that there exists a critical
time during the evolution of C s , after which the mechanism of phase separation
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Figure 15.29 Compatibility, C s , of the solution–substrate interface; evolution with time.

Figure 15.30 Compatibility, C s ; variation with depth direction at (a) 256; (b) 2048, and

(c) 4096.
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at the solution–substrate interface changes dramatically. The higher solvent concentration provides an earlier critical time, before which the surface compatibility
of the condensed polymer solution increases at a faster rate than the diluted solution. After the critical time, the surface compatibility of system with C 3 ¼ 0:60
increases at a much slower rate compared to that before the critical time, whereas
the surface compatibility in systems with C 3 ¼ 0:50, C3 ¼ 0:40, and C 3 ¼ 0:30
tends to decrease after the critical time. The C s value on the surface of system
with C3 ¼ 0:30 decreases at the fastest rate and passes the C s ¼ 0:5 level. The Cs
value for C 3 ¼ 0:30 continues to decrease until it touches the lowest point, but
then starts to increase at a very slow pace. In the system with solvent evaporation,
the Cs value increases initially and then starts to decrease after a critical point,
similar to that in the systems C3 ¼ 30% and C3 ¼ 40%, and without solvent evaporation effects. Though no obvious minima was observed during the evolution of
Cs with time when solvent evaporation was considered.
Compatibility to the functionalized substrate of the morphology on the layers
through the depth is plotted at different time spots. The depth of the ﬁlm in the
time spot concerned is divided by 16 nodes. In the case considering evaporation,
there was no signiﬁcant change in the value of Cs in the depth direction, but in
cases with a constant solvent composition the compatibility alternated from the
surface to the bulk domain, which indicates that the dominant polymer type had
changed from the surface to the depth. This result was in accordance with the
checkerboard structure in the depth direction. As stated above, the surface attraction can affect only the neighboring surface of the ternary blends, and the domain
that is not connected to the substrate is inﬂuenced only indirectly. The inﬂuence
of the functionalization decays very quickly into the depth from the substrate
surface.
The depth composition proﬁle can also be investigated via a quantity, h:
hðzÞ ¼

1 XX
yðkÞ  Sk jz
k1 k2 k k
1

ð15:63Þ

2

which evaluates the average of the order parameter, yðkÞ, on the plain k3 ¼ z. As
indicated, k1 , k2 , and k3 represent the elements in the ﬁrst, second, and third
direction, respectively, with k3 being the direction normal to the substrate surface.
Equation (15.63) also considers the inﬂuence of the substrate functionalization
on the composition proﬁle. The hðzÞ values at different times can be seen in Figure 15.31.
To directly compare the order parameter in Figure 15.31, yðkÞ ¼ C 1 ðkÞ  C2 ðkÞ,
the hðzÞ value of different composition systems has been scaled to maintain the
similar magnitudes. As the two polymers are immiscible with each other, less solvent will result in a more unstable system and a faster evolution in the phase
separation. It can be seen that the composition wave is initiated from the substrate
and propagates into the depth direction with time. After scaling, the amplitude of
the composition wave is still bigger for the condensed systems; growth of the
wave is also faster when there is less solvent in the system. During the late stage
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Figure 15.31 The order parameter profile in the depth direction at (a) 256, (b) 2048, and

(c) 4096.

of decomposition, the composition wavelength remains stable and in the condensed systems the composition wavelength decays with time. In the nondimensionalized time t ¼ 4096 the composition wave length in the most condensed
system is decreased to a very small value, which means that there is no dominant
species near the functionalized substrate surface.
15.3.6
Summary

Following the introduction of a 3D ternary numerical model, it can be seen that an
expansion of the numerical model from binary to ternary involves alternations in
basic physical equations. Yet, more interesting phenomena were also encountered
in the ternary system; for example, the immiscible polymer pairs agglomerated
into different locations and the solvent for each of the polymers was concentrated
on the interface domain of the two polymers. The characteristic length, RðtÞ,

15.4 Verification of Numerical Simulation of the Self-Assembly of a Polymer–Polymer–Solvent
1

followed the same rule of RðtÞ / t3 as in a polymer–polymer binary system, as
shown in Section 15.3.5 [77]. The attraction forces of the heterogeneously functionalized substrates on different types of polymer are conﬁned to the surface
domain and decay very rapidly into the depth, and this can also be investigated in
binary systems. Unlike the case of a 2D numerical system [77], the bulk domain
has a signiﬁcant inﬂuence on the surface pattern, as the phases separate at the
solution–substrate interface according to the substrate patterns in the early stage.
However, at the late stage of phase separation the surface morphology collapses
into unconnected sections, the characteristic lengths of which obey the intrinsic
values in the bulk domain. In a real experiment this implies a reﬁned resultant
pattern from a phase separation in a dilute solution rather than in a condensed
solution. In the numerical simulation, evaporation of the solvent results in a
sharper interface between the two polymer domains and a moderate decrease in
the Cs value beyond the critical time, when compared to the case of a constant
solvent concentration of 30%. The signiﬁcant decrease in the thickness of the ﬁlm
caused a uniﬁed composition proﬁle in the depth direction.

15.4
Verification of Numerical Simulation of the Self-Assembly of a Polymer–Polymer–
Solvent Ternary System on a Heterogeneously Functionalized Substrate

In this section an example is provided of the veriﬁcation of numerical simulation
with real experimental results. The AFM and TEM images are compared directly
with the numerically simulated composition proﬁles, and an innovative methodology is applied to assess the nontrivial model parameters with simulation
optimization.
The properties of the external surface can signiﬁcantly alter phase separation in
a thin polymer ﬁlm. In extensive experimental investigations of the phase separation of polymer blends directed by patterned substrates [1,56,58,60,80–88] it was
observed that the domain size evolved in a power law relation with time. The composition wave was normal to, and propagates inward from, the functionalized substrate. Likewise, processing parameters such as pattern size in the substrate were
seen to affect reﬁnement of the morphology.
The phase separation of a polymer–polymer–solvent solution with solvent evaporation was investigated using an established ternary model [77]. When Scott [29]
and Hsu et al. [30] numerically studied the phase separation of a polymer-based
ternary system with Flory–Huggins-type free energy, both groups employed similar methods to calculate the binodal curve in ternary blends. Chen [61] also provided a generalized numerical simulation for ternary blends, whereas later on
Huang et al. established a numerical model for a polymer–polymer–solvent ternary system based on Flory–Huggins-type free energy and nonlinear diffusion
equations [43]. Numerical polymer–nonsolvent–solvent systems have also been
established and studied by Altena et al. [63] and Zhou et al. [64]. Tong et al. established a numerical model of a ternary phase separation with the consideration of
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chemical reaction dynamics [65]. Subsequently, Tong and Nauman investigated
the inﬂuences of polymer chain length on the phase separation, and showed that
the long chains of polymers would destabilize the blends and increase the quench
depth [62].
The numerical simulation was validated by comparison with experimental
results obtained from a cooperating group [72]. The evolution mechanisms
were studied both numerically and experimentally and the predicted morphology pattern of phase separation was compared quantitatively with the experimentally observed pattern. The effects of the processing parameters, including
the composition of the polymers, the attracting factors and the rate of evaporation, were also investigated and compared in both the numerical simulation
and in experiments.
15.4.1
Experiment

A cooperating research group focused on developing a method for the nanomanufacture of highly ordered polymeric features by the direct assembly of polymer
blends on chemically patterned surfaces [72]. Chemically heterogeneous patterns
were prepared using a new method that combined electron-beam lithography and
the self-assembly of alkanethiol monolayers. Three pattern periodicities (667,
1000, and 1333 nm) were employed to investigate these effects. The strip width
ratios remained constant at 3/7; that is, the hydrophilic strips covered by 11amino-1-undecanethiol hydrochloride (MUAM; 99% purity; Asemblon, Inc.)
monolayers occupied 30% of the pattern periodicity, while their hydrophobic
counterparts which were covered by 1-octadecanethiol (ODT; Aldrich Inc.) monolayers occupied the remaining 70%.
The basic experimental procedure was as follows: 1 wt% polymer blend solutions of PS (18 k molecular weight; Aldrich Inc.)/PAA (2 k molecular weight;
Aldrich Inc.) with the 7/3 ratio in dimethylformamide was pipetted onto the
template. After a 6-min period of quiescence, during which the humidity was
maintained above 1.0% and the room temperature at 20  C, the solutions were
spin-coated onto the template surface using 3000 rpm spinning speed and 30 s
endurance time. Two other spinning speeds (1000 rpm and 7000 rpm) were
employed separately to investigate the inﬂuence of this parameter. The effects
of two composition ratios of the PS/PAA blends (5/5 and 3/7) were also studied. Finally, the effect of the molecular weight of PAA was investigated by
increasing it to 50 g mol1 and 450 g mol1.
Subsequent ﬁeld emission scanning electron microscopy (FESEM) images were
obtained using a JEOL 7401 F microscope, while AFM topographic images of the
initial morphologies of polymer blends were examined using scanned probe
microscopy (Veeco NanoScopella; PSIA XE-150 mode; 40 N m1 tip spring constant) operating in noncontact mode. Fourier transform analyses were then performed using commercial AFM image analysis software (XEI, version 1.5; PSIA
Corp.).
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15.4.2
Implementation

The numerical model for polymer–polymer–solvent ternary system is provided in
Section 15.3.3, while the parameters used in the simulation and some estimated
values are listed in Table 15.4. Since, in the practical experiments, the conditions
were more complicated than in the developed models, the values of the parameters were ﬁrst estimated by fundamental theory and then tuned according to the
experimental results.
The lattice volume fraction was chosen as the composition, as this (nonuniform)
property is normally used in Flory–Huggins free energy. The relationship between
the composition C i and the mole fraction C m;i , of component i is
Ci ¼ X

mi Cm;i
mj C m;j þ Cm;3

i ¼ 1; 2

j¼1;2

Ci ¼ X

Cm;i
mj C m;j þ Cm;3

ð15:64Þ
i¼3

j¼1;2

In a ternary phase separation, the critical value of the interaction parameter for
spinodal decomposition to occur between two polymers can be estimated as

2
1
1
1
þ
x12;c ¼
ð15:65Þ
pﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃ
2
m1
m2
The Flory–Huggins interaction parameter is difﬁcult to measure for a given system. The interaction parameters were selected so that there was a free energy barrier between the immiscible polymer pairs, as shown in Figure 15.9, where it can
be seen that the free energy increases while the solvent concentration is decreasing.
The gradient energy coefﬁcient can be calculated using the random phase
approximation [37]:


RTa2
ki ¼
i ¼ 1; 2; 3
ð15:66Þ
3vsite
where a is the monomer size. The contribution of short-range van der Waals
forces to ki is neglected in this study, since in polymers the short-range intermolecular force is N1 smaller than the intermolecular effects [23]. The gradient
energy coefﬁcients k11 and k22 are assumed to be equal in this simulation, which
is supported by the studies of Caneba [35]. The diffusivity, D, was estimated as 1 
1013 m2s1 for polymers and 1  1010 m2 s1 for small-molecule solvents
[64,89–92]. The mobility of the system can be evaluated with the relationship [57]:
Mi ¼

Dvsite
RT

ð15:67Þ

The experimental functionalization is summarized in Table 15.3. PS/PAA serves
as the polymer pair while NH2 and ODT are used to functionalize the substrate
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Table 15.3

Polymer

Functionalization in the experiments.
Attracting/Repelling forces

Functionalization groups
NH2

PS
PAA

Hydrophobic
Negative static electrical force

ODT
2

4.82 kJ m
4.82 kJ m2

4.82 kJ m2
4.82 kJ m2

[72]. One type of functionalized surface attracts one type of polymer but repels the
other type of polymer to the same area of the substrate surface. The additional
term representing the surface energy on the blend–substrate interface is treated
as a linear function with concentrations C1 and C 2 [54,73]:
f s ðC1 ; C 2 ; rÞ ¼ s1 ðrÞðC 1  C 1;ref Þ þ s2 ðrÞðC2  C 2;ref Þ þ s0 ðrÞ

ð15:68Þ

where s0 ðrÞ, s1 ðrÞ, and s2 ðrÞ are functions of the coordinate vector on the substrate.
C i;ref are arbitrary reference compositions. For simplicity, C i;ref are selected as 0,
and s0 ðrÞ 0. s1 ðrÞ, and s2 ðrÞ are tuned so that there are alternating attraction
forces to the different types of polymers on the strips of the functionalized substrate, as can be seen in Figure 15.32. In order to qualitatively depict the functionalization of the substrate, the values of s1 and s2 are set with opposite signs to
alternate around zero across the x direction. As such, s1 and s2 represent the
experimental condition that one type of functionalization on the surface will
attract one polymer and repel the other.
The effects of solvent evaporation were also studied. In these experiments the
thickness of the polymer domain was very thin compared to its width and length.
The solvent also evaporated into the air very quickly, and its concentration was
considered to be unchanged through the depth of the thin ﬁlm. The decrease in
average solvent composition was shown to obey the relationship [79]:
Cm;3;t ¼ Cm;3;0 eat

ð15:69Þ

where C m;3;t is the mole fraction of the solvent in time t, C m;3;0 is the initial solvent amount, a is a constant, and t is time. From Figure 15.18 it can be seen that,

Figure 15.32 The spatial variation of the surface energy factor, s1 ðrÞ.
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during evaporation of the solvent, the solution was quenched from the homogeneous region into the spinodal region, which was similar to the case in a spincoating process in the experiment [72]. The thickness also decreased in line with
evaporation of the solvent; the change in thickness due to solvent evaporation is
shown Figure 15.27, such that the thickness, Lz is normalized by the initial value.
The amount of solvent and ﬁlm thickness were both decreased rapidly during
the early stages of evaporation and phase separation. At a later stage, most of the
solvent had evaporated into the air and Cm;3;t was close to 0. The parameters of the
simulation are listed in Table 15.4, where the descriptions of each parameter are
also listed.
The parameters in the equation are nondimensionalized, and the original values
are divided by characteristic values to vanish the units. The characteristic length
and time are chosen as follows:
L2c ¼

kvsite
RT

tc ¼

L2c vsite
Mc RT

ð15:70Þ

where M c is the characteristic mobility for nondimensionalization. Other
characteristic parameters can be derived from Eqs (15.14) and (15.70), as listed
in Table 15.5.
15.4.3
Results and Discussion

A 128  64  16 ﬁnite element model in three dimensions was established to
investigate the composition proﬁle; the physical dimensions of the slab before
nondimensionalization are listed in Table 15.4. The numerical simulation was
conducted based on the experimental conditions. Some of the parameters were
directly imported from the experimental condition, while some – such as the gradient energy coefﬁcient and mobility – were difﬁcult to measure. Those parameter
values which were not directly obtainable were ﬁrst estimated via the theories
described in Section 15.4.2, and then benchmarked in the numerical simulation
with the experimental results. For phase separation in a polymer–polymer–solvent
ternary system, the solubility of the polymers in the solvent is much greater than
that of the polymers in each other [94]. Consequently, the interaction parameters
between the solvent and two polymers were set as 0, and the interaction parameter
between two polymers can be estimated with the following equation [33]:
x12 ¼

vsite ðd1  d2 Þ2
RT

ð15:71Þ

where d1 and d2 are the solubility parameters of PS and PAA, respectively (the
values of these are listed in Table 15.4). The interaction parameter, x12 , was calculated as 0.22, which also satisﬁed the requirement, x12 > xc . The gradient energy
coefﬁcient, k, affected the interface thickness and domain size of the resultant

501

502

15 Modeling and Simulation
Table 15.4

Parameter values in the simulation.

Parameter

Value

Unit

Comments
1

Mw;1
Mw;2

18 100
2000, 50 000,
450 000

g mol
g mol1

DP1
DP 2
d1
d2 a)
x12;critical

27.78
174.04
19.09
24.6
0.0360

1
1
1
MPa2
1
MPa2
1

x12

0.221

1

x13

0

1

x23

0

1

wpolymer

3

%

w1 : w2

30 : 70,
50 : 50, 70 : 30
10, 30

%

nm

te
D3

467 : 200,
700 : 300,
933 : 400
30
5  1013

js1 j

4:82  103

J=ðm2 Þ

js2 j

4:82  103

J=ðm2 Þ

M1 ; M2 ; and M3

3:63  1021

m5 =ðJ  sÞ

vsite
a
k1 ; k2 ; and k3

1:80  105
6:3  108
1:821  107

m3
m
J m1

Lx  Ly  Lz

4  2  Lz

mm

wcopolymer
W1 : W2

%

s
m2 =s

Molecular weight of PS.
Molecular weight of PAA, Mw;PAA and Mw;PS
can alter the shape of the mixing free energy
curve.
Degree of polymerization of PS
Degree of polymerization of PAA
Solubility parameter of PS [93]
Solubility parameter of PAA [94]
Critical Flory–Huggins interaction parameter
between PS and PAA
Flory–Huggins interaction parameter
between PS and PAA
Flory–Huggins interaction parameter
between PS and DMF
Flory–Huggins interaction parameter
between PAA and DMF. The Flory–Huggins
interaction parameter determine the compatibility of the species.
Weight percentage of homopolymers in the
solution
Weight ratios of PS and PAA polymers
Weight percentages of copolymer based on
the total weight of the polymers
Width of functionalized strips. W PS and W PAA
represent the strips attractive to PS and PAA,
respectively.
Time of evaporation
Diffusivity of PAA and PS monomers, and
DMF
Magnitude of the functionalized substrate
surface energy for PS, the sign is alternating
along the direction normal to the substrate
pattern strips.
Magnitude of the functionalized substrate
surface energy for PAA, the sign of s2 is
opposite to s1 .
Mobility of PS and PAA monomers, and
DMF
Molar volume of the reference lattice
Monomer size [36]
Gradient energy coefﬁcients of PS and PAA
monomers, and DMF
Real modeling dimensions, where Lz changes
during evaporation.

a) The value of solubility parameter for PAA is considered to be close to that of acrylic acid [95].
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Table 15.5 Nondimensionalization of parameters.

Characteristic variable
L2c
tc
fc
kc
Mc

Expression
kvsite
RT
L2c vsite
Mc RT
RT
vsite
RTL2c
vsite
M11

pattern in the numerical simulation. The mobility, M, which is determined by the
diffusivity of the species, inﬂuenced the speed of the morphology evolution of the
resultant pattern. The characteristic domain lengths of the resultant pattern in
experiments conducted at a rotation speed <3000 rpm were measured using
AFM-topography images and Fourier transfer analysis. The 5 mm AFM images
and Fourier transform diagrams of different spin-coating rotation speeds are
shown in Figure 15.33, where the radius of the intensiﬁed ring in the fast Fourier
transform (FFT) image represents the inverse of the characteristic length of the
original image. Therefore, in the FFT image the larger the radius of the intensiﬁed ring, the smaller the characteristic length in the original image.

Figure 15.33 Atomic force microscopy images of experimental patterns and the Fourier transform diagrams for different speeds of rotation.
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Figure 15.34 Changes in characteristic length with gradient energy coefficient, k12 , at 3000 rpm
spin-coating rotation speed. The mobility was 3:633  1021 m5 =ðJ  sÞ.

The gradient energy coefﬁcient, k, and the mobility are two undetermined
parameters. Although these can be estimated from the above-listed equations,
they must be veriﬁed so that the characteristic lengths of the simulated pattern
and the experiment pattern can match. When the numerical model is benchmarked in this system, the M and k values are determined as 3:633 
1021 m5 =ðJ  sÞ and 1:821  107 J=m, respectively (see Table 15.4). The mobility
and change in characteristic length with the gradient energy coefﬁcient and mobility in the simulation result can be seen in Figures 15.34 and 15.35.

Figure 15.35 Changes in characteristic length with mobility, M12 , at 3000 rpm spin-coating rota-

tion speed. The gradient energy coefficient was 1:821  107 J=m.
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It was apparent that, when the other parameters were unchanged, the characteristic length of the domain increased with the increasing gradient energy
coefﬁcient. The gradient energy coefﬁcient, k, denotes the inﬂuence of the gradient to the free energy. As the system intrinsically minimizes the free energy, the
larger the value of k, the smaller will be the composition gradient and the smaller
the interface area that the system is able to resist in a stable state. Therefore, the
domain size tends to be larger with a smaller composition gradient and a thicker
interface. Meanwhile, the higher the mobility, M, the faster the small molecules
and the monomers can diffuse to the desired position, and the faster the domain
pattern grows. Thus, the higher mobility of the system results in a higher domain
size, while the other parameters remain constant.
Once the parameters have been determined, the phase separation and effects of
solvent evaporation at different spin-coating rotation speeds can be investigated.
Film thickness during spin-coating is measured at 3 s and 30 s for different rotation speeds. The thickness at 3 s was determined by dividing the weight increase
on the template compared to the empty load relative to the respective area on the
template. The ﬁnal ﬁlm thickness was measured using contact mode AFM immediately after the completed spin-coating stage (30 s). The polymer ﬁlms were
removed using a scalpel, and their thicknesses monitored from AFM topography
images. The thickness data with time were substituted into Eq. (15.69). Thickness
at 3 s, rather than the initial thickness, was selected for measurement because the
most of the mass loss during the early stage of spin-coating is due to spin-off
effects and not to evaporation. As the solvent evaporates quickly into air at the
early stage, it can be assumed that the ﬁnal ﬁlm thickness is without any solvent;
the initial thickness Lz;0 and evaporation constant a can then be estimated (the
latter parameter increases with increasing spin-coating rotation speed).
Phase separation during spin-coating at different rotation speeds was also simulated according to the evaporation data in Table 15.6; the simulation patterns are
also shown in Figure 15.33. Among views of the 3D model shown here, the top
view is the free surface of the polymer ﬁlm, which formed the focal point of the
study. As the domain thickness is very thin, very little change occurs in the morphology through the thickness. It can be observed from the simulation patterns in
Figure 15.33 that when the rotation speed decreases the characteristic length
grows, and this matches the trend shown experimentally. A comparison of the
characteristic length of the numerical simulation and experimental data is shown
in Figure 15.36.
Table 15.6 Estimation of the evaporation constant.

Rotation speed
(rpm)

Lz;t¼3s

Lz;t¼30s

Initial thickness,
Lz;t¼0s

Evaporation
constant, a

1000
3000
7000

1:819  105 m
7:561  107 m
5:337  107 m

1:572  107 m
1:346  107 m
1:029  107 m

1:949  105 m
1:6863  105 m
1:2893  105 m

0:821
1:098
1:130
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Figure 15.36 Comparison of characteristic lengths of simulation and experimental patterns at

different rotation speeds.

It can be seen from Figure 15.33 that, in the experimental results, the characteristic length decreases with increasing rotation speed, with a higher speed resulting
in a smaller characteristic length. This trend was also simulated by the modeling
results, as can be seen in the simulation results in Figures 15.33 and 15.36. As the
rotation speed affects the rate of evaporation, a higher rotation speed in spin-coating will result in a faster evaporation of the solvent and thus a more rapid shrinking of the ﬁlm in the thickness direction. As macromolecules move more slowly
in a thinner ﬁlm and solution with less solvent, the characteristic length of the
pattern after slow-speed spin-coating is will be larger than that after a fast-speed
spin-coating.
The evolution of characteristic lengths for different rotation speeds in the
numerical simulation is shown in Figure 15.37, where the characteristic length
can be observed to have a peak value in the early stage. With most of the solvent
escaping into the air, the morphology becomes stable and there is no obvious
change in the characteristic length of the domain when the ﬁlm has condensed
(this point was also investigated in a previous study [96]).
Experimentally, the PS/PAA/solvent blend is spin-coated onto substrates with
patterns of different geometric parameters. The composition ratio of the two polymers is also changed to investigate the inﬂuences on the resultant patterns in
experiments. Typical SEM images of ternary phase separation with a PS : PAA
weight ratio of 7 : 3 on different pattern strip widths are shown in Figure 15.38.
These images show that the width ratio of the substrate pattern can alter the resultant morphology of the phase separation. Although the polymers are attracted to
the respective areas on the substrate, the resultant patterns are not perfectly

15.4 Verification of Numerical Simulation of the Self-Assembly of a Polymer–Polymer–Solvent

Figure 15.37 Evolution of characteristic lengths with time at different rotation speeds.

Figure 15.38 Phase separation of PS/PAA on different pattern strip widths functionalized with 1octadecanethiol (ODT) and (NH2) according to Table 15.3 [72].
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compatible with the desired shape. In order to investigate the quality of the phase
separation according to the functionalized substrate patterns, a scaling factor, Cs ,
is introduced to determine quantitatively the compatibility of the morphology to
the substrate patterns:
1
Cs ¼ hjyðkÞ  Sk ji
2

ð15:72Þ

and,

Sk ¼

s1 ðkÞ
;
js1 ðkÞj

s1 ðkÞ 6¼ 00;

s1 ðkÞ ¼ 0

ð15:73Þ

where s1 ðkÞ is the parameter in the surface energy expression for polymer 1,
which denotes the strength of the surface attraction. Sk is the quantitative representation of the substrate attraction; then, clearly,
Cs 2 ½0; 1

ð15:74Þ

The greater the value of C s , the more compatible is the resulting morphology
with the functionalized substrate. For example, when Cs is equal to 1 the resulting
pattern will replicate the substrate pattern exactly. However, if Cs is equal to 0:5
this represents a random phase separation, and Cs equal to 0 denotes a totally
opposite phase pattern as desired by the substrate pattern. In order to measure
the compatibility, C s , of the SEM image, a template image representing the functionalized pattern on the substrate is applied to the original image, as shown in
Figure 15.39.
The exact magnitude of the functionalization in a numerical simulation has yet
to be determined. The absolute value of the surface energy term in Eq. (15.50) is
changed and implemented in a series of numerical tests. The Cs values from
numerical simulations with different values of f s are plotted in Figure 15.40,
where the composition ratio is PS : PAA ¼ 70 : 30 and the pattern strip width ratio

Figure 15.39 Template image applied to the scanning electron microscopy image.
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Figure 15.40 Effects of attraction force on compatibility, C s .

is ODT: NH2 ¼ 700 : 300 nm. The x-axis value in this plot is the absolute value of
f s , as shown in Figure 15.32.
The compatibility of the morphology can be seen to increase with the value of
jf s j exponentially. However, by comparing this to the experimental results under
different conditions the value of jf s j is estimated as 4:82  103 J m2 .
The experimental and simulation resultant patterns are shown in Figure 15.38,
where it can be seen that the ODT : NH2 ratio of 700 : 400 nm results in the best
compatibility in morphology when the weight ratio of PS : PAA is 7 : 3. It should
be noted that, on a patterned substrate, the morphology evolution of the species
in the solvent should be determined by the volume fraction of the two polymers
rather than by the weight fraction. Generally, the C s value is affected by the compatibility of the volume ratio of PS/PAA to the area ratio of ODT/NH2 pattern
strips. When the ODT/NH2 strip width ratio is the same, the intrinsic characteristic length of the system should be close to the alternative strip width in order to
obtain a reﬁned pattern. In the experiment, the attraction force is also inﬂuenced
by the effective functional groups in the polymer and the entanglement of the
macromolecular chains. The C s values from the simulation and experiments with
the different strip widths are plotted in Figure 15.41.
It can be seen from the results shown in Figure 15.41 that the pattern strip
width affects the Cs value of the phase separation. In different pattern strip widths,
the C s values can be compared as C s;933 nm:400 nm > C s;700 nm:300 nm > Cs;467 nm:200 nm ,
in both the experiments and modeling. However, the numerical simulation results
are slightly less compatible with the substrate pattern than with the experimental
results.
The SEM images of the phase-separated patterns with different PS : PAA weight
ratios are shown in Figure 15.42. It can be seen that, in the modeled systems, the
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Figure 15.41 Changes if C S with substrate pattern strip width.

solution with a weight ratio PS : PAA of 70 : 30 has the best compatibility with the
desired pattern, and this also can be observed from the numerical simulation
results shown in Figure 15.42, where the strip width ODT : NH2 is equal to
700 : 300 nm.

Figure 15.42 Scanning electron microscopy images of phase separation morphology in different

polymer weight ratios (PS : PAA).

15.4 Verification of Numerical Simulation of the Self-Assembly of a Polymer–Polymer–Solvent

Figure 15.43 Changes in C S with polymer weight ratio.

The Cs values in the numerical simulation and the experiment results are plotted in Figure 15.43. The modeling results simulate the experiment results well on
the trend of Cs with varying PS/PAA composition ratios, whereas the SEM image
shows a better compatibility with the substrate pattern than with the simulation
results.
The molecular weight of PAA has been changed to examine the effects of polymer molecular weight on the self-assembly on nanosized patterns. The Flory–
Huggins-type local free energy can be affected by the molecular weights of the
polymers, with the free energy barrier of two pure polymer phases being higher
as the molecular weight was increased. Consequently, those polymers with higher
molecular weights are less miscible with each other, and the phase separation will
evolve more rapidly. A comparison of the experimental and simulated images with
different PAA molecular weights is shown in Figure 15.44.
The more rapid evolution in the system with higher PAA molecular weights
results in a larger characteristic length in the domain. The intrinsic characteristic
length with PAA molecular weights of 50 k and 450 k mers no longer matches the
alternative strip width, and therefore the compatibility will decrease in line with
increases in PAA molecular weight. A comparison of the experimental and simulated results is shown in Figure 15.45.
15.4.4
Summary

In this section, the Cahn–Hilliard numerical simulation of self-assembly with a
polymer–polymer–solvent system was veriﬁed experimentally, and a real system
of PS-PAA-DMF solvent was phase-separated during spin-coating. Some of the
model parameters were derived directly from laboratory characterization. Due to
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Figure 15.44 Scanning electron microscopy images of phase separation morphology with differ-

ent PAA molecular weights (in kDa).

uncertainties in mobility (M) and gradient energy (k), a benchmarking method
was developed to determine these parameters. Changes in the compatibility
parameter (Cs ) with values of M and k were investigated separately; subsequently,
by comparing numerical and experimental results, values of M and k were
determined as 3:63  1021 m5 =ðJ  sÞ and 1:821  107 J m1 , respectively. An

Figure 15.45 Changes in C s with different PAA molecular weights (in kDa).

15.5 Effects of Pattern Shapes and Block Copolymer

ODT: NH2 heterogeneously functionalized patterned substrate was applied to the
experimental blends during spin-coating. The magnitude of the surface energy
term, f s , was also determined by comparing simulated results with experimental
results. The absolute value of f s was determined as 4:818  103 J m1 in the present study.
The numerical simulation was consistent with experimental data with regards to
inﬂuences of substrate pattern width, polymer weight ratio and polymer molecular
weight of PAA. Both, experimental and simulated results showed that the intrinsic
characteristic length should be compatible with the substrate pattern size for a
reﬁned phase separation pattern, according to the substrate pattern. Simulations
also showed that the increase in polymer molecular weight can increase the speed
of morphologic evolution. As the ﬁlm thickness is very small the checkerboard
structure of spinodal decomposition cannot be seen in these results, but they are
present.

15.5
Effects of Pattern Shapes and Block Copolymer

To investigate the effects of a more complicated pattern, a larger domain was simulated. The pattern on the substrate applied to the substrate surface is shown in
Figure 15.46; the substrate pattern was designed to investigate the effects of different shapes, with the design containing characters of different sizes, squares, circles, and dead-end lines with triangles on the corners. The initial surface

Figure 15.46 The substrate pattern with complicated features.
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Figure 15.47 The effects of attraction forces and the use of copolymers in self-assembly to com-

plicated substrate patterns.

dimensions of the model were changed to 12  12 mm, and the initial thickness of
the ﬁlm was 1 mm (this shrank during solvent evaporation). The element in the
modeling was 384  384  16, and the average composition ratio of PS/PAA was
changed to 38/62 to match the pattern. The resulting patterns from the simulation
are shown in Figure 15.47.
It can be seen that, in a larger domain with complicated substrate patterns, the
attraction factor must be increased to obtain a better replication. In general, the
increase in attraction factor will in turn increase the reﬁnement of the pattern
according to the substrate pattern. However, as the substrate pattern has geometric features in different sizes, the attraction factor must be strong enough to force
the intrinsic phase separation with uniﬁed characteristic lengths to match the substrate pattern in different sizes. This represents the main challenge to the replication of complicated patterns. It has been reported by Ming et al. [72] that the
addition of a copolymer can improve the reﬁnement of the ﬁnal patterns in experiments. The reason for this is that the PAA-b-PS block copolymer will concentrate
in the interface of the PS and PAA domains in the phase separation, thus decreasing the mixing free energy. Fundamentally, the addition of a block copolymer
increased the miscibility of the two polymers. In order to simulate these phenomena, the Flory–Huggins interaction parameter is decreased from 0.22 to 0.1,
so as to increase the miscibility of PS/PAA in the modeling. The resultant pattern
is also shown in Figure 15.47, compared to cases without the addition of block
copolymers; the images show that reﬁnement of the phase-separated pattern is
improved by the addition of a block copolymer.
The C s values of the phase separation with complicated patterns are measured
and plotted in Figure 15.48; these data show that the Cs value for the system with
the block copolymer is 7.69E-01, which is higher than for the system without a
block copolymer when the attraction forces are the same. The decrease in the
Flory–Huggins interaction parameter increased miscibility of the polymers, which
in turn decreased the miscibility gap of the polymers (as shown in Figure 15.4). At
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Figure 15.48 The effects of attraction forces on the compatibility index, Cs.

equilibrium, the two phases would be less concentrated in the different types of
polymer, though this issue may need to be veriﬁed when the interaction parameter of the two polymers is changed.

15.6
Conclusions

The numerical modeling methods for polymer blends have been reviewed in this
chapter, with different categories such as volume-of-ﬂuid, molecular dynamics and
diffusion-controlled methods being introduced. Use of the Cahn–Hilliard method
was emphasized for binary and ternary polymer systems with no obvious mechanical ﬂux, while speciﬁc factors such as elastic energy and functionalized substrate
were considered for purposes of comparison. The diffusion-controlled model
described, using the Cahn–Hilliard equation as the constitutive equation, can be
used to depict the gradient of the interface as well as the composition proﬁle of
partially miscible blends; hence, it is feasible to implement this equation in a polymer blend system. It should be noted that although these examples do not consider mechanical ﬂux, additional constitutive equations (e.g., Navier–Stokes) can
easily be added to this diffusion-controlled model.
Subsequently, a numerical model was introduced to simulate self-assembly by
the phase separation of polymer blends on a heterogeneously functionalized substrate patterns. From thermodynamic principles, when polymer blends are
quenched into the spinodal region in the phase diagram, phase separation can be
initiated from small composition ﬂuctuations in the blend. The Cahn–Hilliard
equation is used to describe the energy proﬁle in the domain with varying
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compositions in different locations. According to Cahn and Hilliard, the total free
energy in a blend consists of the local free energy and the free energy contributed
by the composition gradient. In contrast, the Flory–Huggins equation was used to
describe the local free energy term, which is a function of the composition and
degrees of polymerization of two polymers.
The evolution of polymer composition in the spatial domain can be derived
using the Cahn–Hilliard equation. In numerical simulations, the fourth-order
nonlinear parabolic partial differential equations are solved using Fourier-spectral
methods, while the partial differential equations are transferred by the discrete
cosine transform into ordinary partial equations. The result is then transformed
back with the inverse cosine transform to the ordinary space.
Thereafter, the mechanism of phase separation was investigated by numerical
modeling. In the simulation, the characteristic length, RðtÞ, was obtained by meas1
uring the pair-correlation function, g; it was observed that Rt / t3 . In the case of
strip patterns on the substrate, an RðtÞ value close to the intrinsic value on the
substrate pattern would result in a better pattern after phase separation. Thus, a
prediction of the evolution of RðtÞ with time might be used to design a good phase
separation pattern according to the substrate pattern. In the case of substrate patterns, it was also shown that RðtÞ in the direction perpendicular to the substrate
1
pattern strips were increased proportionally to t3 in the early stage, but that the
rate of RðtÞ would decrease suddenly after a critical time, tc . However, the increase
in RðtÞ may be conﬁned by the periodically changing length on the substrate pattern. When the inclusion of an elastic ﬁeld into numerical modeling was investigated, this resulted in a slower evolution of phase separation, most likely due to
addition of the free energy to the total free energy.
The ternary model was established to investigate the effects of a solvent in polymer blends during phase separation. In cases of constant solvent concentration it
emerged that, the less solvent that was in solution, the slower was the evolution of
the morphology in phase separation. This effect was due to the polymers being
immiscible with each other, but both being miscible with the solvent. The addition
of a solvent decreased the free energy level in the blend, which in turn slowed
down the evolution of phase separation. The mechanism of phase separation with
solvent evaporation was further complicated by dynamic solvent evaporation from
the ternary system.
The numerical model with evaporation effects was veriﬁed experimentally.
Whilst some of the parameters in the simulation were obtained under experimental conditions, there were three critical model parameters whose values were
uncertain, namely mobility (M), gradient energy coefﬁcient (k), and the substrate
pattern attraction factor (jf s j). In order to determine values for M and k, the characteristic lengths of experiment patterns were measured using FFT analysis, and
the two parameters were tuned in the numerical simulation by an inspection of
results obtained from numerical modeling with the experiments. Having obtained
values of M and k, jf s j was determined by comparing the compatibility parameter,
C s , in numerical simulation and experiments. The numerical model could be veriﬁed from the experimental results by varying the parameters of substrate pattern

References

size, the composition ratio of the polymers, and their degrees of polymerization.
Subsequently, the simulation results could be used to predict the trend in C s
values with changes in various other parameters.
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16
Optical Microscopy (Polarized, Interference, and Phase-Contrast
Microscopy) and Confocal Microscopy
Muruganathan Ramanathan and Seth B. Darling

16.1
Introduction

Optical microscopy (OM), which is also known as light microscopy or compound
microscopy, is one of the oldest topographic morphology characterization techniques, dating back to the seventeenth century. Yet, even 400 years after its invention, OM remains a key characterization tool in a wide variety of disciplines
including biology, mineralogy, crystallography, and materials sciences. Today,
advanced OM is used as a common characterization technique in various stages
of industrial processes including the manufacture, testing and/or failure analysis
of metals, ceramics, foods, and polymers.
During recent decades, OM has played a signiﬁcant role in the development of
polymer-based materials and devices [1,2]. More recently, topographic characterization techniques have advanced beyond the resolution of visible light by the use
of lasers or particles such as electrons, or of scanning probes to investigate structures down to atomic resolution. Despite these major advances in microscopic
techniques, the role of OM is irreplaceable – especially when probing polymer
morphologies and polymer blend morphologies that fall within length scales ranging from hundreds of nanometers to microns and even to millimeters [3]. Some
examples of classic structures with a variety of length scales are depicted in
Figure 16.1. These structures are obtained from a thin ﬁlm of a metal-containing
block copolymer – poly(styrene-block-ferrocenyldimethylsilane) – when it is subjected to hybrid annealing (thermal annealing followed by solvent annealing) [4].
The point here is that whereas OM plays an unprecedented role in identifying
large fractal-like patterns, nanoscopic techniques such as atomic force microscopy
(AFM) and transmission electron microscopy (TEM) are used to probe the ﬁne
structures within the large microscopic patterns. Clearly, OM is a complementary
member of the “toolkit of polymer science.”
Advanced developments in optics and other components of OM have enabled
more sophisticated variations in the technique, including bright-ﬁeld, dark-ﬁeld,
polarization, interference and phase-contrast microscopies [5,6]. In the following
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Figure 16.1 Image showing the morphological electron microscopy, and (c,d) atomic force
information at different length scales on a dew- microscopy. Reprinted with permission from
etted polymeric thin film as characterized by
Ref. [4]; Ó 2009, Royal Society of Chemistry.
(a) optical microscopy, (b) transmission

section, a brief overview is provided of the various microscopic techniques that are
used in the characterization of polymer blend morphologies. Following a technical
overview of some of the microscopic techniques employed, the topic of mesoscale
morphologies in polymer blends is introduced. Finally, the microscopic characterization of various types of polymer–polymer blends is discussed in detail.

16.2
Optical and Confocal Microscopy: A Brief Overview

Resolution, contrast and magniﬁcation are the three vital parameters of a microscope that overcome the limitations of the human eye as an instrument for the
visual inspection of ﬁne morphological details. In a conventional optical microscope, each individual point of the specimen is imaged by the objective lens,
which determines the resolution of the optical system. Here, the resolution is

16.2 Optical and Confocal Microscopy: A Brief Overview
Table 16.1 Optical microscopic techniques and their resolution limits.

Technique

Resolution

Light microscopy
Scanning near-ﬁeld optical microscopy
Phase-measurement interferometric microscopy
Laser scanning confocal microscopy

500 nm
20 nm
1 mm (lateral) and 0.6 nm (axial)
0.2 mm (lateral) and 0.5 mm (axial)

deﬁned as the shortest distance between two points on a specimen that can be
clearly distinguished by the image-processing system as separate entities.
The numerical aperture (NA) determines this resolving power in conjunction
with the wavelength of the light, which can be deﬁned as r ¼ 0.61 l/NA, where r
is the resolution and l is the imaging wavelength [6,7]. Some of the most common optical microscopy techniques, and details of their resolution, are summarized in Table 16.1.
Perhaps the most common standard OM technique is bright-ﬁeld imaging in
transmittance mode [8]. Although, in this case, the absorbance of light by the sample provides the contrast, the issue of nonabsorbent samples that may be transparent and lack any contrast in this mode is often encountered. Fortunately, this
problem has been overcome by employing various contrast-enhancing techniques,
and the various illumination techniques and origins of contrast enhancement that
cause minimal or no disruption to the specimen are summarized in Table 16.2.
In phase-contrast microscopy, the phase of the light is changed before it enters
the specimen and is then recombined with light that has passed through the specimen, which results in an enhanced differentiation within a specimen [9,10]. This
technique can be operated either in reﬂection or transmission mode. In polarization microscopy, polarized light (light which vibrates only in a single plane) is
viewed under crossed polars; the polarization state of the light transmitted
through or reﬂected from a specimen (birefringence) is detected by placing the
sample between crossed polarizers [11]. In bright-ﬁeld microscopy the intensity of
the light is transmitted through the object, whereas in dark-ﬁeld microscopy the
light is scattered by the sample [12]. Fluorescence microscopy provides yet another
contrast mechanism in which the specimen is usually stained with ﬂuorescent
dyes, if the samples are not autoﬂuorescent. In this method, electrons are ﬁrst
excited by illumination and subsequently decay to the ground state; this causes
the emission of photons of light that provide contrast enhancement [13,14].
Table 16.2 Various illumination techniques and their contrast mechanisms.

Illumination mode

Contrast Mechanism

Bright-ﬁeld
Dark-ﬁeld
Cross-polarized light
Phase contrast

Absorption of light in the sample
Light scattered by the sample
Rotation of polarized light through the sample
Interference of different path length of light through the sample
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Standard optical microscopic techniques are limited to optically thin specimens.
An increased ﬂuorophore density, a high refractive index contrast (which is a possible scenario in polymer blends) and attenuation due to the long optical path may
each increase the optical density of the specimen, and this will render a sample
extremely difﬁcult (perhaps even impossible) to image using standard techniques
[15]. In order to address this issue, confocal optical microscopy was developed,
which combines the optical components of typical microscopy and scattering
devices [16]. Although this technique is widely used in the biological sciences, the
condensed matter physics community has recently started to use the technique to
study the structure and dynamics of complex ﬂuids.
Laser scanning confocal microscopy (LSCM) is an advanced version of confocal
microscopy [17] in which the images are of a relatively high resolution and wellfocused, mainly because the background is eliminated and the signal-to-noise
ratio is optimal. In addition to these qualitative enhancements, LSCM permits a
quantitative approach to the imaging of optical probes and also provides threedimensional (3D) imaging and 3D image reconstruction capabilities [13]. These
facilities are extremely useful with regards to the depth analysis of thick translucent samples, and also of layer-by-layer assemblies of polymeric materials and
nanocomposites.

16.3
Mesoscale Morphologies in Polymer Blends: Spherulites and Microcrystallites

A polymer blend is generally deﬁned as a combination of two or more polymers
resulting from common processing steps; examples include the molten state mixing of two or more polymers and the casting of two or more polymers from a
common solvent [18]. In earlier days, polymer blends were considered analogous
to metal alloys and hence were referred to as “polymer alloys”; however, as knowledge of these systems has advanced in recent years this notion has now largely
been rejected [19,20]. Depending on the nature of the polymers used in the blend,
the blending can be either reactive or nonreactive [21]; the process can be further
categorized as either miscible (homogeneous) or immiscible (heterogeneous)
blends. In heterogeneous blends the glass transition temperature (Tg) of every
polymer involved in the blend in easily resolvable, whereas the homogeneous
blend exhibits only one Tg-value [22,23]. Based on the interactions between the
component polymers, immiscible polymer blends may be further differentiated as
either compatible or noncompatible; typically, compatible polymer blends exhibit
macroscopically uniform physical properties, whereas noncompatible blends differ in their macroscopic properties [19,24–26].
Polymer blends are interesting and highly important in terms of the ability to
develop and control morphologies. For instance, by blending polymers with different physical, chemical or physico-chemical properties it is possible to develop a
variety of morphologies that would differ from those exhibited by neat polymers.
For instance, the blending of two amorphous polymers A and B, both of which are

16.3 Mesoscale Morphologies in Polymer Blends: Spherulites and Microcrystallites

colorless and transparent but demonstrate a difference in their refractive indexes
of at least 0.003, has been shown to produce an opaque material. Although the
neat polymers are transparent their blend is opaque, due to the fact that the size
of phases exceeds 500 nm (i.e., the wavelength of visible light) [27].
Polymer blends provide a wide range of morphological structures, from coarse to
ﬁne. Both, optical and confocal microscopy have been used to characterize blend
morphologies in sizes ranging from a few hundred nanometers to tens and hundreds of microns. Morphologies of this size range that encompasses both hundreds
of nanometers and hundreds of microns are denoted as “mesoscale” morphologies
[28]. The ﬁrst set of mesoscale morphologies in polymeric blends was observed during the mid-twentieth century, when early studies in the ﬁeld (conducted between
the early 1950s and late 1980s) were largely devoted to a morphological understanding of polymer blends in which one or both polymers were crystallizable.
Spherulites are a common structural product of polymer crystallization from
melts or concentrated solutions [29–31], and were the ﬁrst microscopic structures
ever to be observed, to be systematically studied, and to be reported in polymer
blend ﬁlms [32]. Spherulites can be obtained from a homopolymer as long as it is
semicrystalline (highly ordered molecular structure with sharp melting point)
[33,34]. In the case of polymeric blends, when one of the components is crystallizable its crystallization plays a dominant role in determining the morphology of the
system. In contrast, in the case of amorphous blends the dominant factor in the
formation of the morphology is the free energy of mixing of the components. In
the blend the preference for a second component (amorphous or semicrystalline)
may have a major effect on the ﬁnal structure of the system [19,22,26].
Fully developed spherulites are usually microscopic and exhibit radial symmetry
[19,35–38]; a schematic of a birefringent structure of a spherulite is shown in
Figure 16.2 [28]. Nucleation and growth are the key mechanisms of spherulite formation [30,32,34,39,40]. Internal ﬂuctuations in the system cause homogeneous

Figure 16.2 Schematic representation of the

lamellae and amorphous interlamellar links.
birefringence structure of spherulites. The high- The nucleation site of spherulization and its
power image shows the helical chains stacked radial boundary are indicated. Reprinted with
together in a well-ordered lattice of crystalline
permission from Ref. [28]; Ó 2011, Elsevier.
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nucleation, whereas foreign particles induce secondary nucleation. Granasy and
coworkers have provided a detailed mechanistic investigation of polycrystalline
pattern formation, including the spherulization process [41–43].

16.4
Optical Characterization of Mesoscale Morphologies in Polymer Blends
16.4.1
Crystalline–Crystalline Blend

Spherulites from polymeric blends are frequently viewed using polarized optical
microscopy (POM). The reason for such preferential use of the polarization mode
is that the refractive index of spherulites in a radial direction differs from that in a
tangential direction; this, in turn, leads to the development of a Maltese cross pattern of birefringent structures when viewed with polarized light between crosspolarizers [38]. A classic example showing the difference between polarization
mode and standard reﬂection mode in microscopic studies on polymeric blend
morphologies is shown in Figure 16.3 [44]; in Figure 16.3a–c the POM images of

Figure 16.3 POM images revealing the two
types of spherulite and cracks in the PEO/PLLA
(80/20) blend. The blend was crystallized at
Tc ¼ 110  C and then cooled to ambient temperature and kept for (a) 9 s, (b) 12 s and (c)

21 s; (d) OM image of the sample in panel (c),
showing cracks in the overlapping PEO/PLLA
spherulites. Reprinted with permission from
Ref. [44]; Ó 2011, Nature Publishing Group.

16.4 Optical Characterization of Mesoscale Morphologies in Polymer Blends

the spherulites show ring bands, whereas in Figure 16.3d an OM image shows
cracks.
Both poly(ethylene oxide) (PEO) and poly(L-lactic acid) (PLLA) are crystalline
polymers; consequently, either PEO or PLLA by themselves as single components
can crystallize into spherulites. The blending of these two spherulite-forming polymers would result in an independent growth of spherulites of each polymer;
moreover, these may impinge and overlap on each other, leading to complex interference and behavior between the cracks and ring bands. Woo et al. have blended
these two polymers at various compositions in order to understand the correlation
between the lamellar orientation in ring-banded spherulites and crack patterns in
blends [44]. By examining the micrographs shown in Figure 16.3, it was possible
to follow the evolution of the ring bands of PLLA spherulites in the ﬁrst step (at
crystallization temperature, Tc) and of PEO spherulites in the second step (at
ambient temperature) by using POM, although the cracks could not be clearly
observed in the POM images. The cracks were clearly visible on the OM data, and
by overlaying OM data on POM data it could be concluded that the cracks are
formed along with the ring bands in the spherulites of the blend. POM can be
used to help identify three distinct areas. First, when the blend was crystallized at
Tc ¼ 110  C, the PLLA component showed characteristic zig-zag ring-bands
(Figure 16.3a) with large inter-ring spacing in the spherulites. On cooling from Tc
to ambient temperature, the PEO began to develop spherulites that eventually
overlapped and impinged on the PLLA spherulites (Figure 16.3b and c). In
Figure 16.3c and d, the same area was imaged using POM and OM modes,
respectively. These micrographic investigations also helped to conﬁrm that the
cracks only appeared in the blend ﬁlms when spherulites from two crystalline
polymer overlapped; that is, no cracks were observed in either neat PEO spherulites or neat PLLA spherulites. Rather, cracks appeared in regimes where two different crystals were in contact with, were impinging, or were overlapping each
other. As the spherulitic domains are randomly overlapped, the cracks were typically irregular.
OM has also been used to explore the compatibility and miscibility of amorphous–amorphous, amorphous–crystalline and crystalline–crystalline polymer
blends. For example, Kalfoglou explored the compatibility of low-density polyethylene (LDPE) and poly(e-caprolactone) (PCL) using OM in conjunction with
dynamic mechanical and differential scanning calorimetry (DSC) techniques [25].
The results of this morphological examination revealed that, at low PCL concentrations and when the specimens were severely quenched, a uniform microspherulitic structure was formed. In contrast, Inoue and coworkers showed that blends
of miscible crystalline/crystalline polymer would exhibit a wide variety of supramolecular structures and mesoscale morphologies when compared to amorphous
crystalline blend systems [3,45,46]. For instance, when the effects of a poly(vinylidene ﬂuoride) (PVDF) component on the crystallization kinetics, crystalline structure, phase transition and morphology of polymorphic poly(butylene adipate)
(PBA) in miscible PVDF/PBA binary blend were investigated by Yang et al. [45],
the results indicated that the crystallization rate of PBA would be inﬂuenced
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positively by PVDF at a lower PVDF concentration, but increasing the PVDF concentration would adversely affect the crystallization rate of PBA. Based on the
POM images presented in Figure 16.4, it was found that at a lower PVDF concentration (<50%) a small amount of PVDF was distributed (as indicated by arrow) in
the molten PBA (Figure 16.4a). Further decreasing the temperature of the system
below the crystallization point of PBA revealed PVDF spherulites and a bright
refringence of a large amount of PBA spherulites (Figure 16.4b). A lattice match
analysis indicated that the PBA crystals are able to grow on the surface of the
PVDF crystal, which acts as the nucleating agent via an epitaxial mechanism,
although this trend was reversed when the PVDF concentration increased

Figure 16.4 POM images of the miscible crystalline/crystalline (PVDF/PBA) blend, showing
ratio-dependent mesoscale morphologies.
Cooling and quenching effects on these

morphologies are shown at the left and right,
respectively. Reprinted with permission from
Ref. [45]; Ó 2010, American Chemical Society.
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beyond 50%. In Figure 16.4c, the PVDF was seen to be ﬁlled in the predominant
region, as opposed to PBA, and this was further conﬁrmed at lower temperatures,
where the PBA is clearly seen to be restricted among the PVDF spherulites
(Figure 16.4d). At very high PVDF concentrations, the PVDF spherulites were
directly impinged and occupied almost the entire region (Figure 16.4e). As the
PBA was completely entrapped in the interlamellar/interﬁbrillar region of the
PVDF matrix, cooling of the system did not signiﬁcantly change the microscopic
morphology (Figure 16.4e). Similar results of ratio-dependent birefringence formation and the trapping/expulsion of a minor component were also seen when
the miscible components of crystalline PVDF were blended with crystalline
poly(butylene succinate) (PBS) [47].
16.4.2
Crystalline–Amorphous Blend

The morphology of polymer blends that consist of one crystallizable component
and one noncrystallizable amorphous compound has been studied in detail by
several groups, with attention focused on various crystalline–amorphous combinations and compositions [48–50]. A single Tg-value always characterizes crystalline–
amorphous blends, and is typically an intermediate value between that of the pure
homopolymers; the exact Tg depends on the weight fraction of the two polymers,
however. Highly crystalline polymers that have been studied in crystalline–amorphous blends include poly(e-caprolactone) (PCL), poly(phenylene oxide) (PPO),
poly(ethylene oxide) (PEO), poly(butyleneterephthalate) (PBT), poly(ethyleneterephthalate) (PET), and high- and low-density polyethylene (HDPE and LDPE,
respectively), whereas poly(vinyl chloride) (PVC) and poly(methyl methacrylate)
(PMMA) are examples of amorphous polymers used for blending studies [51].
As a rule of thumb the crystalline–amorphous blend composition is soft (the
behavior is more amorphous than crystalline) when the blend contains more than
70% of the amorphous component, but becomes rigid and crystalline when the
weight fraction of the crystalline component exceeds 30% of the blend. Besides
composition, aging of the blend also determines the compatibility of the two polymers. For instance, the crystallization rate and induction time for crystallization is
critically dependent on the concentration of the components and aging [52]. Crystalline interactions have been shown to exist when PCL is blended with polyethylene and polypropylene, with a-relaxation in polyethylene being affected in
particular. However, because this effect is interrelated to motion in the polyethylene crystallites it was elucidated by assuming that the blend might be cocrystalline in nature.
PCL is one of the most widely studied crystalline polymers in blends, owing to
its miscibility with many other polymers through hydrogen bonding, leading to
miscible blends. Typically, the blending of PCL with amorphous polymers such as
PVC destroys the crystallinity of PCL and leads to amorphous-like, soft compositions. Chen et al. used polarized-light OM to study changes in spherulization
kinetics in crystalline PCL and amorphous polymer blend thin ﬁlms [53]. Poly(p-
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vinyl phenol) (PVPh), poly(benzyl methacrylate) (PBzMA) and poly(phenyl methacrylate) (PPhMA) are amorphous polymers that represent strong hydrogen-bonding and weak polar interactions, and hence high miscibility with PCL. When
using these amorphous polymers as diluents, however, the spherulitic patterns of
neat PCL undergo signiﬁcant changes.
The Lauritzen–Hoffman (L-H) theory developed during the early 1960s
describes the growth rate kinetics of polymer crystals [54], and several modiﬁcations have been suggested to this theory [54]. In a nutshell, the L-H model relates
the lateral spreading rate with surface nucleation rate, which is highly temperature-dependent. Depending on the crystallization temperature, the L-H model distinguishes polymer crystal growth into three regimes, namely regimes I, II, and
III [55,56]. The L-H plots in Figure 16.5 represent spherulitic morphologies and
kinetic regime behaviors for neat PCL in comparison with 90/10 (w/w) blends of
PCL/PVPh, PCL/PBzMA, and PCL/PPhMA [53]. For neat PCL (Figure 16.6a), the
PCL displays a variety of Maltese cross, dendrite or ring-band patterns in spherulites that are melt-crystallized at the temperatures of regimes II and III. Regime
growth transition from regime II to regime III is identiﬁed from this microscopic
characterization, which signals a corresponding mesoscale pattern transition from

Figure 16.5 Lauritzen–Hoffman plots showing
spherulitic morphologies and kinetic regime
behavior of crystalline/amorphous polymer
blends in which the crystalline polymer was
PCL and the amorphous polymer was varied.

(a) 90/10 PCL/PVPh blend; (b) PCL/PbzMA;
(c) PCL/PPhMA; (d) The dependence of
spherulite growth rate on crystallization temperature. Reprinted with permission from Ref.
[53]; Ó 2008, Springer.
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Figure 16.6 Crystallization plots showing

show spherulitic morphologies at different
regime-II to regime-III transitions. (a and c) For crystallization regimes. Reprinted with permisneat and PVME/PCL blends; (b and d) For neat sion from Ref. [57]; Ó 2010, Nature Publishing
PHA and PVME/PHA blends. The POM images Group.

Maltese cross (regime III) to dendritic (regime II). The blending of PCL with different amorphous polymers suppresses the growth rate and induces spherulitic
patterns that are different from those in neat PCL.
Crystalline PCL polymer, when blended with different types of amorphous polymers, has exhibited variations in the interaction strength, although all amorphous
polymers used in the blend are miscible with PCL, which inﬂuences the growth
kinetics of the spherulites and ultimately produces morphologies that are signiﬁcantly different one from another. Figure 16.5a–c represent 90/10 (w/w) blends of
three amorphous polymers; the PCL/PVPh blend (Figure 16.5a) shows dendritic
crystals with no ring bands. PPhMA and PBzMA differ in their chemical structure
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only by a methylene unit, though microscopic investigations (as shown in
Figure 16.5b and c) showed large differences in their crystallite structures. The
PCL/PPhMA blend (Figure 16.5b) shows coil-like textures of ring bands, whereas
the PCL/PBzMA blend (Figure 16.5c) shows zig-zag ring bands. It was suggested
that this difference in ring-band textures may result from differences in interactions between PCL and PBzMA or PPhMA. As mentioned earlier, the inclusion of
amorphous, miscible polymers has a direct inﬂuence on the growth kinetics of the
PCL crystallites. In Figure 16.5d, the spherulite growth rates (G) are shown to
decrease as the crystallization temperature (Tc) increases. The overall growth rate
was suppressed as neat crystalline PCL was blended with any miscible, amorphous
polymers. The types of amorphous polymer, and their ratio in the blend, are the
determining factors of how strongly the spherulite growth rate will be suppressed.
When PCL is blended with non-hydrogen-bonding polymers, such as ether- or
carbonyl-containing polymers, the blend can exhibit interesting yet peculiar phase
behaviors. For example, in a detailed investigation of isomeric crystalline polyesters, PHA and PCL were each blended with amorphous poly(vinyl methyl ether)
(PVME) [57]. Although PCL/PVME is a miscible blend, a lack of strong hydrogen
bonding weakens the interaction between PVME and PCL. Both PCL and PHA
are polyesters with isomeric structures, but the regime behavior of mesoscale crystalline morphologies was shown to be very different for the PCL/PVME and PCL/
PHA blends [57]. The regime behaviors of neat PCL, PHA and their 80/20 (w/w)
blend with PVME are compared in Figure 16.6. Neat PCL (Figure 16.6a) showed a
regime II to regime III transition; microscopically this was observed as a Maltese
cross-type to ﬂuffy dendritic transition. In contrast, neat PHA (Figure 16.6c)
showed a regime I to regime II transition, during which process there were no
apparent microscopic structural changes – that is, Maltese cross patterns were
observed in both regimes. However, on blending these neat polymers (PCL or
PHA) with 20 wt% PVME the spherulitic morphology of the PVME/PCL or
PVME/PHA blend underwent a dramatic change (as shown in Figure 16.6b and
d, respectively), indicating that the amorphous and miscible diluent (PVME) had a
critical role in the regime kinetics of the blends’ morphologies. This situation may
arise from an enhanced Tg of the blend and a depressed Tm of the crystalline component (PHA or PCL) of the mixture [57].
The crystallization temperature (Tc) is another critical parameter that has a
strong inﬂuence on the mesoscale morphologies seen in a polymer blend. The
POM images of a PVME/PHA 20/80 blend shown in Figure 16.7 indicate that the
spherulitic morphologies were distinctly different, even with moderate changes in
Tc. When the Tc was 38  C, Maltese cross patterns (Figure 16.7a) were seen,
whereas an increase of the Tc to 42  C and 46  C led to the creation of ring-banded
spherulites and straight-stalk dendrites, respectively (Figure 16.7b and c). A Tc of
48  C or higher resulted in branching dendrites for the same blend composition,
as seen in Figure 16.7d. These dramatic changes were attributed to a suppression
of the growth rates, retarded by miscible PVME and Tc. These factors were proposed to affect the chain packing of crystalline components into large-dimension,
single-crystal forms from bulk forms [57].
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Figure 16.7 POM images showing the effect of stalk dendrites at Tc  46  C and branching

crystallization temperature on blend morpholo- dendrites at Tc ¼ 48  C. Reprinted with pergies for the PVME/PHA (20/80) blend. (a) Mal- mission from Ref. [57]; Ó 2010, Nature Pubtese cross-type pattern at Tc  38  C; (b) Ring- lishing Group.
banded spherulites at Tc ¼ 42  C; (c) Straight-

16.4.3
Role of Polymer Tacticity on Polymer Blend Morphologies

The effect of tacticity (i.e., the stereochemical arrangement of the units in the
main chain of a polymer) on the properties of polymers and polymer blends has
long been recognized with such basic differences as in the Tg, miscibility, crystallization, and blend characterization, including their mesoscale morphologies. In
general, isotactic polymers (where all substituents are located on the same side of
the polymer backbone) are semicrystalline in nature, whereas atactic polymers
(where all substituents are placed randomly along the backbone) are amorphous.
A ductile, semicrystalline isotactic polypropylene (iPP) blended with a brittle and
amorphous atactic polystyrene (aPS) has been studied extensively, owing to its
importance in the development of recyclable resins [58–61]. The morphology of
this blend has been shown to reﬂect its ﬁnal physico-mechanical properties. The
rheological properties and mesoscale morphologies of these blends are determined by the blend composition, processing conditions and the compatibility of
the isotactic and atactic mixtures. Blends of PCL/iPP, in the solid state and at
compositions spanning the complete range, were characterized using dynamic
mechanical, DSC and OM techniques [62]. Morphologic examinations revealed
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Table 16.3

Induction time and crystallization rate of the blends.

Sample

Induction time (min)

Crystallization rate (mm min1)

iPP þ 10% PS
iPP þ 20% PS
iPP þ 30% PS
iPP þ 10% PS þ SEBS
iPP þ 20% PS þ SEBS
iPP þ 30% PS þ SEBS

4
5
6
6.5
8
10

2.85
2.35
2.03
1.98
1.63
1.22

iPP, isotactic polypropylene; PS, polystyrene; SEBS, styrene-b-ethyelene-co-butylene-b-styrene.
Reprinted with permission from Ref. [58]; Ó 2011, John Wiley & Sons.

that increasing the PCL content caused a decrease in spherulitic size while
enhancing the crystallinity. The size reduction of spherulites was shown to be
associated with a limited miscibility of the amorphous phases when the blends
were quenched, which also helped to enhance the crystallinity of iPP.
Borysiak [58] has investigated the inﬂuence of the aPS in the iPP matrix. Mesoscale a-spherulites evolved in the iPP/aPS system at 140  C, where the crystallization time was shown to depend on the blend ratio, but increasing the aPS content
increased the induction time (the time after which initiation of the development
of spherulite structures is observed). In addition to the rate of development of
spherulites, the ﬁnal size of the spherulites was also affected by the iPP/aPS ratio,
as shown in Table 16.3. As iPP and aPS are immiscible, blending these
incompatible polymers will result in the formation of a continuous iPP phase and
a dispersed aPS phase. Numerous studies have been conducted to compatibilize
iPP/aPS blends, using either block or graft copolymers [63,64]. The effect of the
compatibilization of poly(styrene-b-ethylene-co-butylene-b-styrene) grafted with
maleic anhydride (SEBS-g-MA) block copolymer (BCP) in iPP/aPS blends on morphology induction time and growth rate are shown in Table 16.3. SEBS compatibilization led to a signiﬁcant increase in the induction time [58]. For instance,
iPP/20% aPS showed spherulitic structures after 5 min, which was increased to
8 min in the case of iPP/20% aPS/SEBS. Likewise, the crystal growth rate was
decreased from 2.35 mm min1 to 1.63 mm min1. This point was explained by
considering that the added SEBS remarkably reduced the aPS phase size in contact with iPP, which weakened the nucleating abilities and delayed the induction
time of SEBS-containing iPP/aPS blends. Moreover, the presence of the SEBS
caused a deterioration in the nucleation ability of polypropylene.
Blends of two isotactic polymers, such as iPP with isotactic poly(butane-1) (iPB),
have been investigated using not only OM but also electron microscopy and light
scattering [65]. The results obtained indicated that iPP and iPB would form a miscible blend at ambient conditions, but that thermal treatment of this blend would
induce a partial phase separation of those components exhibiting iPP-rich and
iPB-rich phases. In this system, a higher temperature induced a stronger phase
separation. When Bartczak et al. [65] compared the crystallization mechanism in
pure iPP with that in an iPP/iPB blend, the heterogeneous primary nucleation in
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blends was accordingly depressed when compared to neat iPP. The proposed
mechanism for this difference was that, during the crystallization process, the
less-active heterogeneities in blends lost their activity due to an increase in the
energy barrier. Similarly, the rate of homogeneous nucleation was also decreased
in the blends. In the case of very high undercooling, both iPP and iPB were crystallized at the same rate and developed spherulitic structures; consequently, at very
high undercooling the total number of spherulites in a given area (as observed
with OM) was much higher due to the fact that they contain both iPP spherulites
and iPB spherulites. Understandably, with the same experimental conditions the
neat iPP exhibited a relatively smaller number of spherulites.
16.4.4
Crystallization Morphologies in Stereocomplexationable Chiral Blends

The stereoselective association or stereocomplexation of L and D enantiomeric
polymer blends has been shown to provide several advantages over the parent
components. For example, a blend of L- and D-polylactide (PLLA and PDLA,
respectively) exhibits a high mechanical performance and biodegradability [66,67].
These properties are orders of magnitude superior to those of neat PLLA or neat
PDLA, exhibiting very high resistances to adverse conditions such as thermal and/
or hydrolytic degradation [68,69]. Both, OM and POM have been used to clarify
the crystallization kinetics and structure of the stereocomplexationable blends
[70]. PLLA and PDLA are both isomeric forms of polylactides (PLAs), and can
crystallize into a, b or c forms, although the a form is the most commonly
obtained from melt or solution casting. That is, the mesoscale crystalline structures of PLA homopolymers (as observed with OM) are independent of processing
routes such as thermal history and solvent–polymer interaction. In contrast, a stereocomplexed blend of PLLA and PDLA possesses very different physico-chemical
characteristics from their parent components, such as higher melting temperatures, an elevated enthalpy of fusion and better mechanical properties. Likewise,
the morphological patterns – such as inclusion of the helical conformation of the
crystallites and spherulitic structures – are distinctly different [46,71,72]. The crystalline morphologies of PDLA/PLLA blends have been studied extensively with
equimolecular-weight PDLA and PLLA [73–76]. The subsequent changes in properties and structures have been attributed to the stereoselective van der Waals forces

O of PLLA and PDLA that facilitate the stereocomplexation.
between CH3  C

Typically, Maltese cross patterns were observed for blends with equimolecularweight components. In such blends, the kinetics of crystal (spherulite) formation
depended on the Tm of the parent components, whereas the Tm was dependent on
the chiral nature of lactic acid. If the Tm difference between the two polymers was
small, then both PLLA and PDLA would crystallize simultaneously. However, as
the Tm difference became larger the two crystalline components might crystallize
sequentially, and there would be no simultaneous crystallization [69,73,74].
When Woo and Chang studied the crystallization of nonequimolar compositions
of PDLA with low-molecular-weight PLLA (PDLA/LMw-PLLA) [77], either crystals
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of the stereocomplexed crystallite or a mixture of stereocomplexed crystallites and
homocrystallites was observed, depending on the blend ratio. POM images of the
morphologies of neat PDLA and PDLA blended with various weight fractions of
LMw-PLLA content and melt-crystallized at 120  C are shown in Figure 16.8. In
order to obtain a better understanding of the inﬂuence of stereocomplexation on
the morphology, each sample was examined (using OM) as a function of temperature, blend composition and crystallization time. In these blends, when the temperature was decreased from the molten state, stereocomplexation became
possible at a temperature above the crystallization of the homopolymers with a
rearrangement of units of opposite conﬁguration and the complexation of
free adjacent units. The Maltese cross pattern structures of neat PDLA and neat

Figure 16.8 POM images of PDLA/LMw-PLLA blends of various compositions melt-crystallized
at 120  C for 60 min. The insets show nonpolarizing OM images of the 90/10 and 10/90 blends,
respectively, crystallized for 4 min. Reprinted with permission from Ref. [77]; Ó 2011, Elsevier.

16.4 Optical Characterization of Mesoscale Morphologies in Polymer Blends

LMw-PLLA are shown in Figure 16.8a and f, respectively. The Tm difference
between these two isomeric polymers was at least 50  C. Due to this large difference, the blend exhibited multistage crystallization depending on its composition;
in general, a higher blend ratio would result in faster crystallization kinetics as the
stereocomplex crystallites would be formed more rapidly than the homopolymer
crystallites. POM images of blends crystallized at 120  C for 4 min are shown in
Figure 16.8b and e for 90/10 and 10/90 blend ratios, respectively. In these extreme
compositions, the stereocrystallites are formed ﬁrst, after which homopolymer
crystallites are developed within the matrix of the stereochemical crystallites; these
spherulitic crystallites then grow until they impinge with another homopolymer
spherulite. Depending on the crystallization temperature and the crystallization
time, transitions from an amorphous/amorphous mixture to a crystalline/amorphous, and later to crystalline/crystalline states, will be displayed.
Tsuji and Okumura used microscopy to compare the radial growth rate of
spherulites from pure phases and blends of poly(L-2-hydroxybutyrate) (P(L2HB))
and poly(D-2-hydroxybutyrate) (P(D-2HB)) [78]. These are both biodegradable polymers with the structure of PLLA (PDLA), in which methyl groups are substituted
with ethyl groups. The radial growth rate of spherulites (G in mm min1) and the
induction periods for spherulite growth (ti) of pure P(L-2HB), P(D-2HB) and their
blends were estimated from polarized optical photomicrographs, as shown in
Figure 16.9 [79]. Extrapolation of the spherulite radius plotted against crystallization time to a radius of 0 mm gave the ti values. The G-value was notably sevenfold
higher for the L and D blends (12 mm min1) compared to the neat L and D polymers (1.6 mm min1). This trend, seen in pure phases and blends of P(L-2HB),
P(D-2HB), was consistent with the G-values reported for the PLLA/PDLA stereocomplexes [80]. A larger G-value for the blend indicated that the intermolecular
interaction between L and D chains having opposite conﬁgurations in the molten
state was higher than that between pure L or pure D chains with the same conﬁgurations. Consequently, the stereocomplex spherulites would grow much faster
than the homocrystallites.
Tsuji and Ikada have shown that the melting temperature of racemic crystallites
was independent of the size of the spherulites, but was decreased as the melt
blend deviated from the equimolar mixing. This effect was ascribed to a disordered crystalline structure or to a smaller size of the respective crystallites where
the disordered region of the spherulites was likely to contain small homocrystallites [73,76]. Tsuji reported the mesoscale morphological differences as a function
of hydrolysis of the PLLA/PDLA (L/D) blend and homopolymer (L) ﬁlms [78]. In
this study, a stereocomplexed 1 : 1 blend and nonblended ﬁlms with the thickness
of about 25 mm were used. The PLLA and PDLA used in this study had equal,
medium molecular weights of 1.5  105 g mol1. Before hydrolysis, the L ﬁlm
showed the presence of 100 mm spherulites whereas the L/D blend ﬁlm showed a
large amount of microcrystallites but no well-deﬁned spherulites (Figure 16.10).
However, following hydrolysis for 30 months the image became darker in the L
ﬁlm and brighter in the L/D ﬁlm; this suggested that the L ﬁlm had been hydrolyzed preferentially at chains in the amorphous region that connected the
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Figure 16.9 Radial growth rates of spherulites and the induction periods for spherulite growth of

pure phase and blends of stereocomplexationable polymers as estimated from the respective
POM images. Reprinted with permission from Ref. [79]; Ó 2011, Nature Publishing Group.

crystalline lamellae in the spherulites, which in turn resulted in a reduced orientation of the lamellae.
16.4.5
Mesoscale Morphologies in Conducting Polymer Blends

Polymers that are electrically conductive and composed of fully conjugated
sequences of double bonds along macromolecular chains are termed intrinsically
conducting polymers (ICPs) [81]. The electrical and optical properties of ICPs (in
addition to their ease of synthesis and ﬂexibility in processing) are attractive for
modern technological applications, including biosensors, tissue engineering, neural probes, chemical and electrochemical sensors, and organic electronics [82–86].
In ICPs, the charge is transported along and between the polymer molecules via
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Figure 16.10 POM images showing the effect of aging/hydrolysis on thin-film morphologies of
L/D blend and L homopolymer films over a 30-month period. Reprinted with permission from
Ref. [78]; Ó 2000, Elsevier.

generated charge carriers such as electrons and holes [87]. The bulk conductivity
of these ICPs may be comparable to that of some metals. Typical examples of ICPs
include polyacetylene, polythiophene, polyaniline (PAni) and polypyrrole, among
which PAni has attracted signiﬁcant attention due to the facts that its synthesis is
straightforward and that is possesses good environmental stability and high electrical conductivity [88,89]. Despite these superior characteristics, all ICPs in general –
and PAni in particular – suffer from poor processability and inadequate mechanical properties, which limits their commercial applications [88]. In order to overcome these problems, numerous strategies have been used, one of which is to
blend ICPs with another insulating polymer that helps to overcome the mechanical
and processability issues. PAni and other ICPs do not interact favorably with other
insulating polymers, and remain immiscible where a phase-separation process
restricts the formation of more integrated materials. Barra and coworkers have
shown that this issue can be overcome by selecting a suitable dopant. For example,
if PAni is doped with dodecylbenezene sulfonic acid (PAni.DBSA) it can be either
melt-blended or solution-blended with conventional polymers so as to enable the
fabrication of polymeric conducting blends with desired properties. In this case,
the DBSA acts as a surfactant while its long alkyl chains increase the solubility of
PAni.DBSA in solvents such as toluene and xylene; this in turn induces compatibility with polymer matrices having a similar structure [89].
Doped ICPs (e.g., PAni.DBSA) are sometimes blended with a thermoplastic
elastomer such as thermoplastic polyurethane (TPU) in order to improve their
mechanical properties and processability [90]. TPU exhibits a two-phase morphology in which a soft phase containing either polyesters or polyethers is reinforced
by condensation with a hard domain that consists of an aromatic diisocyanate
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extended with a short-chain diol. When Barra and coworkers examined the effect
of PAni.DBSA addition on the morphology of TPU blends by using OM [88], a
major ﬁnding was that the mode of casting was critical for the ﬁnal morphology
of the freestanding ﬁlm, and this was reﬂected directly in its electrical conductivity
and percolation threshold. Micrographs of PAni.DBSA/TPU blends at two different ratios (15/85 and 30/70) are shown in Figure 16.11, where the dark regions
correspond to the dispersed PAni.DBSA phase. Solution-cast thin ﬁlms of PAni.
DBSA/TPU blends with 15/85 and 30/70 ratios, respectively, are shown in
Figure 16.11a and c. The morphologies of blends prepared via an in-situ process
are shown in Figure 16.11b and d for two different blend ratios. An increase in
the PAni content from 15 to 30 wt% increased the conductive pathways in the
solution-cast ﬁlms. At 30 wt% the dispersed phase was better interconnected,
which resulted in an enhanced electrical conductivity, from 1.7  106 S cm1 for
15 wt% PAni.DBSA to 1.5  102 S cm1 for 30 wt% PAni.DBSA. However, such a
10 000-fold increase in conductivity when doubling the doped ICP content was
exhibited only when the blend was spun-cast. In contrast, the in-situ preparation
method produced very different morphological characteristics at the same blend
compositions as those attained by solution-casting. Micrographs of the interconnected phases for both blend compositions prepared via in-situ methods are

Figure 16.11 OM images showing morpholog- processed blends at 15/85 and 30/70 (w/w),

ical differences in PAni.DBSA/TPU blends,
respectively. Reprinted with permission from
depending on their mode of preparation. (a
Ref. [88]; Ó 2007, Elsevier.
and c) Solution-cast blends; (b and d) “In-situ”-
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shown in Figure 16.11b and d. In this case, the electrical conductivities were
6.9  105 and 1.2  101 S cm1 for the 15/85 and 30/70 blends, respectively,
which was at least 10-fold higher than in the solution-cast ﬁlms. The lower percolation threshold provided an explanation for the higher electrical conductivity of
the PAni.DBSA/TPU blends obtained via “in-situ” processing, compared to the
solution-casting process. These data conﬁrmed that the in-situ blend preparation
method would produce PAni.DBSA/TPU blends with enhanced compatibility,
which would in turn result in a ﬁne dispersion and vivid conducting pathways.

16.5
Confocal Microscopy Characterization of Polymer Blends

In an effort to obtain superior axial imaging, laser scanning confocal microscopy
(LSCM) has been applied to characterize polymer blends [91]. Several advantages
emerge when using LSCM rather than conventional OM, which is limited in both
its lateral (parallel to the focal plane) and axial (perpendicular to the focal plane)
resolution. The large focal depth in a conventional light microscope causes the
image to be smeared out, which limits the use of this technique for quantitative
analysis. In LSCM, any “out-of-focus” information is excluded by focusing
through a small aperture (a confocal pinhole) [92]. As a result, the confocal image
arrives from a particular depth on the specimen, which enables observations to be
made of the object at different optically sliced sections [93]. Morphological variations as a function of ﬁlm depth can be seen in Figure 16.12 [94], which shows
LSCM images obtained from a PMMA/PS blend in which the PMMA is labeled
with 2-(4-nitro-2,1,3-benzoxadiazol-7-yl)aminoethyl (NBD) dye (bright spots).
Whereas ordinary OM or ﬂuorescence microscopy would provide information
only for the top layer morphologies, the optical slicing capabilities of the LSCM
enables imaging at 3 and 6 mm beneath the top layer. Objects obtained at various
optically sliced sections are then reconstructed into a three-dimensional (3D)
image by using image-processing techniques [94].

Figure 16.12 LSCM images of solvent-cast
10:90 PMMA/PS blend film. The bright spots
represent PMMA labeled with NBD dye, the
dark areas represent PS. The morphologies
shown are at the film surface (left), at 3 mm

beneath the surface (middle), and 6 mm
beneath the surface (right). Reprinted with permission from Ref. [94]; Ó 1994, American
Chemical Society.
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Figure 16.13 LSCM image quality improve-

the rendered 3D micrographs showing the X-Yment and 3D reconstruction. (a) As-obtained
Z dimensions of 160  160  45 mm2.
LSCM image; (b) Image after deconvolution;
Reprinted with permission from Ref. [23]; Ó
(c) Image after thresholding; (d) An example of 2009, American Chemical Society.

Lopez-Barron and Macosko have characterized the interface shape evolution in
immiscible ﬂuorescently labeled polystyrene and styrene-ran-acrylonitrile
copolymer blend via 3D image analysis [23,95]. The LSCM images of these blends
before image processing, after deconvolution and after thresholding, are shown in
Figure 16.13, where the bright areas represent the ﬂuorescently labeled PS polymer. Although noise and blurring are apparent in the 2D sliced image before
processing, application of the deconvolution technique reduces the out-of-focus
blurring. The as-obtained LSCM images were then further improved by thresholding them into binary images. The series of thresholded images are stacked into a
single ﬁle to create a 3D image, as shown in Figure 16.13d. The availability of a
third dimension in the reconstructed LSCM images is helpful in visualizing the
true morphology; moreover, the 3D images provide information on the curvature
of the interface.
Jinnai et al. have used multiple modes of LSCM to investigate the ﬁne structures
in bicontinuous phase-separated domains of a polymer blend consisting of poly
(styrene-ran-butadiene) (SBR) and polybutadiene (PB) [91]. Although pure reﬂection LSCM images (as shown in Figure 16.14a) or pure ﬂuorescence LSCM
images (Figure 16.14b) exhibit such ﬁne structures, it cannot be concluded
whether these ﬁne structures belong to the SBR or PB of the blend. A combination of reﬂection and ﬂuorescence LSCM via superposition clearly revealed that
ﬁne structures exist only in the SBR-rich phase (as shown in Figure 16.14c).

16.5 Confocal Microscopy Characterization of Polymer Blends

Figure 16.14 LSCM images of poly(styrene-ran- (c) Superposition of reflection LSCM and fluo-

butadiene) and polybutadiene blend imaged at
20 mm beneath the top surface, using (a)
reflecting and (b) fluorescence modes;

rescence LSCM images. Reprinted with permission from Ref. [96]; Ó 2001, American
Chemical Society.

In LSCM, the contrast enhancement derives from the light emission of ﬂuorescent dyes that have been added to the sample as labels or tracers. In polymer
blends these labels or tracers are localized on a speciﬁc polymer, with organic molecules generally being used as dyes. Mofﬁtt and coworkers [97,98] showed recently
that polymer-coated, inorganic, semiconductor quantum dots (QDs) can also be
used as ﬂuorescent tracers for the LSCM imaging of phase morphology in polymer blends. Speciﬁcally, these authors used cadmium sulﬁde (CdS) QDs stabilized at the surface with PS-b-PAA block copolymers. In this case, the PAA is
attached to the QDs, while the PS forms a brush-like layer. However, as the PS
brush on the QDs interacts well with the PS in the PS/PMMA blend the QDs are
well dispersed in the PS phase but completely excluded from the PMMA phase.
This provides an excellent ﬂuorescence contrast for the LSCM imaging of structures arising from phase separation between PS and PMMA (see Figure 16.15).

Figure 16.15 LSCM image of a PS/PMMA
blend, demonstrating inorganic QDs as effective tracers for the PS phase in fluorescence
imaging of the blend structure. The bright
regions represent the PS phase, and the dark

regions are phase-separated PMMA. The
brightness for PS is provided by fluorescence
emission from the CdS QDs. Reprinted with
permission from Ref. [97]; Ó 2005, American
Chemical Society.
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Figure 16.16 LSCM images showing phase-

separated morphologies of biopolymeric mixtures of gelatin and maltodextrin confined in
emulsion droplets. The effect of confinement
size on mesoscale morphologies is shown

(a) experimentally (LSCM images at bottom
left) and (b) theoretically (simulation images at
bottom right). Reprinted with permission from
Ref. [100]; Ó 2010, Royal Society of Chemistry.

Acknowledgments

More importantly, the presence of the QDs does not alter the original phase separation morphology of the PS/PMMA blend, provided that their concentrations are
kept relatively low.
Further, in the context of using confocal microscopy to characterize polymer
blend ﬁlms, Fransson et al. [99,100] have systematically studied the phase separation of biopolymeric blends in conﬁned geometries using LSCM. The results
obtained indicated that the morphology of a phase-separating and gelling biopolymer mixture of gelatin–maltodextrin was strongly affected by the presence of
a conﬁned geometry. Geometric conﬁnement in the form of emulsion droplets of
various sizes can be examined in situ using LSCM and subsequent image analysis
(Figure 16.16a). For smaller droplets (<20 mm diameter), two types of microstructure are observed using LSCM, namely surface-directed (maltodextrin shell
and a gelatin core) and half-moon (gelatin and maltodextrin form two halves). For
larger droplets (>20 mm diameter), the morphology resembles the bulk morphology, which is a continuous gelatin phase with evenly distributed maltodextrin
inclusions. An elastic Lennard–Jones (ELJ) model was used to predict the structures of this protein–polysaccharide blend under conﬁnement [100]. The simulated microstructure obtained with the ELJ model was shown to be in excellent
agreement with the experimental observations made using LSCM (as shown in
Figure 16.16b).

16.6
Summary

Polymer blends, when in thin-ﬁlm form, exhibit morphologies at different length
scales. A variety of OM techniques has been used to characterize the phase-separated structures (at the mesoscale level) that result from intermolecular/intramolecular interactions among the polymers involved in the blend. Besides
providing information on morphological features at the mesoscale level, microscopic characterization is also a powerful aid in understanding the crystallization
kinetics of polymer blends. Advances in microscopic techniques have provided the
ability to observe 3D structural details at any given depth of polymer blend ﬁlms.
Moreover, optical slicing for 3D imaging is noninvasive to the sample and provides
structural information that is inﬂuenced by neither the substrate nor the interface.
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17
Electron Microscopic Analysis of Multicomponent
Polymers and Blends
Rameshwar Adhikari

17.1
Introduction and Overview

At this point it will not be necessary to provide details of polymer blends, nor of
their fabrication routes and applications, as this entire book is devoted to such
information. Indeed, a plethora of reference material describing different aspects
of the materials science and engineering of polymer blends is available [1–11],
with many references – both direct and indirect – being made to electron microscopy (EM) and/or atomic force microscopy (AFM) for such purpose. But this
simply highlights the signiﬁcance of microscopy in the characterization of multicomponent polymers, polymer blends, and their composites.
Polymer blends are characterized by rich variety of structural and functional diversities. The end-use properties of these materials are mainly determined by their morphology on different length scales, the latter being controlled by the molecular
structure and chain architecture of the constituents, as well as the processing history
of the compound at hand [12]. Therefore, it is of prime importance to understand
and purposefully modify the structure of homopolymers, blends and composites on
macroscopic, microscopic and molecular levels in order that materials having tailored property proﬁles can be designed [9,12]. Further, the construction of nanostructured polymers with speciﬁc mechanical and functional properties is an important
facet of contemporary materials science and engineering. Today, there is a growing
interest in the ﬁeld of nanostructured polymeric materials, due to their promising
mechanical and functional properties. Indeed, these materials have in recent years
stimulated a great deal of interaction among physicists, chemists, biologists, and
engineers such that, as a result, new techniques for the characterization of polymer
blends have evolved and advanced. The development of new polymer blends with
complex morphologies and properties has also triggered the advancement of new
tools and techniques in both EM and AFM [10,13–23].
The mechanical properties of polymers are determined mainly by molecular
parameters, as well as their structural details (morphology) and their response
towards applied loads. Hence, in order to design polymeric materials possessing a
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desired property proﬁle it is essential to develop a suitable morphology aimed at
speciﬁc micromechanical processes of deformation [24–29].
The different microscopic techniques available, ranging from optical microscopy
(OM) to EM and scanning probe microscopy (SPM), play vital roles when characterizing the morphology of polymers on different length scales. These techniques
are especially crucial when optimizing the properties of composites through structural characterization, which provides direct clues relating to the interfacial adhesion, shape, size, and distribution of the particles [11,30–44].
In this chapter an overview is presented of the application of EM to morphological studies of polymer blends, with special emphasis on sample preparation and
comparative studies using AFM. A brief overview of sample preparation is ﬁrst
provided, followed by some typical characterizations of polymer blends, based on
the present author’s experience, research data, and information reported elsewhere. It should be noted that only the imaging of polymer blend structures will
be described at this point, since the associated spectroscopic tools and chemical
mapping are beyond the scope of the chapter.

17.2
Sample Preparation Techniques

The quality of the results delivered by microscopy depends very much on the sample preparation step since, without great care being taken at this time, no conclusions can be drawn on polymer blend morphology that are free from error and/or
artifacts. The principal sample preparation routes used for characterizing polymer
morphology by EM involve thin ﬁlms, cut surfaces, fractured surfaces, and etched
surfaces.
17.2.1
Thin-Film Preparation

Thin ﬁlms for polymer microscopy (using both EM and AFM) can be prepared in
a variety of ways:
 Film by dropping: This involves dropping the dilute polymer solution onto a substrate, followed by the subsequent drying and annealing if needed. The ﬁlm
thickness can be generally controlled by the concentration of polymer, but the
ﬁlm thickness will not be uniform.
 Spin coating: This involves subjecting a drop of the polymer solution taken onto
a substrate to high-speed rotation. Drying and annealing of the ﬁlms at elevated
temperature may also be needed. The ﬁlm thickness, which is more uniform
than in the dropping technique, can be adjusted by changing the solution concentration and the speed of substrate rotation.
 Dip coating: This involves slowly drawing a substrate (e.g., a rectangular plate of
smooth glass, mica or silicon wafer) that has been dipped into a polymer
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solution. The ﬁlm thickness can be controlled by varying the solution concentration and the ﬁlm drawing speed.
 Microtomy and ultramicrotomy: This involves the sectioning of a bulk sample by
means of a microtome or an ultramicrotome. If interested is focused on the
morphology of an “as-processed” sample, the above three methods cannot be
used because the morphology of interest is lost when the sample is dissolved in
a solvent. This is generally the case when the structures of a nanocomposite
prepared by different methods are to be compared, or an exact morphology
developed during a particular processing route has to be evaluated. Microtomy
and ultramicrotomy (sometimes equipped with cryodevices) are employed for
the preparation of thin sections of nanocomposite materials. Generally, freshly
prepared glass knives or diamond knives are used for this purpose.
As most of the polymeric materials are soft matter at room temperature, the
specimens should be hardened before sectioning in order to avoid the local
mechanical deformation of one or more of the components present in the blend.
Treatment of the sample with high-energy radiations (e.g., c rays) or with a chemical staining agent (e.g., osmium tetroxide or ruthenium tetroxide) can help to
harden the sample so that it can be sectioned at room temperature. More conveniently, the samples are sectioned at cryogenic temperatures using liquid nitrogen
as a coolant. The sectioning temperature is generally below or close to the glass
transition temperatures of all components in the blend.
The thickness of the ﬁlms required for transmission electron microscopy (TEM)
investigations should be in the range of 50 to 70 nm, whereas ﬁlms of any thickness
can be studied using either scanning electron microscopy (SEM) or/and AFM.
The ideal specimens for AFM operations are thin ﬁlms prepared by solutioncasting. In this case, the freshly prepared thin ﬁlms (which range from a few tens
of nanometers to a few microns in thickness) are cast from their solutions and can
be most conveniently imaged using AFM. It should be noted that, if the ﬁlm surface is not sufﬁciently ﬂat, the substrate side of the ﬁlm can be studied. However,
it is important to be aware that the structures of the polymer blends in thin ﬁlms
in the presence of free air may be entirely different from those of bulk specimens,
and hence no correlation can be made to the bulk specimen’s properties.
17.2.2
Staining of Thin Sections

The mode of action of EM is based on the interaction of an electron beam with the
atoms of the material under study, with contrast generally arising from the production of secondary or back-scattered electrons (in SEM) or the scattering of electrons by the specimen (in TEM). Thus, it is necessary to have a sufﬁcient intrinsic
atomic mass contrast and an appropriate surface topography for TEM and SEM
investigations, respectively.
Polymers are comprised mainly of low-molar-mass elements such as carbon,
hydrogen, and nitrogen, and consequently the atomic mass contrast is very low.
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Therefore, when applying conventional TEM to heterophase polymers, the selective staining of one or more of the phases present in the polymer blends is
required, using heavy-metal compounds (e.g., osmium tetroxide, ruthenium
tetroxide, uranyl acetate) [45–48]. Such staining can be performed either on the
bulk material prior to sectioning with an ultramicrotome, or on the ﬁlms. As
noted above, one advantage of staining the bulk sample is that it becomes hardened and can then be sectioned at room temperature.
17.2.3
Etching of the Surface

The free surfaces of samples are studied using SEM and AFM. The smooth
specimen surfaces which are required for this purpose are prepared either by
ultramicrotomy or by solution-casting procedures (e.g., spin-coating). The free
surface can also be etched by reactive ions via a process known as reactive ion
etching (RIE) [49–51], or by using chemicals as in the case of permanganic
etching [52–55].
Permanganic etching is frequently used to prepare surfaces for SEM examinations, notably of semicrystalline polymers and their blends and composites. In
this case the etchant attacks the polymers destructively and progressively removes
the outer skin of the polymer, such that the loosely packed amorphous phase is
preferentially etched out of the sample. This technique is especially useful for
exposing the internal structural details of semicrystalline polymers.
The sample surfaces as received can either be dipped directly into the etchant solution, or the fresh surface for etching can be prepared by microtomy (or ultramicrotomy). The etching period may range from a few seconds to several minutes,
depending on the nature of the material under investigation and the concentration of
the etchant.
17.2.4
Specimens for Fracture Behavior Analysis

It is common practice in materials science studies of polymer blends to investigate the fracture surfaces (i.e., the surfaces produced after failure of the tensile or
impact test specimens) by using SEM. In addition to studying the phase morphology of the blends, this also permits investigations to be made of the fracture
behavior of blends, and to provide important clues as to the role of the interfacial
structure on the blend’s mechanical properties. In general, normally used specimen preparation techniques such as sputtering (or coating with conducting surfaces) are required for fracture surface analysis.
Details of the deformation micromechanisms of polymers can be investigated
using different techniques. One of the most common approaches is to prepare
specimens for TEM studies from the deformed sample taken from locations close
to the fracture surface using an ultramicrotome, and this can be followed by the
usual chemical and physical treatments. The thin ﬁlms may also be stretched
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outside the microscope and then examined using TEM. The thicknesses of the
ﬁlms may range from a few hundred nanometers to several microns.
During sample preparation, it should be borne in mind that etching of the sample surface is not obligatory for SEM and/or AFM investigations. Composite materials can be conveniently studied by SEM using the back-scattered electrons (BSE)
imaging mode if the secondary electron (SE) mode does not provide sufﬁcient
phase information. In the case of AFM, the most important requirement is the
ﬂat surface is free from contamination and that there are sufﬁcient differences in
local mechanical properties (e.g., stiffness) between the components.

17.3
Morphological Characterization

The microscopic morphology of polymer blends results basically from the
incompatibility of the components, while other factors that inﬂuence blend morphology include the processing conditions (e.g., application of shear forces, use of
compatibilizer, cooling rate from the melt). Two types of morphology may be
observed, namely cocontinuous and dispersed; the latter type is usually observed
when one of the components is in a minority.
Both, EM and AFM can be used to determine the morphological details of polymer blends, including the shape, size and orientation of the particles, and the distances between the particles. These techniques reveal not only the polymer phase
distribution but also many structural details of the components, and occasionally
also of the interface between the polymers. Micromechanical deformation processes
are revealed by studying deformed specimens using TEM, and in a very impressive
fashion by using AFM. The morphologies of polymer blends presented in the following sections are categorized as blends of semicrystalline polymers, blends of
amorphous polymers, and nanostructured copolymers and blends. Finally, some specialized techniques of microscopy and the application of new polymer blends, as
well as the deformation behavior of selected polymer blends, will be introduced.
17.3.1
Blends of Semicrystalline Polymers

The pioneering investigations of the morphology of polyethylene spherulite and lamellae were conducted by Bassett et al., who studied blends of high-density and lowdensity polyethylene (weight ratio ¼ 5/95) [56]. These blends were subjected to melt
crystallization and then allowed to stretch to different draw ratios. The drawn specimens were cut open at 270  C (using a glass knife and microtome), either parallel or
transverse to the draw direction, and then etched prior to examination with SEM. Etching was continued for 1 h at room temperature with a 1% (w/v) solution of potassium
permanganate in a 10 : 4 : 1 mixture (by volume) of sulfuric acid, 85% o-phosphoric
acid and water, respectively; this procedure removed a few millimeters from the cut
surface. The etched specimens were then coated with gold prior to SEM examination.
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Figure 17.1 Perpendicular sheaves of linear polyethylene drawn to 2 extension at 100  C at (a)
5 mm min1 and (b) 1000 mm min1. The drawing direction is horizontal to the picture plane [56].

The morphology of the blend with a deformed high-density polyethylene
(HDPE) spherulite drawn at 100  C to a draw ratio of 2 with different speeds is
shown in Figure 17.1 [56]. On careful examination of the micrographs, several
interesting features were observed. The extent of internal lamellar deformation
(i.e., the separation of lamellar bundles leading to the formation of kinked bands)
was increased for the slightly higher draw ratio of 2.0, as shown ﬁrst for parallel
sheaves in Figure 17.1. The slow-drawn object in Figure 17.1a showed a paler contrast at its center and at its extremities, where the inﬂuence of the dominant
lamellae survived in the grouping at the perimeter; the contrast was ﬁnely modulated throughout. At the higher draw rate (see Figure 17.1b), the same features
were present but the contrast difference appeared larger than for the slow draw.
More importantly, the SEM images shown in Figure 17.1 provided an insight
into the possibility of imaging individual spherulites in the blends of two different
polyethylenes due to correct specimen preparation.
The second example of semicrystalline polymer blends involved the SEM imaging of a mixture of two different types of polyethylene, the surfaces of which were
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Figure 17.2 SEM images of different magnifications showing the typical matrix/dispersed phase

bulk morphology of HDPE/EOC (25/75) blend [57].

prepared in similar manner as the materials depicted in Figure 17.1. The sample
surface for the SEM investigation was prepared according to a standard permanganic etching procedure that was described originally by Olley et al. [53,54] and
further developed for speciﬁc multicomponent blends [52,55].
This technique was employed to visualize the morphology of polymer blends
comprising HDPE and an ethylene/1-octene copolymer (EOC; AfﬁnityTM EG 8150,
a commercial product of the Dow Chemical Company) which had a relatively high
1-octene content [57]. The representative results are presented in Figure 17.2.
A strong tendency towards phase separation was observed for the different types of
HDPE/EOC blend, irrespective of the blend composition. Among these blends, the
HDPE/EOC system was found to incline most robustly towards segregation. As an
example, the morphology of a blend containing 75 wt% EOC is shown in Figure 17.2.
The SEM images showed that the minority HDPE phase existed as isolated
islands scattered in the matrix of the EOC. The HDPE lamellae appeared bright
in the SEM images and extended to a length of several hundred nanometers,
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acting as a ﬁller for the matrix polymer. The formation of a spherulitic morphology, which is typical of HDPE, was thus strongly suppressed.
It should be noted that the investigated blend partners are characterized by differences in their melting points with, in general, the melting temperature being
lowered with increasing 1-octene content [58]. The blends of HDPE with the
copolymers showed two separate melting endotherms which corresponded to that
of two pure components, and indicated that they had crystallized as separate entities in all of the blends [58]. For example, regardless of the composition, two melting points were observed around 400 K and 330 K in the HDPE/EOC blends. The
presence of multiple melting points in the blends strongly supported the notion of
demixing of the blend components [57].
When using TEM, the presence of long individual lamellar crystals with a very
high aspect ratio was revealed in the EOC-rich blends [59] (see Figure 17.3). The
growth of lamellae to exceptionally long dimensions was correlated with a wide
gap in the melting temperatures of the polymers. However, on cooling the mixture from the melt, when the HDPE component solidiﬁed due to crystallization,

Figure 17.3 Higher- (a) and lower- (b) magnification TEM images of HDPE/EOC (40/60) blend.
The thin sections for the investigations were stained with RuO4 vapor [59].

17.3 Morphological Characterization

the surrounding EOC phase remained mobile (in a molten state) due to its much
lower melting and crystallization temperatures. This situation enabled a rapid
growth of the HDPE lamellae, which penetrated the EOC phase. This assumption
was supported by the presence of a pointed, tip-like appearance of each lamella at
the interface with the copolymer matrix [60,61]. Figure 17.3 also shows the lamellar arrangement of the crystals of HDPE which are embedded in the matrix of the
composed micelle-like domains of the EOC. On careful observation of the matrix
morphology, the latter can be observed as background structures [52].
Correct sample preparation is also crucial when studying the morphology of
semicrystalline polymer blends using TEM. Typically, the blend is stained with
ruthenium tetroxide (RuO4) vapor which, by virtue of its rapid diffusivity in the
loosely packed amorphous regions of the sample, is deposited preferentially in the
amorphous part of the blend. Consequently, in the TEM images the amorphous
phase will appear dark and the crystalline phase bright.
The results produced via TEM investigations depend largely on various factors
such as the thickness and uniformity of the sections, the staining agent concentration, the duration of staining process, and the selection of imaging parameters.
Quantitative information can be obtained from the TEM images by using imageprocessing software, as is the case for the quantiﬁcation of micrographs obtained
using other techniques.
One quite reliable microscopic technique that requires no special sample preparation is that of AFM [22,62,63]. In particular, the phase-imaging mode in tapping
mode AFM delivers important information regarding the structure and properties
of heterogeneous semicrystalline polymer blends.
For the purpose of comparing results obtained via different techniques, an
analysis should be made of the morphology of blends, using AFM and polymer
combinations identical to those presented in Figures 17.2 and 17.3 (see Figures 17.4 and 17.5 below). The AFM phase images of HDPE/EOC blends with
two different compositions are presented in Figure 17.4, where well-deﬁned
long lamellar crystals of HDPE phase can be seen to coexist with worm-like
domains of much thinner crystals of the EOC phase that can easily be distinguished in the phase images. The sample for AFM imaging was prepared by
annealing the polymer ﬁlm surface between two freshly cleaved mica sheets
close to melting point, and then slowing the rate if cooling to room temperature. Thus, the structure observed in Figure 17.4 represents that of the surface
of the polymer blends and not that of the bulk. In order to analyze the bulk
structure of the blends, the samples were sectioned (using an ultramicrotome)
at about 120  C, ﬁxed to the AFM sample holder, and then scanned using
tapping mode phase imaging under ambient conditions. The results obtained
from one of these blends, using AFM, are presented in Figure 17.5, where the
semicrystalline texture of the blend, with its unique arrangement of well-grown
and long HDPE lamellar crystals, can be seen to coexist with the EOC phase.
In the high-magniﬁcation AFM phase image (Figure 17.5b), ill-developed crystalline domains of the EOC phase were also clearly visible, appearing as a background structure in the polymer blend.
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Figure 17.4 Representative AFM phase micrographs of HDPE/EOC blend surfaces containing
different weight fractions of EOC. (a) 50% EOC; (b) 75% EOC [57].

Figure 17.5 AFM phase images of different magnifications obtained by scanning of cryoultramicrotomed surface of the HDPE/EOC (50/50) blend.
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It should be borne in mind that the bulk morphology of the blend (Figure 17.5)
was basically identical with the surface morphology of the blend (see
Figure 17.4a), in terms of the arrangement of lamellar crystals and coexisting crystalline domains. However, in terms of the ratio of HDPE/EOC crystalline phase
ratio, the morphology was completely different.
When discussing the contrast of the AFM phase images, one important aspect
should not be disregarded; namely, that the contrast mechanism in AFM phase imaging is in fact coupled with a number of factors including experimental parameters [28].
In this section it was shown that, with correct sample preparation, a deeper and
wider insight can be acquired into the morphology of blends comprising semicrystalline polymers by using different microscopic techniques (SEM, TEM, AFM)
as complementary analytical tools. Quantitative information relating to lamellar
dimensions, orientation and distribution, which are beyond the scope of this chapter, can be easily obtained using correct image-processing software.
17.3.2
Blends of Amorphous Polymers

With the morphology of blends of semicrystalline polymers having been discussed,
some other blends that comprise amorphous polymers should now be examined.
Since it is possible to create blends that consist of one or more of semicrystalline
polymers and one or more amorphous polymers [9], two examples can now be
introduced that illustrate the morphology of incompatible polymer blends, as investigated using two different techniques (viz., TEM and AFM). The micrographs
shown in Figure 17.6 are of high-impact polystyrene (HIPS), a popular plastics
material that is an excellent example of how multicomponent amorphous polymers
can be investigated using different microscopic techniques. As in previous cases,
the choice of imaging technique and corresponding sample preparation depended
heavily on the type of morphological information being sought experimentally.
Figure 17.6a is a TEM image of an ultrathin section of the HIPS sample that had
been stained with osmium tetroxide vapor [64]. The aim of such staining was to render the internal structure of the HIPS visible by selectively depositing a heavy-metal
component in the butadiene-rich phase (or in the component with C
C unsaturated
bonds). The image showed the typical “salami” structure of the sample, while the
butadiene-rich phase and the “crazes” appeared as dark areas. This imaging was
especially important because it provided information as to how the crazes evolved,
“wandered,” and were eventually stopped by the presence of the “salami” particles.
TEM has also permitted the imaging of ultrathin sections of heterogeneous
polymers by physically crosslinking the rubbery phase by gamma irradiation [65]
(see Figure 17.6b) and using the Lorenz microscopy mode [66] (see Figure 17.6c)
by virtue of inherent mass contrast. The same bulk morphology of the specimen
could also be imaged in tapping mode AFM phase imaging, due to differences in
the local mechanical properties of the components of the blend (see Figure 17.6d).
In order to further highlight the capabilities of tapping mode AFM imaging for
the structural elucidation of polymer blends, the morphology of an acrylonitrile–
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Figure 17.6 Micrographs of HIPS samples
imaged by using different microscopic techniques. (a) Crazes in HIPS-imaged using
stained ultrathin sections by TEM [64];

(b) HIPS particles made visible by gamma
irradiation with TEM [65]; (c) HIPS particle
imaged using Lorenz microscopy [66]; (d) AFM
phase imaging of the cut surface.

butadiene–styrene (ABS) copolymer is presented in Figure 17.7. The copolymer
appeared practically as a blend of polystyrene particles embedded in a matrix of
the styrene–acrylonitrile (SAN) copolymer. The adhesion between the particles
and matrix was provided in this case by the presence of styrene copolymer chains
at the matrix–particle interfacial region [2,9].
Figure 17.7a shows the AFM tapping mode topography or height image of the
ABS copolymer, while Figure 17.7b shows the phase image of the same area. In the
height image, around the particles’ periphery, a thin layer of a bright-appearing ring
was ascertained that was masked in the phase due to a high contrast between the
particles and the matrix in the phase image (see Figure 17.7b). However, a closer
examination of the phase image (Figure 17.7b) revealed both the presence of the
ring and the heterogeneous texture of the particles themselves. These observations
implied on the one hand the chemical heterogeneity of the particles, and on the
other hand the formation of a thin, compatibilizing layer around the particles.

17.3 Morphological Characterization

Figure 17.7 AFM height (a) and phase (b) images of an ABS copolymer imaged on bulk cryo-

ultramicrotomed surface.

Clearly, the height image does not provide much information regarding the morphology of samples under investigation; however, an analysis of the phase image
may offer the possibility of determining the particle size and their distribution, as
well as the distance between them. At ﬁrst glance the material would appear to
have a bimodal distribution of the particles, with their diameters centered at about
400 nm and 100 nm. Such a distribution of particles would be required to optimize
the mechanical properties of these polymeric materials [67,68].
17.3.3
Nanostructured Copolymers and Blends

The blends discussed so far have had dimensions of phase separation ranging
from several hundred nanometers to several micrometers, which are the characteristic features of classical polymer blends. Since the advent of nanotechnology,
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Figure 17.8 TEM images of thin sections of (a) styrene/butadiene star block copolymer and
(b) the blend of the star block copolymer with 80% by weight of general-purpose polystyrene [69].

there has been an increasing trend to incorporate nanosized particles into the
polymer blends, or to generate a nanostructured morphology in the blends themselves. The morphology of some polymer blends that are characterized by their
inherent nanostructured morphology that has evolved due to effects of molecular
architecture, special compatibilization or to processing methods, are illustrated in
the following subsections. Particular attention is paid to blends comprising block
copolymers which are themselves nanostructured due to the chemical connectivity
of different polymer chains via covalent linkages.
Figure 17.8a is the TEM image of a styrene/butadiene star block copolymer containing 74% (by volume) styrene. The nanostructured morphology arises from the
fact that the constituents – that is, polystyrene (PS) and polybutadiene (PB) chains –
are connected chemically by covalent bonds which do not permit a macroscopic segregation of the polymer chains. Due to the presence of a unique molecular architecture of the copolymer, the star block copolymer was found to show a cocontinuous
arrangement of the nanostructures [69–72]. The star block copolymer specimen was
treated with osmium tetroxide vapor prior to TEM imaging; such treatment
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promotes the deposition of heavy-metal compounds in the butadiene domains,
where unsaturated double bonds can react with the former.
A similar treatment allows a straightforward imaging of the nanostructures of
the blend of the star block copolymer and general-purpose PS [73,74] (see
Figure 17.8b). The block copolymer/PS weight ratio in the blend was 20/80, and
the structures formed were the result of processing by compression molding.
Under equilibrium conditions, these components would segregate macroscopically to yield a classic particle–matrix morphology with microsized particles [69].
The dark areas in Figure 17.8b represent the butadiene-rich component (due to
staining by heavy-metal compounds) of the polymer blend, and the brighter areas
the PS phase. Thus, the PS domains in the blend appear as the droplets surrounded by a rubbery phase; this typical arrangement has been referred to as
“droplet morphology,” and is responsible for the observed greater toughness of
the blends compared to corresponding blends with layered morphologies [75].
Block copolymers not only possess nanostructures in their blends with one of the
corresponding homopolymers, but also induce nanostructures in the blends of other
types of polymer, such as thermosetting resins [76–80]. Some examples reported
recently by various research groups are described in the following examples.
Nanostructured blends of an epoxidized styrene/butadiene/styrene (SBS) triblock copolymer with diglycidyl ether of bisphenol A (DGEBA) -based epoxy resins were recently reported by the groups of Thomas and Mondragon [76,77]. The
nanostructured morphology of diaminodiphenyl-methane (DDM) cured blends of
DGEBA and highly epoxidized SBS (eSBS; 90/10 weight ratio) is shown in
Figure 17.9a [76]. This TEM image clariﬁes the nanostructured morphology
in the blends with 47 mol% of eSBS. The spherical micelles with diameters of
20–30 nm were found to disperse in the continuous epoxy matrix containing
epoxidized PB segments. The spherical micelles were generated with a core of
incompatible PS domain, which was encircled by a shell of neat PB chains. The
epoxidized PB chains were completely extended into the epoxy matrix because of
the hydrogen-bonding interaction [76].
In a similar line of investigation, blends of epoxy resins with larger proportions
of eSBS block copolymers were studied recently [77]. The morphological features
observed on the cryo-ultramicrotomed face of the samples, using AFM, are presented in Figure 17.9b. This image shows the different orientations of the microdomains, as either parallel (ﬂat-on) or perpendicular (edge-on) lamellae domains
to the cut surface; notably, the parallel lamellae are characterized by a continuous
phase. It was concluded that the nanostructures thus formed in the epoxy/eSBS
(weight ratio 30/70) blend possessed lamellar nanostructures. It was further
emphasized that the orientation of the lamellae microdomains – whether parallel
or perpendicular to the cut surface – was similar to that observed in blends of
different block copolymers [77].
Studies on epoxy resin-based nanostructured blends were focused mainly on the
use of highly epoxidized block copolymers. Clearly, the extent of epoxidation can
have a dramatic inﬂuence on the morphology of such blends; this phenomenon can
be illustrated on the basis of TEM images collected from blends comprising the same
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Figure 17.9 (a) TEM image of a blend comprising 90 wt% epoxy resin and 10 wt% epoxidized
(eSBS) block copolymer [76]; (b) AFM phase image of a similar blend comprising 30 wt% eSBS
copolymer [77].

eSBS/epoxy weight ratio but differing in the extent of epoxidation of the butadiene
units of the SBS triblock copolymer . The matrix used in this case was a methylene
dianiline (MDA) -cured DGEBA-based epoxy resin, and the specimens were prepared
using ultramicrotomy and stained with osmium tetroxide. The morphology of the
blend containing 30 wt% eSBS with 25 wt% epoxidation is shown in Figure 17.10a.
The TEM image shows the typical particle matrix morphology of the blend, with
block copolymer domains as the matrix and epoxy resin particles as the dispersed
phase; the segregation thus observed can be termed as a macrophase separation
(R. Pandit, unpublished results). It is interesting to note that the block copolymer
(i.e., the eSBS) formed a matrix even when present only as a minority phase.
The phase-separation behavior of the blend took a dramatic turn when the butadiene phase of the SBS copolymer was completely epoxidized (Figure 17.10b),

17.4 Special Techniques and Applications

Figure 17.10 TEM images of a blend comprising 70 wt% epoxy resin and 30 wt% epoxidized
(eSBS) block copolymer. The degrees of epoxidation of the latter were 25 wt% (a) and 100% (b).

when the morphology changed into a completely microphase-separated form. The
PS phase formed cylinders inside a cylinder of epoxidized block copolymer, with
the double-walled cylinder embedded into the matrix of the epoxy resin.

17.4
Special Techniques and Applications

Historically, EM has played important role in elucidating the structure and properties of various processing forms of classical polymer blends, composites ﬁbers and
biomedical objects. The microscopic analysis of certain special types of blend are
examined in the following subsections.
A TEM image of the multilayered composite structure of a blend of polyethylene
terephthalate (PET) and polycarbonate (PC) (PET/PC weight ratio 10/90) is shown
in Figure 17.11a. The laminate structure of the blends was achieved by a special
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Figure 17.11 (a) TEM image of a PET/PC (10/90 weight ratio) multilayered composite using

RuO4 as staining agent; (b) AFM phase image of the same blend.

processing termed microlayer coextrusion [81–83], and the sections were stained
with ruthenium tetroxide vapor prior to TEM imaging. The PC phase, owing to its
lower density and hence preferential deposition of the staining agent, appeared
darker in the TEM image (Figure 17.11a). The freshly ultramicrotomed face of the
same sample was analyzed using AFM phase imaging in tapping mode (see
Figure 17.11b). The results of both TEM and AFM investigations were comparable
in terms of the size of the structures, which showed quite continuous and uniformly thick layers of the constituents in the blend.
It should be noted, however, that several attempts were required to stain the PC
phase sufﬁciently for TEM imaging, whereas the difference in bulk mechanical
properties between PET and PC was sufﬁcient to obtain a sharp contrast in the
AFM images, within minutes of microscope operation.
As another example of the special type of polymer blend studied with EM, the
SEM images of a biopolymer-based compound are presented in Figure 17.12.
Recently, the encapsulation of curcumin in submicrometer spray-dried chitosan/
Tween 20 particles was evaluated using SEM imaging [84]. Tween 20 was a commercially available version of polyethylene glycol sorbitan monolaurate. The
encapsulation of curcumin is important, as its optimal delivery in medicinal
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Figure 17.12 SEM images of chitosan particles spray-dried with chitosan and Tween 20. (a) Low
Tween 20 concentration; (b) High Tween 20 concentration [84].

applications requires a drug-delivery system that solubilizes curcumin and also
prevents its degradation. Images of the particles produced, highlighting the effect
of chitosan concentration on particle size, are shown in Figure 17.12. Moreover, as
the proportion of Tween 20 was increased, the size of the particles was found also
to increase drastically (cf. Figures 17.12a and b). An analysis of the particles with
holes further conﬁrmed that the vesicles were hollow, as would be required to
serve as drug-delivery vehicles.
It should be noted that, whilst TEM and AFM may not be suited to the imaging
of vesicular structures in drug-delivery systems, SEM may offer an excellent solution to the problem. In fact, environmental scanning electron microscopy (ESEM)
provides an elegant approach to imaging the structures of biomedical materials at
high resolution, and occasionally also under the physiological conditions encountered in body tissues [10].
During the past few decades, much progress has been made in the ﬁeld of microscopic techniques based on spectroscopy. One such method is scanning transmission X-ray microscopy (STXM) which permits the nondestructive chemical mapping
of heterogeneous polymers (including polymer alloys) through different specimen
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Figure 17.13 Morphology of 150 nm-thick film of the TFB/F8BT blend. (a) STXM composition

map of F8BT; (b) AFM image of the blend. The wider F8BT-rich areas that show little variation in
surface features but a marked decrease in F8BT concentration are encircled [85].

thicknesses. Recently, the use of STXM allowed the quantitative chemical analysis
of the bulk composition of spin-coated blends of poly(9,9-dioctylﬂuorene-co-N-(4butylphenyl)diphenylamine) (TFB) and poly(9,90 -dioctylﬂuorene-co-benzothiadiazole)
(F8BT), both of which are used in efﬁcient polymer light-emitting diodes (LEDs).
Subsequently, a combination of STXM with AFM permitted both the surface and
subsurface structures of the blends to be revealed, as well as the enrichment of
F8BT at the domain interface [85,86] (Figure 17.13). The matrix of the polymer is
formed by F8BT phase in which the particles of the TFB particles are dispersed.
An STXM scan of the 150 nm-thick ﬁlm (see Figure 17.13a) showed that F8BT
depletion occurs only at regions more than 500 nm away from the interface. Interestingly, although TFB distribution within the F8BT region varied smoothly in
these wider areas, in the narrower regions of the F8BT-rich phase of the ﬁlm the

17.5 Deformation Studies on Polymer Blends

TFB was distributed unevenly. Unlike the F8BT-rich spots in the TFB-rich phase,
which correlated with morphological features in the AFM images (see
Figure 17.13b), the TFB-rich spots in the F8BT region did not match the surface
structures seen with AFM. As STXM is sensitive to variations in bulk composition, this observation demonstrated the existence of subsurface structures in the
F8BT-rich phase.
Thus, in the LED blend the AFM image provided only the structure of the surface, and no information on the bulk could be obtained. However, the subsurface
information could easily be collected by employing the STXM technique.

17.5
Deformation Studies on Polymer Blends

Knowledge of the deformation micromechanisms of polymers is an important
aspect of the ﬁelds of materials science and engineering. Indeed, precise investigations of the processes of deformation and fracture have contributed a great deal
to the construction of materials with tailored properties [87–89].
A glimpse of the contribution of EM to studies of the deformation behaviors of
polymer combinations is provided in the following subsection, albeit limited to
only some nanostructured blends. A ﬁrst example is the analysis of the morphology of an SBS triblock copolymer with an original lamellar morphology [74] with
glassy PS and rubbery PB layers. The lamellae were oriented via extrusion of the
melt, and the extrudates subjected to tensile deformation, both parallel and perpendicular to the lamellae orientation direction. The deformation structured by
perpendicular deformation is shown in Figure 17.14. The TEM specimens were
taken from the deformed tensile bar, from an area close to the fracture surface,
and stained with osmium tetroxide vapor. Thus, the deformation structures corresponded to the high-strain deformation of the lamellae.
On stretching the sample perpendicular to the lamellae orientation direction,
the lamellae were found to be deformed by the formation of a “chevron” morphology or “ﬁsh bone” pattern. The long spacing was found to remain almost constant
in the straight limbs of the chevron folds, but in the hinge regions the soft rubbery layers (the dark regions in the images) were more dilated than their glassy
counterparts. Such deformation structures are commonly found in layered rocks
that have been subjected to vertical strain for long periods of time [90]. The lamellar long period in the deformed sample did not change signiﬁcantly, but there
were regions of different periodicities in the deformed sample (see Figure 17.14).
Stretching of the glassy PS layers, as well as the high dilation of the rubbery
regions, was found to contribute to the high ductility of the lamellar block
copolymer being examined [72,74,91,92].
The experiment performed to record the TEM images (as shown in Figure 17.14)
was a type of post-mortem study that could also be performed with the aid of
TEM, using a stretched, semi-thin section (i.e., a few microns thick) of the polymer. This study revealed the deformation structures that were more correlated to
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Figure 17.14 (a) Lower- and (b) higher-magnification TEM images of a deformed lamellar SBS

triblock copolymer, when the sample was stretched perpendicular to the lamellae orientation
direction. The strain direction is shown by the arrow [74].

the bulk polymer deformation [93,94]. More direct information on these deformation micromechanisms can be obtained via in-situ deformation studies in polymer,
blends, and composites [12,21,95,96].
A highly informative picture of the deformation phenomena in polymer blends
can be obtained by simply studying the fracture surface of the specimens obtained
after the macroscopic deformation mechanical tests, such as tensile and impact
testing. These studies also provide information regarding bonding at the interfacial region and the extent of segregation of the components in the blends. For
example, Figure 17.15 shows the SEM images of a blend comprising rubbery and
thermoplastic polymers, where the ﬁrst image shows a high elastomeric recovery
and the second shows a large plastic deformation [97]. Both polymers were styrene/butadiene copolymers with different compositions.
The SEM images in Figure 17.15 show a typical “pits and hills” morphology.
The “pits” are formed by the elastomeric polymer, which has also a relatively
smooth texture due to the resilience of the rubbery chains, whereas the “hills” are
rougher and are due to a greater plastic deformation. After plastic deformation the

17.5 Deformation Studies on Polymer Blends

Figure 17.15 (a) Lower- and (b) higher-magnification SEM images of tensile fracture surfaces of
a blend comprising a thermoplastic polymer and an elastomer. Panel (b) is a high-magnification
image of the boxed area in panel (a) [97].

thermoplastic remained rigid and consequently appeared as protrusions on the
fracture surface [97].
Although thermosetting polymers such as epoxy resins have a long history and
many potential applications, the issues related to their stiffness/toughness correlation have not yet been resolved. Whilst many attempts have been made in the past
to increase the toughness of epoxy resins, the aim of the studies concerned with
the fabrication of nanostructured morphologies (as shown in Figures 17.9 and
17.10) was to increase the toughness of these brittle materials.
The addition of a block copolymer to an epoxy resin matrix endows these materials with a greatly increased toughness. Direct evidence for this behavior has
been found recently by studying the fracture surface morphologies of blends,
using SEM (see Figure 17.16) [98]. Figure 17.16a shows the fracture surface morphology of the neat cured epoxy resin, where features that would be expected on
the fracture of window glass – that is, ﬂat and smooth surfaces with some steps
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Figure 17.16 SEM images of tensile cryofracture surfaces different polymers. (a) Neat cured

DGEBA-based epoxy resin; (b) Blend comprising the resin and a small amount of eSBS [98].

showing fracture planes – can be observed. The same sample, after modiﬁcation
with small amounts of epoxidized block copolymer, showed a highly ﬁbrillated
morphology (Figure 17.16b) which was formed by a major plastic deformation of
the matrix. The latter is a highly energy-absorbing process and contributes to the
increased toughness of these materials [98].

17.6
Concluding Notes

Electron microcopy, complemented by various other techniques (e.g., AFM,
electron holography, STXM, micro- and nanoindentation techniques, energy ﬁltering facilities in electron microscopes), has contributed– and will undoubtedly
continue to contribute – to the comprehensive understanding of the morphology of polymer blends. In this chapter, the morphology of different types of
polymer blends, when investigated by various microscopic techniques, was discussed with special reference to sample preparation and comparison among
SEM, TEM, and AFM.

References

Sample preparation was shown to be a crucial issue for the error-free evaluation
of the morphology of polymer blends. Whilst the selection of specimen preparation conditions and speciﬁc microscopic techniques depend largely on the nature
of the problems at hand, the combination of two or more methods will certainly
help in obtaining the most reliable picture of the blend morphologies.
One of the most important areas in which EM has delivered signiﬁcant contributions has been the investigation of deformation behaviors of polymer blends, in
particular with in-situ deformation tests. Post-mortem studies of specimens close
to the fracture surface, or an evaluation of the deformed semi-thin section by
means of TEM and an analysis of the fracture surfaces using SEM, may provide
important clues as to the deformation micromechanisms of polymer blends.
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18
Characterization of Polymer Blends Using SIMS and NanoSIMS
Vanna Torrisi

18.1
Introduction

In this chapter, attention is focused on the surface chemical characterization of
polymer blend and, in particular, on their spatially resolved molecular and elemental analysis.
The blending of polymers represents an effective means of producing materials
that have properties which are unobtainable from single constituents. Thus, polymer blends are technologically extremely important, and for this reason their thermodynamic and bulk physico-mechanical properties have been extensively
studied. Most polymer blends are immiscible or partially miscible and often form
separated phases, which leads to a complex morphology in the bulk and at the
surface. Hence, morphology studies incorporate one of the most active research
topics in polymer blends [1,2]. In contrast, the results of various studies have
shown that the surface and bulk chemical compositions of polymer blends are not
the same, even though they are miscible in the bulk [3]. However, the surface
composition and morphology of these blends have received relatively little
attention.
Although, very often, the lower surface energy component tends to segregate to
the surface, a number of other factors – such as solvent, speciﬁc interaction and
crystallization – can also affect the blend’s surface composition [4,5]. Consequently, whilst an understanding of the blend surface composition is of fundamental interest, it may not be easy to acquire. Implied is the simultaneous
requirement for chemical speciation at both high lateral and depth resolution
within the surface region.
In this chapter, the application of secondary ion mass spectrometry (SIMS) techniques, and in particular of time-of-ﬂight secondary ion mass spectrometry (ToFSIMS) and nanoscale secondary ion mass spectrometry (NanoSIMS), to polymer
surface characterization is presented, with attention focused especially on polymer
blends and interfaces.
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Static secondary ion mass spectrometry (SSIMS) and ToF-SIMS have, in particular, become key surface-analysis techniques for organic and polymeric materials
[6]. The main advantage of ToF-SIMS over other surface techniques is its capability to provide a high molecular speciﬁcity, a high spatial resolution, and a high
sensitivity, which is ideal for elucidating the complex chemistry of polymer surfaces and interfaces. In particular, molecular structural information such as
branching, saturation/unsaturation, chain conformation, functional groups,
molecular weight distribution, end-groups and segmental length can be deduced
from SIMS spectra [7].
With its ability to provide molecular information and submicron imaging resolution, ToF-SIMS is an ideally suitable analytical technique for the characterization
of polymer blends. Indeed, it is the only technique that is able to provide both
chemical composition and morphology information. The applications of ToFSIMS to polymer blends cover the two main research areas cited above, namely
surface composition and morphology.
In order to obtain more accurate spatial information on the polymer blend surface, a highly focused probe SIMS, namely NanoSIMS, can be used. Indeed, the
lateral resolution (in the range of some tens of nanometers) of this technique
would be expected to be sufﬁcient for imaging the domains [8,9]. Due to dynamic
SIMS conditions of the measurement, and to the limited thickness of the polymer
blend thin ﬁlms, it is possible to acquire only a few frames before reaching the
substrate [10]. NanoSIMS has been used with some success to study the surface
morphology and composition of thin-ﬁlm polymer systems [8–10].

18.2
Thin Films and Ultrathin Films of Polymer Blends

One of the current frontiers of the bottom-up strategies in nanotechnologies deals
with the set-up of suitable techniques to obtain self-structuring organic ultrathin
ﬁlms – that is, molecular monolayers that are capable of “projecting” the desired
structure design down to a molecularly deﬁned lateral resolution. In this case,
indeed, the homogeneity of coverage, sharpness and stability of the designed
structures depend critically on the detailed interactions among molecules and, in
the case of oligomers or polymers, among parts of the same molecule or among
two or more polymers in a polymer blend [11].
Polymer blend thin ﬁlms are interesting both for their technological applications (e.g., coatings) and from an academic point of view. By conﬁning a polymer
(blend) in a thin ﬁlm, both the air–polymer and the polymer–substrate interface
can (signiﬁcantly) inﬂuence its physical properties, in comparison with those
observed in bulk [12].
Two ToF-SIMS images of two polymer blends are shown in Figure 18.1, from
which it is apparent that the addition of a small amount of poly(methyl methacrylate) (PMMA) to a polycarbonate (PC)/poly(vinylidene ﬂuoride) (PVDF) blend
can produce a signiﬁcant change in the ToF-SIMS images. The preparation of thin
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Figure 18.1 ToF-SIMS F images obtained from (a) PC/PVDF (70/30) blend and (b) PC/PDVF/
PMMA (70/25/5) blend. Reproduced with permission from Ref. [7].

and ultrathin ﬁlms of polymer blends with ordered micro- and/or nanostructures
has attracted increasing interest during recent years, and many methods have
been devised to produce ordered arrays of various materials with sizes ranging
from nanometers to micrometers. Among other techniques, both conventional
(e.g., photolithography, extreme ultraviolet lithography) and nonconventional (e.g.,
embossing [13,14], soft lithography [15,16]) lithographic methods have been used.
Recently, some inexpensive nonlithographical techniques such as phase separation [17], dewetting [18], air bubble [19], convection [20] and Langmuir–Blodgett
(LB) [21] methods have appeared capable of providing other routes for obtaining
patterns of polymeric materials [10,22].
Among these techniques, the LB method allows (at least in principle) the choice
of to what extent the molecular interaction may operate at the air–water interface
[10,22].
One very promising system for obtaining laterally structured organic monolayers involves applying the LB technique to polymer blends, including a “surface-active,” more-or-less hydrophilic component which can compete/interact
with a “nonsurface-active,” more-or-less hydrophobic component. Hence, the
LB technique prompts a differential organization of the two components, promoting relevant dephasing processes and producing a nanostructuring of the
monolayers [23]. The advantage of this method is that it is possible to tune
the shape of the structures obtained simply by changing the ratio between the
two polymers [22]. The main result of this approach was that an effective
chemical patterning could be obtained which consisted of distinct aggregates
of the two components [22].
Spin-coating is the most widely used method for creating highly uniform,
submicrometer-thick polymer ﬁlms, and is applied extensively in industry for
producing thin ﬁlms of photoresists, sol–gel glasses and functional materials
such as semiconducting polymers for use in polymer-based ﬁeld-effect transistors, light-emitting diodes (LEDs) and photovoltaics. Whilst spinning a ﬁlm of
a single polymer generally produces a smooth, unstructured thin ﬁlm, if a
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mixture of polymers is used then the two polymers will usually phase separate.
Many possible morphologies may result from this phase separation, which is a
complex nonequilibrium process, the outcome of which is highly sensitive to
the details of the solvent used and the precise spinning conditions employed.
At one extreme, phase separation can take place exclusively in the direction
perpendicular to the plane of the ﬁlm, resulting in a self-stratiﬁed ﬁlm [24,25].
Alternatively, phase separation can take place exclusively in the plane of the
ﬁlm, and this results in a laterally patterned ﬁlm characterized by a length
scale that depends in complex fashion on the processing history [1,26–33]. A
schematic model describing ﬁlm formation during the spin-coating process,
and the ﬁnal ﬁlm morphology, are shown in Figure 18.2.

Figure 18.2 Schematic model describing film
formation during the spin-coating process, and
the final film morphology. (a) After the initial
spin-off stage where both polymer and solvent
are removed (i), (ii), the film separates into two
layers (iii) and the film thins owing to solvent
evaporation only. The interface between the

polymers destabilizes (iv) and the film phaseseparates laterally (v), (vi); (b) Atomic force
microscopy image of the final morphology,
imaged with a MultiMode SPM with a NanoscopeIIIa controller. Reproduced with permission from Ref. [33].

18.2 Thin Films and Ultrathin Films of Polymer Blends

18.2.1
Phase-Separation Phenomena

Phase separation in bulk mixtures commonly leads to an isotropic, disordered
morphology of the coexisting phases [34]. The presence of a surface can signiﬁcantly alter the phase-separation process, however [35,36].
Phase separation can emerge spontaneously in thin ﬁlms of polymer blend, and
it is this thermodynamically driven phase-separation process that produces the
patterning of thin polymer blend ﬁlms. It can be induced by several parameters,
each with critical values, including: (i) the ratio between the components [10,22];
(ii) the demixing temperature [12]; and (iii) the chemical nature of the solvent.
The complete demixing of a polystyrene (PS)/poly (2-vinylpyridine) (P2VP) polymer blend in an ultrathin ﬁlm is shown in Figure 18.3.
The phase separation of thin polymer blend ﬁlms can be also driven by substrate effects, including the effects of: (i) the substrate composition; (ii) the substrate functionalization; and/or (iii) the substrate structures. In particular, the selfassembly of polymer molecules on a substrate can be controlled by selectively
modifying the chemistry of the substrate surface and/or the polymers to create
patterned polymer ﬁlms with tailored length scales.

Figure 18.3 ToF-SIMS chemical maps of the

sum of the intensities of the most typical signals polystyrene (PS) (a) and the sum of the
most typical signals of poly(2-vinylpyridine)
(P2VP) (b); (c) Overlay image between the sum
of the intensities of the most typical signals of

PS (blue) and the sum of the most typical
intensities signals of P2VP (red). TIC, total ion
current; (d) ToF-SIMS chemical maps refer to
the film obtained by the 1/15 weight ratio
P2VP-PS mixture. Reproduced with permission
from Ref. [22].
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In addition to the causes of phase separation, mention should also be made of
the two mechanisms involved in phase separation, namely nucleation and growth
and spinodal decomposition:
 Nucleation and growth is often associated with crystallization from solution. In
the metastable region of the phase diagram, only nucleation and growth can
occur, and this yields a phase-separated region that maintains a constant concentration and an increasing size with time.
 Spinodal decomposition occurs in the unstable region of the phase diagram, and
results from low-amplitude concentration ﬂuctuations that grow spontaneously
into phase-separated regions. Spinodal decomposition yields a phase-separated
region that exhibits a varying composition but a constant size (at early stage of
the process) as time increases. In the intermediate stages of spinodal decomposition the periodicity of structure will start increasing as percolation of the network occurs, allowing liquid ﬂow.
During the later stages of separation both processes can exhibit a coalescence of
particles such that the morphology may become more coarse, depending on the
surface forces and viscosity [37].
The phase-separation morphology [32,35,38–44] and dynamics [45–48] of
thin polymer blend ﬁlms have been studied extensively. The phase separation
of spin-cast polymer blend ﬁlms can occur during the spin-coating process for
high-molecular-weight polymers [32,38,39], or upon annealing for low-molecular-weight polymers [35,40–44]. In the case of thin ﬁlms, the presence of the
ﬁlm interfaces can have a dramatic effect on the phase-separation morphology.
For example, the ﬁlm interfaces can induce a spinodal decomposition [35]
because of a preference of one of the constituent polymers for the ﬁlm interfaces. The presence of a wetting layer can result in a lamellar phase separation
morphology, which has been observed for a variety of polymer blend systems
[40–42]. The ﬁlm interfaces can also inﬂuence the phase-separation morphology produced during the spin-coating of very thin, high-molecular-weight polymer blends [38]. Some reports of phase-separation phenomena, whether
substrate-induced, substrate composition-induced or patterning-induced, are
outlined in the following subsections.
The spinodal decomposition process can be manipulated using surface patterns
created by the microcontact printing (mCP) of functionalized molecules on the
solid substrate supporting the blends.
The phase separation of ultrathin polymer-blend ﬁlms of PS and polybutadiene
on mCP-printed alkane thiol patterns with hydrophobic and hydrophilic end
groups (CH3 and COOH) has been investigated using atomic force microscopy (AFM). Simulations have suggested that the phase-separation morphology
can be controlled through patterns that modulate the polymer–surface interaction,
and the subsequently conducted experiment veriﬁed this concept. Length scale
pattern control was found to be limited to a scale on the order of a few micrometers [49].
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Many previous studies have considered the inﬂuence of conﬁnement on the
equilibrium phase separation temperature of thin ﬁlms [50,51], and of spatial
dimensionality on the kinetics of spinodal decomposition [52]. The latter study
involved a combination of these factors, whereby an examination was made of
the effect of ﬁnite ﬁlm thickness on the kinetics of spinodal decomposition
over a ﬁlm thickness range where transition occurred from three-dimensional

bulk-like to near two-dimensional kinetics. In particular, the 1000 A thin polymer blend ﬁlms of PS and polybutadiene on a silicon substrate were found to
be sufﬁciently thick to exhibit phase-separation kinetics similar to those of

bulk blends. The thinner ﬁlm (L  200 A) exhibited a different phase-separation
kinetics, however [47].
The thin-ﬁlm morphologies of poly(2,7-(9,9-di-n-octylﬂuorene-alt-benzothiadiazole) (F8BT) and poly(2,7-(9,9-di-n-octylﬂuorene)-alt-(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-phenylene)) (TFB) blends produced by spin-casting showed
distinctive microscale lateral phase separations. However, these phase-separated
domains were not pure at the submicron length scale, and a nanoscale vertical
phase segregation occurred in the thin blend ﬁlms, with an enrichment of the
lower surface energy component (TFB) at the air and substrate interfaces. Imaging of the spatial uniformity of electroluminescence emission on the microscopic
scale indicated a spatially localized charge carrier recombination in LEDs fabricated with these blends [53].
A technique has been developed to study the process of phase separation in
spin-cast ﬁlms in situ as it occurs. In order to study the development of structure
directly during the spin-coating process, time-resolved small-angle light scattering
and light reﬂectivity were used. The results established the full sequence of processes that led to the ﬁnal phase-separated thin ﬁlm, and this permitted – at least
in principle – the establishment of a full mechanistic understanding of the development of morphology in thin mixed polymer ﬁlms. The results also demonstrated a route to the rational design of processing conditions, with the possibility
of achieving desirable morphologies by self-assembly [33].
The phase evolution of a critical blend thin ﬁlm of deuterated poly(methyl methacrylate) (dPMMA) and poly(styrene-ran-acrylonitrile) (SAN) was found to develop
in three distinct stages. It has been observed during spinodal decomposition and
symmetrically wetting that thin ﬁlm polymer blends evolve via an early stage that
is dominated by wetting and the formation of a trilayer structure, an intermediate
stage involving 2D phase coarsening within the middle layer, a transition stage
denoted by rupture of the middle layer and, ﬁnally, a late stage characterized by
dewetting [54]. A distinct surface patterning in thin ﬁlms of phase-separating
binary polymer blends in which surface-directed spinodal waves are suppressed
has also been observed [55].
Currently, AFM, neutron reﬂection (NR) spectroscopy and SIMS are used to
examine phase separation in symmetrically segregating thin polymer blend ﬁlms

(ca. 1000 A). Phase separation in the ﬁlm leads to undulations of the liquid–air
interface, provided that the ﬁlm is sufﬁciently thin to suppress any surfacedirected spinodal decomposition waves. Flattened droplets are formed at a very
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late stage of the phase separation, and the aspect ratio of these droplets can be
rationalized by an interfacial free energy minimization argument [55].
A poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) (PEDOT-PSS)
ﬁlm, which had been spun-cast from a water suspension, was used in a certain
polymer-emitting diode device conﬁguration. The results of the measurements
performed on this sample, combined with those of the studies outlined above,
have indicated that several important parameters can affect device performance.
PSS surface segregation has been identiﬁed, with phase segregation occurring on
a single grain of PEDOT-PSS [56].
18.2.2
Technological Applications of Thin and Ultrathin Films of Polymer Blends

Polymer blend thin ﬁlms are interesting both for their technological applications
(e.g., coatings), and from an academic point of view [12].
The chemical pattern of thin ﬁlms of polymer blends can be used for the highly
speciﬁc and programmed assembly of nanostructures, or for the spatially resolved
adhesion of biomolecules. Thus, chemically patterned ﬁlms can be used as multisensing, spatially resolved surface or – if hydrophilic/hydrophobic patterns are to
be exploited – for the spatially resolved adsorption/repulsion of proteins [57].
Indeed, patterned polymeric materials can be used (at least in principle) for a
wide range of applications, including the prevention of etching [58], in molecular
electronics [59–61], in optical devices [62–64], in biological [65] and chemical sensors [66–68], and in tissue engineering [69].
Today, important applications are emerging in which a better understanding
and control of the process of phase separation in thin ﬁlms would be highly
desirable. Blends of semiconducting polymers can be used to create efﬁcient
photodiodes and photovoltaic devices, owing to the importance of interfaces in
the localization and separation of excitons [70–74]. Similar considerations have
also led to bilayer geometries becoming attractive for polymer photovoltaics
[75]; in fact, it has been shown that such bilayer structures can be formed
spontaneously during spin-coating, leading to the production of efﬁcient
devices [76–79].
The use of electroluminescent polymer blends as an active material has provided a new route to the fabrication of highly efﬁcient organic devices [80–89]. In
particular, polymer LEDs fabricated with F8BT blended with TFB as the emissive
layer have shown signiﬁcantly improved device performances (see Figure 18.4)
[53,90–92].
Although micron-scale lateral phase separation has been observed in F8BT: TFB
blend thin ﬁlms, these phase-separated domains are not pure at the submicron
length scale, and a nanoscale vertical phase segregation may occur with enrichment of the lower surface energy component (TFB) at both air and substrate interfaces. Imaging of the spatial uniformity of electroluminescence emission on the
microscopic scale indicates a spatially localized charge-carrier recombination in
LEDs fabricated with these blends [53].
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Figure 18.4 (a) Current–voltage and (b) power

efficiency voltage characteristics of the encapsulated ITO/F8BT:TFB blend (50:50, 80 nm)/Ca
(5 nm)/Al (400 nm) LEDs with/without a PEDT:
PSS (60 nm) layer (two of each). The inset
shows a scheme for the heterojunction formed
between F8BT and TFB. Energies for the top of
the valence band (VB) with respect to the

vacuum level, estimated from cyclic voltammetry, were 5.33 eV (TFB) and 5.89 eV (F8BT).
Electrons from F8BT and holes from TFB were
transported, and exciton formation resulted
from electron hole capture at the heterojunction. F8BT is a high-electron-mobility polymer;
TFB is a high-hole-mobility polymer. Reproduced with permission from Ref. [53].

One application of polymer blend thin ﬁlms is that of the so called “smart surfaces,” the properties of which are changed as a result of phase separation by thermal stimuli; an example is the patterning of polymer blend ﬁlms by local heating.
One recent proposal involved the use of a polymer blend ﬁlm that was stable at
the storage/working temperature but could be annealed in the two-phase region
upon heating. For patterning, local heating might also be obtained by using an
infrared laser [12].
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18.2.3
The Necessity of Compositional Information

Today, it is accepted that ToF-SIMS and X-ray photoelectron spectroscopy (XPS)
are the two most powerful surface analysis techniques for polymeric materials. In
fact, ToF-SIMS has become increasingly popular for polymer surface analyses
because it can provide not only detailed surface molecular information but also
surface chemical imaging with submicron spatial resolution.
When studying the surface composition of polymer blends [93–106], ToFSIMS can either be combined with XPS or used independently, since it has
been proven very useful for elucidating the morphology and miscibility of these
materials [107–109]. If combined with XPS, ToF-SIMS often provides very complementary information: typically, XPS will provide elemental and quantitative
information, with chemical environment speciation, while ToF-SIMS yields
molecular information but has a poor quantiﬁcation due to matrix effects.
Some divergence may exist, due mainly to the difference in sampling depth
between the two techniques (5–10 nm for XPS, ca. 1 nm for ToF-SIMS), or to
the fact that ToF-SIMS suffers from matrix effects. As the sampling depth of
ToF-SIMS is less than that of XPS, the former procedure will provide the topmost surface composition and is more sensitive than XPS for detecting surface
segregation when it occurs only at the top surface [100]. Unfortunately, however,
it is not easy to deduce quantitative data from ToF-SIMS results, and it is for
this reason that in most studies of polymer blends the SIMS relative peak intensities were (whenever possible) correlated with the surface composition by XPS,
in attempts to understand the relationship between the SIMS intensities and
surface composition. Results obtained for polymer blends involving hydrogenbonding interactions [101–105] have shown that hydrogen-bonding, as the most
important interaction in polymer blends, is one source of matrix effects [110].
For example, in a blend of poly(styrene-co-4-vinylphenol) and poly(styrene-co-4vinylpyridine) [101], the phenol units form hydrogen-bonding with the pyridine
units. Consequently, the pyridine fragments involving protonation are greatly
enhanced as a result of the hydrogen-bonding, and such fragments are therefore unsuitable for SIMS quantitative analysis. Quantitative information can still
be deduced, however, from other characteristic fragments that are unaffected by
hydrogen-bonding [104,105,110]. In the case of other polymer blends, such as
isotopic PS blends [99] or blends consisting of amorphous and semicrystalline
polyethylene [97], XPS is totally impractical due to its lack of molecular speciﬁcity. In these cases, ToF-SIMS spectra (see Figure 18.5) have been used independently to quantify the blend surface composition [7].
In the case of the ethylene–triﬂuoroethylene copolymer (ETFE)/PMMA system,
when using ToF-SIMS imaging it is possible to locate three regions: (i) a semicrystalline region containing mostly ETFE with a glass transition temperature (Tg)
close to that of pure ETFE; (ii) an amorphous region containing mostly PMMA
with a Tg close to that of pure PMMA; and (iii) an amorphous region containing
signiﬁcant levels of ETFE and PMMA [111].

18.3 SIMS: The Techniques and Outputs

Figure 18.5 Partial negative ToF-SIMS spectra for the PC side of the fractured laminate prepared
at (a) 200  C and (b) 240  C. Reproduced with permission from Ref. [7].

18.3
SIMS: The Techniques and Outputs

The mode of action of SIMS is based on the fact that, under heavy particle
bombardment, charged atomic and molecular species are ejected from the surface of a condensed phase (whether liquid or solid) [112]. During this bombardment by ions or neutral particles (which is generally in the energy range
of 0.25 to 30 keV), surface particles are sputtered and the primary bombarding
particle is implanted into the condensed phase. The primary ions penetrate
into the solid surface to different depths (range of 1 to 10 nm) and transfer
their kinetic energy through binary collisions to the atoms of the target. The
target atoms are then displaced from their original sites and collide with other
target atoms, which leads to the production of a collision cascade until the
transferred energy is insufﬁcient to cause atom displacement. Collision cascades that reach the surface may cause the ejection of sample material from
the ﬁrst atomic layers (sputtering process). Although most of these sputtered
particles are neutral, some will be charged (secondary ions). Sputtering is one
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of many processes that occur during this type of surface bombardment, which
results in two general groups of events:
 Changes in the bombarded surface.
 Emission processes.
The impact of a primary particle on a surface causes energy and momentum
transfer to a limited area around the point of particle impact, resulting in: (i) a
change in the lattice structure; and (ii) a loss of surface material by sputtering.
The ion-bombardment-induced emission processes include electrons and photons, besides the emission of surface particles (atoms or molecules) in a charged
or uncharged, and possibly excited, state. All of these emission products are emitted with a certain angular distribution.
The secondary ion emission includes all emitted ionized surface particles in the
ground state and also in the excited state [112,113]. As virtually all secondary ions
originate from the uppermost atomic layers of the bombarded surface, this represents one of the most important features of secondary ion mass spectrometry,
namely its surface sensitivity.
One very important question in SIMS concerns the charge state of the emitted
atomic or molecular particles, which is heavily dependent on the chemical environment of the sputtered species. In fact, by changing this chemical environment
(e.g., from a pure metal to an oxide) the ionization probability of the same species
(e.g., a metal atom) may be changed by several orders of magnitude (via matrix
effects) [112].
The most commonly used primary ions are Csþ, O2þ, Arþ, Xeþ and Gaþ, as
well as the more recently reported Bi and Au cluster ions (Aunzþ, Binzþ) and even
C60þ [114]. In comparison with the use of noble gas primary ions (Arþ and Xeþ),
the use of O2þ and Csþ increases the ionization probability for species that tend to
form cations and anions, respectively. Moreover, Gaþ is employed to obtain high
lateral resolutions owing to the ﬁnely delivered focused beam [115]. Likewise,
C60þ, Bi and Au clusters have been recently used in order to increase the yield of
molecular mass fragments for the analysis of polymers and biomolecules [116].
The secondary ions may be easily mass-separated using different types of
mass analyzer and, depending on the analyzer used, many variations of SIMS
technique can be distinguished. The mass analyzer forms an essential component of all mass spectrometers, its primary role being to separate sputtered
atomic, molecular and cluster ions on the basis of their m/z ratio. This can be
achieved by applying electric and/or magnetic ﬁelds (cyclotron frequency in
the case of Fourier transform-ion cyclotron resonance; FT-ICR), thus effectively
separating them in space.
Currently, at least four types of mass analyzer are used in mass spectrometry,
namely ToF, magnetic/electric sector, quadrupole ion trap (see Figure 18.6), and
FT-ICR. The ToF and magnetic/electric sector mass analyzers are most commonly
used in mass spectrometry imaging, while FT-ICR analyzers have been applied
only rarely to mass spectrometry imaging [117].
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Figure 18.6 Mass analyzers employed in imag- is shown in the center panel, and illustrates

ing mass spectrometry research. A schematic
representation of the NanoSIMS magnetic/
electric sector mass analyzer is depicted in the
left-hand panel (http://www.cameca.fr/html/
product_nanosims.html). A ToF mass analyzer

both linear and reflectron modes of operation.
A quadrupole ion trap is depicted in the righthand panel. Reproduced with permission from
Ref. [118].

Magnetic and electrostatic sector mass analyzers separate ions according to their
m/z ratio by bending the ﬂight trajectories of the ions with magnetic or electric
ﬁelds applied perpendicularly to the ionbeam path. Ions with larger m/z values
will be less affected than lighter ions and so will follow a longer, shallow trajectory.
A single detector at each instrument setting can detect ions with only one m/z
value, and must be adjusted for the detection of multiple analyte signals.
The ToF mass analyzer is the fastest, has a broad m/z range, is one of most sensitive mass spectrometry analyzers available, and is well-suited to imaging applications.
In ToF mass analysis, gas-phase ions produced by a pulsed ion source are accelerated
in a high vacuum by an electric ﬁeld. After being accelerated, the ions enter a ﬁeldfree region between the ion source and detector at a velocity related to their m/z ratio,
with lower-m/z ions reaching the detector earlier than higher-m/z ions.
In the 3D quadrupole ion trap mass analyzer, radiofrequency (RF) voltages are
applied to the ring electrode while the end-cap electrodes are typically kept at
ground potential. Thus, ions with m/z above a selected value will be trapped
inside the mass analyzer, while a continual increase in the RF amplitude applied
to the ring electrode will result in the ejection of ions that pass through an opening in one of the end-cap electrodes, towards an ion detector; in this way, ions
with a smaller m/z value will be ejected and detected ﬁrst [118].
Many reviews have been produced on the subject of mass spectrometry and
imaging, while two excellent books on SIMS are from Benninghoven [112] and
Vickerman [119]. Reviews are also available on SIMS [120–125], imaging SIMS
[126–130], biological SIMS [131–134], and SIMS of polymers [135]. Comparisons
of the various microanalysis techniques using SIMS are also available [136,137].
In the following sections, attention is focused in particular on ToF-SIMS and
NanoSIMS techniques.
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18.3.1
ToF-SIMS: The Technique

ToF-SIMS is a surface-sensitive analytical method that uses a pulsed ion beam to
remove molecules from the very outermost surface of the sample. The secondary
ions are removed from the uppermost monolayers on the surface and then accelerated into a “ﬂight tube”; their mass is determined by measuring the exact time
at which they reach the detector. Three operational modes are available when
using ToF-SIMS, namely surface spectrometry, surface imaging, and depth
proﬁling.
The analytical capabilities of ToF-SIMS include:
 Mass resolution >10 000 amu. Ions with the same nominal mass (e.g., Si and
C2H4, both with amu ¼ 28) are easily distinguished one from another.
 Mass range of 0–10 000 amu; ions (positive or negative), isotopes, and molecular
compounds (including polymers, organic compounds, and up to about amino
acids) can be detected.
 Trace element detection limits in the ppm range.
At this point, a number of the critical and experimental issues associated with
ToF-SIMS imaging will be discussed, and several recent applications of ToF-SIMS
imaging to the study of polymer blend thin ﬁlms [137] reviewed.
18.3.1.1 Spectra, Profiling, and Imaging Mode
ToF-SIMS may also be referred to as “static” SIMS because a low primary ion
current (1  1013 primary ions cm2) is used to liberate ions, molecules and
molecular clusters for analysis; it is also the method used to produce mass spectra
and 2D chemical images. In contrast, “dynamic” SIMS is carried out using ion
dosages well beyond the static limit, and is used to create 3D images and depth
proﬁles. The ToF-SIMS spectrometer can be operated in dynamic mode, though
by using an additional sputter gun and can be referred to as “dual beam mode.”
Depth proﬁling with a vertical resolution between 0.1 and 30.0 nm has been
achieved using primary ions [118].
As surface organic contamination generally covers any targeted trace elements
in a sample, the use of a sputter gun (i.e., dynamic mode) is useful for a better
detection and counting statistics for trace elements. In contrast, organic compounds are effectively destroyed by “dynamic” SIMS, such that no diagnostic
information is obtained.
Under typical static operating conditions, the results of ToF-SIMS analyses
include:

 A mass spectrum that surveys all atomic masses over a range of 0 to
10 000 amu.
 The rastered beam produces maps of any mass of interest on a submicron
scale, and every pixel of a ToF-SIMS map represents a full mass spectrum. This
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allows the analyst to produce maps retrospectively for any mass of interest, and
to interrogate regions of interest (ROI) for their chemical composition via computer processing, once the dataset has been instrumentally acquired.
 Depth proﬁles are produced by removal of the surface layers by sputtering
under the ion beam.

18.3.1.2 ToF-SIMS: Spatially Resolved Molecular Information
The secondary ions can be detected in order to obtain the imaging of the surface
by rastering a focused ion beam across the target [138]. This strategy places fewer
restrictions on the nature of mass analyzers, and has become popular due to the
development of the liquid metal ion gun (LMIG). The beam emanating from this
ion source can be focused onto the target with a diameter of less than 20 nm, thus
providing a very high lateral resolution of element-speciﬁc images [139]. In addition, the idea of imaging molecular species desorbed from a surface by a focused
ion beam has come into play. This notion was made possible by the early discovery that molecular ions, as well as elemental ions, are seen in the mass spectrum
if the primary ion dose is kept below certain limits [140]. In order to analyze a
much larger mass range, ToF mass analyzers were implemented [141], and the
resulting experimental conﬁguration became known as ToF-SIMS imaging.
ToF-SIMS imaging exhibits remarkable characteristics. For example, by using a
25 keV Gaþ or Biþ ion LMIG, these instruments can produce spatially resolved
images of molecular species with molecular weights of up to several thousand
Daltons and with a spatial resolution less than 100 nm [142].
Today, as the applications of molecular imaging experiments continue to
expand, new variants of the experimental protocol promise further breakthroughs.
For example, it is possible to improve the yield of molecular ions by using cluster
ion beam sources rather than atomic ion sources [143,144]. Typically, a group of
projectile atoms can more efﬁciently desorb labile molecules with less fragmentation than a single atomic ion [137].

Lateral Resolution Before discussing the requirements in more detail, it is worth
introducing the concept of the duty cycle.
When considering a pulsed beam characterized by a pulse width t (ns) and a
period 1f (where f is the repetition rate, s1), the duty cycle (d), deﬁned by the time
fraction during which the beam is on, is given by the following equation:
d¼tf

Consequently, if tm is deﬁned as the time to erode the uppermost monolayer by
a continuum beam:
tm ¼

ds  e  A
iY

where ds is the atomic surface density (in cm2), e is the electronic charge
(1602  1019 Coulombs); A is the analyzed area (in cm2), I is the primary ion
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current (in nA), and Y is the sputtering yield (dimensionless). The time (T) to
erode the uppermost monolayer by a pulsed beam characterized by a duty cycle d
is given by:
T¼

tm
tm
ds  e  A
¼
¼
d
tf
iY tf

Some ToF-SIMS applications demand a high mass resolution, a high spatial resolution and a high secondary ion yield, in unison. A good example of this is in the
imaging SIMS of biological structures, where it is necessary to identify the smallscale distribution of large molecules.
One approach is to use longer analysis beam pulses in conjunction with pulsed
extraction, in order to optimize resolution in both space and mass. In this case,
the switch-on of the extraction voltage will become the time reference.
In modern ToF instruments, a lateral resolution of <0.1 mm is a routine expectation, but to achieve this ions can only be accepted from a limited area of the
source, and with a limited angular acceptance. Consequently, a source of high
brightness is required, as is a low-energy spread, to minimize any chromatic aberration. The gallium and bismuth liquid and cluster (e.g., Binþ and Aunþ) ion guns
offer high brightness and a reasonable energy spread.
The liquid metal ion source/extractor combination produces a divergent
beam that apparently emerges from a point just behind the real position of
the tip. The ion-optical column must collect this beam and perform the following operation on it:
 Focus it, with minimum aberrations from the lenses.
 Remove unwanted parts of the beam to optimize current at the required spot
size.
 Chop it into pulses of the required length to enable the required mass
resolution.
 Mass ﬁlter it (for certain types of beam).
 Remove neutrals.
 Scan it over the required area on the sample.
 Correct alignment and beam shape defects.
Whilst it is possible to focus a beam of ions extracted from a source using a
single lens, the introduction of a second lens allows the production of a family of
beams of different magniﬁcation. It also facilitates other ion-optical processes
such as motionless pulsing.
In a typical ion column, the ions from the source are accelerated to full voltage and enter the ﬁrst lens of the optical column; this can produce an intermediate focus or it may collimate the beam. The ions pass through most of the
remaining ion-optical systems en route to a second lens, which focuses them
onto the sample. The main determinants of spatial resolution in the ion-optical
column are the lenses, the apertures, the pulsing unit, and the electrical supply
to the column [137].

18.3 SIMS: The Techniques and Outputs

ToF-SIMS Imaging of Polymer Blends The study of polymer blend morphology
using ToF-SIMS is inspired from the fact that the domain size of the dispersed
phases in polymer blends is usually in the range of microns to tens-of-microns,
which is above the spatial resolution of ToF-SIMS using a liquid metal ion gun
source or cluster source, as well as Binþ and Aunþ. The main advantage of ToFSIMS imaging over other techniques such as SEM, optical microscopy (OM)
and AFM is its chemical capability. One important problem encountered with
the latter three techniques in blend morphology studies is that, when the chemical nature of the blend components is partially identical or similar, it is very
difﬁcult to identify the phases. In the case of compatibilized blends, it is even
more difﬁcult to chemically identify and localize the compatibilizer from the
rest of the blend with similar components from the rest of the blend, and also
to determine its location when it has a similar chemical composition to the
blend components. Such a problem can easily be resolved with ToF-SIMS by
employing its molecular speciﬁcity capabilities. The abilities of ToF-SIMS imaging has indeed been well demonstrated in several polymer blend systems,
including the morphology study of blends of poly(vinyl chloride) and PMMA
[145], the morphology and miscibility study of blends of ETFE copolymer and
PMMA [146], inter-diffusion study of blends of PMMA and PVDF [147], and
studies on the compatibilization of immiscible blends [147,148]. The use of
ToF-SIMS for studying the compatibilization of PC and PVDF has been also
presented [149].
18.3.1.3 Multivariate Analysis of ToF-SIMS Images
It has recently been seen that ToF-SIMS is generally a powerful technique for
determining the spatial distribution of chemical species in polymer blends. However, imaging is difﬁcult for a polymer blend such as polyethylene/polypropylene
(PE/PP), in which the two polymers have very similar molecular structures and
produce similar mass spectra. In addition, surface composition images are often
difﬁcult to extract because the intensity of the ion peaks depends not only on the
surface composition but also on the surface topography and surface charge [150].
Figure 18.7 shows the loadings and scores on a PMMA-poly(ethyl methacrylate)
(PEMA) polymer blend image.
Multivariate analysis (MVA) methods such as principal component analysis
(PCA) and multivariate curve resolution (MCR) are all variants of factor analysis,
which are widely employed in ToF-SIMS spectral processing and ToF-SIMS image
processing [151–154]. Currently, the MVA methods are used to identify relationships between variables, and also between samples. In the case of ToF-SIMS
image processing, the ion peak areas correspond to variables while the image pixels correspond to samples. In order to identify a small set of new variables which
effectively describe the differences between the image pixels, it holds promise to
resolve the above-described problems by increasing image contrast through a
reduction of the topographic and charge-distribution effects, thus enabling the
extraction of latent information and a more ready determination of the chemical
components distribution. However, optimum procedures have not yet been
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Figure 18.7 PCA results obtained for the computer-simulated PMMA-PEMA polymer blend
image, after Poisson scaling. (a) Loadings on
PCA factor 1. PCA successfully distinguishes
the two chemical phases. Positive peaks are

associated with PMMA, while negative peaks
are associated with PEMA; (b) Scores on PCA
factor 1. Reproduced with permission from
Ref. [150].

established for applying MVA to ToF-SIMS data. In particular, it is unclear which
MVA method and which preprocessing methods prior to MVA would be most
effective for ToF-SIMS image analysis.
The distribution of two polymeric species in a blended-polymer ﬁlm can be
determined by applying PCA and MCR to ToF-SIMS imaging, together with preprocessing by pixel binning, normalization, and autoscaling to increase the image
contrast by reducing topographic and charge-distribution effects. For example, the
distribution of PE/PP was conﬁrmed by MVA conducted on the image data over a
static limit, while the MCR score with normalized-autoscaling was found to provide a distinct indication of the PE/PP distribution [150].

18.3 SIMS: The Techniques and Outputs

18.3.2
NanoSIMS: The Technique

NanoSIMS is nanoscale secondary ion mass spectrometry technique that allows
precise, spatially explicit, elemental and isotopic analysis down to 50 nm resolution [155]. When working in dynamic conditions, NanoSIMS analysis is a destructive process that involves the continuous bombardment of a sample with an
energetic (16 keV) ion beam (either a Csþ or Oþ primary beam to enhance negative or positive ion formation, respectively), which results in sputtering of the
upper sample surface and the consequent liberation of secondary ions.
The use of a reactive primary ion such as Csþ in positive mode (when only
negatively charged secondary ions can be detected) or Oþ in negative mode (when
only positively charged secondary ions can be detected) is required to increase the
secondary ion yield of negative and positive ions, respectively.
The secondary ions are sorted on the basis of their energy in the instrument’s
electrostatic sector, before being dispersed in a mass spectrometer according to
their m/z ratios. By acquiring a series of spatially referenced spectra, via a rasterscanning process, a map can be produced for almost any selected atomic mass,
and information of isotopic ratios in the form of ROIs, line scans and depth proﬁles can be obtained. The system is maintained permanently under ultrahigh vacuum in order to prevent any atmospheric interference with the primary and
secondary ions (typically 1010 Torr in the analysis chamber) [155].
18.3.2.1 NanoSIMS: Ion Optical Set-Up
The main conﬂict in the design of conventional ion optics in other SIMS systems
is that the objective lens of the primary ion column must be as close as possible to
the sample so as to produce a small and intense beam. However, the extraction
optics must also be placed as close to the sample as possible in order to collect as
many secondary ions as possible. The primary and secondary optics both have a
physical size leading to a large working distance, and the optics are not in their
optimum positions. The colinear optics of the NanoSIMS solves this problem by
simultaneously focusing the primary ion beam and collecting most of the secondary ions. The coaxial optics has several advantages, including a shorter working
distance, a smaller probe size, a higher collection efﬁciency (improved transmission), and a minimization of shadowing effects (normal incidence to the sample).
The main disadvantages of this technique are that the primary and secondary ions
must be of opposite polarity and equal energy. In a coaxial optic system, the secondary ions are extracted back through the primary ion beam diaphragm; this
controls the lateral resolution but limits transmission – and thereby sensitivity –
simultaneously.
18.3.2.2 NanoSIMS: The Mass Spectrometer
The NanoSIMS system uses a 90 spherical electrostatic sector and an asymmetric
magnet. This type of mass spectrometer has reasonable transmission, unrivaled
mass resolution (M/DM > 104), a high energy acceptance, and also preserves the
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Figure 18.8 Schematics of NanoSIMS ion optics. Figure kindly provided by Frank J. Stadermann, Washington University, St Louis, Missouri, USA; http://presolar.wustl.edu/nanosims/
schematic.html. Reproduced with permission from Ref. [155].

lateral resolution which allows a high mass resolution with a small spot size. Following mass separation in the magnetic sector ﬁeld, the secondary ions are
detected using electron multipliers which can accurately measure low-intensity
ion signals (higher-intensity signals can be measured using a Faraday cup). The
NanoSIMS is equipped with four moveable detectors and one ﬁxed detector, such
that ﬁve secondary ions can be detected simultaneously (Figure 18.8). This multicollection capability allows a more accurate reconstruction of the sample chemistry, as each ion image derives from exactly the same volume. It also ensures
reliable isotopic measurements and image registration.
18.3.2.3 NanoSIMS: Highly Spatially Resolved Elemental Information
NanoSIMS has been optimized for high lateral resolution SIMS analysis. Indeed,
NanoSIMS is the only dynamic SIMS system to allow simultaneously a high

18.4 3D Imaging of Polymer Blends

lateral resolution (50 nm), a high mass resolution (M/DM ¼ 5000) and a high sensitivity (ppb for some elements).
While the advantages of ToF-SIMS include the ability to acquire molecular and
true isotopic surface information [152], these data cannot be acquired under conditions suitable for obtaining both high mass resolution (i.e., peak separation of
elements with similar masses) and high spatial resolution with adequate signal
transmission. In the ToF-SIMS instrument, any attempt at increasing mass resolution to ensure the separation of isobars or mass interferences would result in a
loss of spatial resolution and signal transmission. Conversely, conditions designed
to allow for increased signal transmission or improved spatial resolution would
result in a decline in the operating mass resolution of the instrument. Cliff et al.
[156] used very high-beam currents (600 pA) in order to obtain a sufﬁcient mass
resolution and signal, but this meant they could not achieve a high level of spatial
resolution (100–200 nm). The main advantage of NanoSIMS over ToF-SIMS and
other generations of SIMS is the ability of NanoSIMS to operate at a high mass
resolution, while maintaining both excellent signal transmission (i.e., increased
sensitivity) and high spatial resolution [155]. In particular, NanoSIMS has been
used successfully to study the surface morphology and composition of thin-ﬁlm
polymer systems [8–10].
The controlled formation of microstructured, ultrathin layers of P2VP–PS mixtures can be accomplished by means of the horizontal precipitation Langmuir–
Blodgett (HP-LB) method. Both, the shape and size of the observed structures will
depend on the ratio of the two polymers in the blend, as evidenced using AFM
[10]. In particular, conditions can be found that promote the formation of roundshaped structures with a relatively uniform size. Data produced with NanoSIMS
chemical mapping has indicated that such structures are composed of PS (while
P2VP forms the surrounding ultrathin matrix; see Figure 18.9), and explains the
ToF-SIMS data in terms of the surface morphology of the ﬁlm rather than of the
surface enrichment of P2VP [10].

18.4
3D Imaging of Polymer Blends

With many breakthroughs in the lateral resolution of SIMS during recent years,
new areas of research showing much promise have developed. Although the
much improved lateral resolution of 50 nm of SIMS can effectively deliver more
accurate 3D images, the traditional 3D reconstructions – which involve compiling previously acquired successive SIMS images into a 3D stack – do not represent the real localized chemical distribution of the sputtered volume. At this
point, the advantages of combining topographical information obtained via
AFM and chemical information acquired via SIMS, will be discussed. By taking
into account the roughness evolution within the analyzed zone, 3D reconstructions become much more accurate and allow a much easier interpretation of the
results [157].
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Figure 18.9 Second frame of the NanoSIMS mass-resolved negative ion maps of a HP-LB film
of P2VP/PS (1/4). Reproduced with permission from Ref. [10].

Since the earliest days of SIMS 3D imaging, 3D reconstructions have been carried out in order to better visualize the secondary ion signal distribution within
the sputtered volume. The method involves acquiring several successive images
and compiling them in a 3D stack; an example of such SIMS 3D imaging has
been applied to an annealed PS/PMMA blend [158]. This method assumes that
the sample surface is ﬂat at the start of, and during, the sputtering process. Consequently, traditional 3D reconstructions may be inaccurate as they do not take
into account the sample roughness initially, its evolution during sputtering, nor
variations in erosion rate in the presence of different matrices [157].
By combining topographical information obtained from high-resolution AFM
with chemical information obtained from SIMS, the 3D reconstructions became
much more accurate (see Figure 18.10). To achieve this goal, the program “SARINA” (SPM Assisted Reconstruction of SIMS recorded nano-volumes), which is

18.4 3D Imaging of Polymer Blends

Figure 18.10 3D reconstruction of (a) 31 Pand (b) 32 S-contents in the Anabaena cyanobacterium, combining SIMS and AFM data using
“SARINA” (sputter zone: 10.4 mm  8.7 mm).

In both images, the z-scale was magnified by a
factor of 5, and the secondary ion counts were
integrated over a depth of 20 nm. Reproduced
with permission from Ref. [157].

based on the public domain image-processing software package “ImageJ” [159,160],
was developed to combine these two types of information. This, in turn, allowed
corrections to be made for sample roughness that were not taken into account in
traditional 3D reconstruction methods. The generated z-position-corrected slices
were realized using the program “Gnuplot” [161]. For volume rendering, the VisIt
software developed at the Lawrence Livermore National Laboratory was used [162].
“SARINA” (SPM Assisted Reconstruction of SIMS recorded nano-volumes.
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With regards to the poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) blend, a major difference in sputter rate was noted and, as
the crystalline part was sputtered much more slowly than the noncrystalline part,
the step between both phases became increasingly apparent. As shown in Figure
18.10, the S secondary ion signal was mostly present at the crater bottom,
whereas the hillock was very low in sulfur and a narrow, bright band remained on
the steep slope. When the AFM-corrected reconstructions of the polymer blend
were presented, given that the sputtering rate may have differed depending on
pixel location, the AFM-corrected SIMS imaging allowed for a more accurate localization of the characteristic elements of a polymer in a polymer blend. Thus, these
accurately spatially resolved reconstructions may prove to be very useful when
interpreting the results of an analysis [157].

18.5
Conclusions and Perspectives

In this chapter an overview has been provided of polymer blend thin ﬁlms, of
their phase-separation phenomena, and the applications related to such phenomena. The chapter underlines the importance of polymer blends and, in particular, of polymer blend thin ﬁlms and their compositional characterization. An
attempt was made to describe the most sensitive surface technique that allows
molecular information and highly spatially resolved lateral information to be
obtained. The technique employed was SIMS, which can be categorized as either
static or dynamic. Various examples were reported of the surface characterization
of polymer blend thin ﬁlms, performed in particular using ToF-SIMS and NanoSIMS, and underlining the advantages of each technique. The technical characteristics of each techniques which guarantees the observed performance were also
described. Clearly, whilst a multitechnique characterization is always beneﬁcial in
order to obtain a complete knowledge of a material’s behavior, the spatially
resolved molecular information provided by ToF-SIMS and the highly spatially
resolved elemental information of SIMS, was absolutely necessary for polymerblend thin ﬁlms.
Research at the nanometer scale, aimed at creating novel materials and devices
that can operate with a performance that is superior to that of conventional systems, is currently of great relevance in many branches of modern science and
engineering. Such studies involve the monitoring, construction and control of systems based on engineered nanodevices and nanostructures. Today, the correct
chemical characterization of nanosystems is crucial; moreover, in order to achieve
a deeper understanding of complex biological processes, analytical tools with spatial resolution in the nanometer region are increasingly required. Analytical techniques based on mass spectrometry provide both elemental and molecular
information, and their exceptional analytical features [163–165] will surely provide
great advantages to analytical characterizations at the nanoscale. Today, mass spectrometry-based imaging elemental analyses are of interest not only in the
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materials sciences and engineering; rather, the direct characterization of polymerblend thin ﬁlms at the nanoscale is extremely important in the life sciences and
environmental chemistry.
One hopeful perspective in this ﬁeld should be a new SIMS technique
whereby the best characteristics of ToF-SIMS (the molecular information) and
of NanoSIMS (the nanometer-scale resolution) are merged. Clearly, this combination technique should provide spatially resolved molecular information at
the nanometer scale.
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19
Fluorescence Microscopy Techniques for the Structural Analysis
of Polymer Materials
Hiroyuki Aoki

19.1
Introduction

As the morphology of phase separation in a polymer blend system greatly
inﬂuences a variety of macroscopic properties (including viscoelastic behavior),
the structure of polymer blends has been extensively studied using many different methods. In the structural analysis of polymer systems, real-space observations using microscopy have provided direct information concerning the
system’s morphology. Optical microscopy has long been used to obtain magniﬁed images of a small object by using a set of lenses. As the basic concept of
optical microscopy is very simple, it has been widely used in various ﬁelds of
research. Optical microscopy can also be used to obtain images by employing a
variety of contrast mechanisms, such as differential interference, phase contrast and polarization contrast.
By contrast, in ﬂuorescence microscopy the image is formed by collecting the
ﬂuorescence emissions from a specimen. Because the ﬂuorescence emitted from
a specimen can provide many types of information, ﬂuorescence microscopy has
been used widely for the structural analysis of polymer blend systems.
In this chapter, the application of ﬂuorescence imaging techniques to the structural analysis of polymer blend systems is discussed, and recent developments in
ﬂuorescence microscopy are described.

19.2
Fundamentals of Fluorescence Microscopy

Fluorescence is the light emitted upon the relaxation of an electronically excited
molecule [1,2]. Figure 19.1a shows the energy diagram for the light absorption
and emission processes. A molecule absorbs a photon with an energy corresponding to the difference between the energy levels in the ground (S0) and excited (S1)
states. If an electron is excited to a higher energy level than S1, the electron rapidly
relaxes to the lowest level of S1 as the nonradiative transition. The excited electron
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 19.1 (a) Energy diagram for the fluorescence emission; (b) Schematic illustration of a
fluorescence microscope. OBJ, objective lens; DM, dichroic mirror; BP, band-pass filter.

in the S1 state then relaxes to the ground state by emitting a photon with energy
equal to the gap between S0 and S1. As shown clearly in Figure 19.1a, the energy
of the ﬂuorescence photon is less than that of the absorbed photon at the excitation; therefore, the wavelength of the ﬂuorescence emission is longer than that of
the absorbed light.
Fluorescence microscopy produces an image of the ﬂuorescence emission
from a sample, which is illuminated by light with a wavelength matched to
the absorption band of the sample. Figure 19.1b shows the optical system of
epiﬂuorescence microscopy, where the illumination light is irradiated through
an objective lens; the ﬂuorescence signal is then collected by the same objective and focused onto an image plane through a dichroic mirror and an optical
ﬁlter that passes only the ﬂuorescence from the sample. Stray light of the illumination is minimized by selecting an appropriate optical ﬁlter. The ﬂuorescent specimen can be brightly observed in a micrograph with low background
noise. Moreover, currently available sensitive cameras can detect extremely
weak ﬂuorescence even from a single molecule. Fluorescence microscopy is
suitable for analyzing the spatial distribution of ﬂuorescent moieties with high
contrast and sensitivity.
Confocal microscopy, another method used to obtain a ﬂuorescence image,
is a type of scanning microscopy technique that measures the signal from a
single point illuminated with a focused light spot. A confocal microscope
scans the light spot point-by-point to form an image [3,4], whereas, a conventional microscope forms a two-dimensional (2D) image of an object at once.
Figure 19.2 shows a schematic image of a confocal microscope. Illumination
from a light source is focused by an objective lens. The ﬂuorescence signal
from the illuminated point is collected and measured by a photodetector, such
as a photomultiplier tube and a photodiode. In confocal microscopy, a pinhole
is placed in front of the detector, which is optically conjugate to the focal point
of the objective lens. The signal from the illuminated point is detected
through the pinhole, whereas the stray light from an out-of-focus point is
eliminated, as indicated by the dashed line in Figure 19.2. Therefore, confocal
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Figure 19.2 Schematic illustration of a confocal microscope. The gray and black solid lines indi-

cate the paths of the illumination and signal light, respectively. The dashed line indicates the
signal from the sample out of the focal plane.

microscopy provides a high-contrast imageprovides at the focal plane. Depthdiscriminated imaging allows three-dimensional (3D) observations. A 3D image
over the entire specimen is reconstructed from a set of individual images sliced at
different depth levels. The spatial resolution of confocal microscopy is about
200 nm and about 400 nm in the lateral and axial directions, respectively. The ability to perform 3D observations inside a bulk medium is effective for micrometerorder structural analysis of polymer blend systems.
In ﬂuorescence microscopy measurements, it is obviously essential for the
specimen to be ﬂuorescent. In the case of polymer blend systems the structure
of ﬂuorescent polymers such as p-conjugated polymers can be directly
observed. However, common synthetic polymers are transparent to visible light
and are nonﬂuorescent. To observe such polymers, the component to be
observed is labeled using a ﬂuorescent dye. The simplest way to apply the ﬂuorescent label is to disperse a low-molecular-weight dye in the blend system
[5–8], whereby the dye molecules are selectively introduced to the domain of
the polymer component by chemical interaction. For example, dye molecules
with a carbonyl group are stabilized in the domain of poly(vinylpyridine)
owing to the hydrogen bond between the hydroxyl and pyridine groups [8].
However, the labeling method involving the dispersion of a low-molecularweight dye cannot be used for blend systems in which both components show
similar interactions with the dye moiety. In order to avoid uncertainty regarding the labeled location, the ﬂuorescent moiety is covalently attached to the
polymer chain. The dye molecules are then introduced by: (i) polymerization
with a monomer or an initiator having a ﬂuorescent moiety [9–13]; and (ii) the
reaction between a functional group in the ﬂuorescent moiety and a reactive
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Figure 19.3 Structure of fluorescence-labeled poly(methyl methacrylate)s, that are labeled at (a)
the side chain, (b) the center segment, and (c) the chain end.

site on the polymer chain [14–16]. Examples of labeled polymers are shown in
Figure 19.3. The side-chain-labeled poly(methyl methacrylate) (PMMA) in Figure 19.3a was prepared by the copolymerization of methacrylate and 3-perylenyl methacrylate, the center-labeled PMMA (Figure 19.3b) was prepared by
termination of the living anion polymerization with bis-bromomethyl anthracene, and the end-labeled PMMA (Figure 19.3c) was synthesized by the atom
transfer radical polymerization from an initiator containing a perylene diimide
moiety. The covalent introduction of the dye moiety to the polymer chain
allows the selective observation of individual components in a blend system.

19.3
Fluorescence Imaging of Polymer Blend Systems

Fluorescence microscopy can be used to identify the spatial distribution of individual components in a blend system by the selective ﬂuorescence labeling of the
specimen. Therefore, ﬂuorescence imaging techniques have been widely used to
study the domain structure at the length scale of micrometers [15–22]. In particular, without the use of confocal microscopy, it is difﬁcult to obtain the detailed
micrometer-order 3D data. The structural analysis in three dimensions for polymer blends is reviewed at this point.
19.3.1
Real-Space Measurement of 3D Structure

It is well known that the properties and structures of the surface and interface
are different from those in a bulk state. The 3D observations made using confocal microscopy are very useful for discussing the effects of the surface/interface on the phase-separation structure. Kumacheva et al. studied the
morphology of the surface and bulk of a polystyrene (PS)/PMMA blend prepared by casting from a toluene solution [20]. The cross-sectional image of a
PS/PMMA blend is shown in Figure 19.4, where the bright areas correspond
to the PMMA domains. The depth-dependent phase-separation structure was
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Figure 19.4 Cross-sectional image of a

PMMA-rich phase labeled with NBD.
PS/PMMA blend (9/1) film prepared by casting Reprinted with permission from
the solution in toluene at a slow evaporation
Ref. [20]; Ó 1997, American Chemical Society.
rate. The bright domains correspond to the

observed for the blend ﬁlm prepared at a slow solvent evaporation rate: a
depletion layer of PMMA was observed beneath the surface. During solvent
evaporation, phase separation at the surface was enhanced and the PMMA
chains were diffusively transferred from the liquid-like bulk to the surface,
which resulted in a depletion layer free from the PMMA-rich domains. Thus,
the 3D ﬂuorescence observation provides invaluable information about structure formation in the solvent-casting process.
As confocal microscopy can be used to obtain a 3D image in a fast time scale
(within a few minutes), it is suitable for studying the time evolution of the structural change. When studying structure growth the geometric parameters of the
phase boundary, such as the interface area and curvature, are important physical
quantities. Spinodal decomposition has been mainly studied in an inverse space
by scattering methods; however, it is difﬁcult to obtain all of the geometric parameters by using scattering techniques. On the other hand, real-space observations
using ﬂuorescence microscopy provide direct information about the geometry of
the phase-separation structure. Jinnai et al. studied the spinodal decomposition of
a binary blend by using confocal microscopy [15–17]. Figure 19.5 shows the time
evolution of the phase-separation structure of a blend of polybutadiene (PB) and
deuterated PB (DPB) [15], where the PB and DPB domains are indicated by bright
and empty areas, respectively. This indicates that the size of the bicontinuous
structure was increased with the elapsed time after the onset of phase separation,
which in turn suggested that the late stage of spinodal decomposition had been
observed. Quantitative analysis of the curvature of the phase boundary showed
that a large portion of the interface was a hyperbolic surface, and that the time
evolution of the interface was dynamically self-similar. Thus, ﬂuorescence imaging
can provide direct and invaluable information regarding the structure of polymer
blend systems.
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Figure 19.5 Time evolution of bicontinuous
structures in the PB/DPB blend at (a)
1675 min, (b) 2880 min, and (c) 4860 min
after the onset of SD. Only the PB-rich phase
labeled with anthracene is shown in the

image; (d–f) The interfaces between two
coexisting phases for the 3D volumes corresponding to (a–c), respectively. Reprinted
with permission from Ref. [15]; Ó 2000,
American Chemical Society.

19.3.2
Spectroscopic Information

The signal intensity in a ﬂuorescence image corresponds to the density of the
ﬂuorescently labeled component. Fluorescence measurements can provide a variety of information through not only the intensity but also spectroscopy, because
the ﬂuorescence properties of a dye molecule are susceptible to the surrounding
environment and the mobility of the molecule. For example, the viscosity and
polarity around the dye molecule is estimated from the ﬂuorescence spectrum
and lifetime [23–27]. The phenomenon of ﬂuorescence resonant energy transfer
(FRET) is widely used to probe molecular interactions. The energy of an excited
molecule transfers to another by dipole–dipole interaction among the molecules
[28], and the rate constant of the energy transfer, kET , is given by the following
equation:
 6
1 R0
kET ¼
ð19:1Þ
t R
where R is the distance between the molecules, R0 is a reference distance termed
the F€
orster radius, and t is the ﬂuorescence lifetime of the energy donor molecule
without the energy transfer. The F€orster radius is dependent on the overlap integral of the ﬂuorescence spectrum of the donor and the absorption spectrum of the
acceptor. R0 is typically of the order of a few nanometers; for example, R0 ¼ 2.2 nm
for phenanthrene–anthracene and 3.3 nm for pyrene–perylene. Therefore, the efﬁciency of FRET is heavily dependent on the distance between the donor and the
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acceptor molecules on the order of nanometers. A quantitative analysis of FRET
efﬁciency from the ﬂuorescence spectrum and the ﬂuorescence decay curve provides information regarding the molecular distance. In polymer systems, FRET
spectroscopy has been used for studying the dimensions of polymer chains
[29,30] and miscibility among the labeled components [31–33]. The spectroscopic
and lifetime measurements can be carried out using a microscope, while the local
properties of polymer blends have been discussed based on spatially resolved ﬂuorescence information [12,34–36].

19.4
Fluorescence Microscopy Beyond the Diffraction Barrier

The spatial resolution of conventional optical microscopy is limited by the diffraction limit of light; consequently, two objects that are close to each other cannot be
resolved in the ﬂuorescence image. The minimum resolvable distance, Dx, is
given as follows:
Dx ¼ 0:61

l
;
NA

ð19:2Þ

where l and NA are the wavelength of light and the numerical aperture of the
objective lens, respectively. Two objects closer than Dx will be observed as a single
blurred spot in a ﬂuorescence image; hence, because the highest value of NA for a
commercially available lens is 1.49, a structure smaller than about 200 nm cannot
be resolved in a ﬂuorescence image. Consequently, ﬂuorescence microscopy has
been applied to observe the structure of polymer blends at length scales larger
than the order of several hundred nanometers. During the past few decades, novel
ﬂuorescence imaging methods have been developed to overcome the diffraction
barrier; these include near-ﬁeld optics [37–40] and super-resolution techniques
[41–52]. These methods enable optical information to be obtained from a nanometer-scale area in polymer blend systems.
19.4.1
Near-Field Optical Microscopy

Near-ﬁeld optical microscopy is a type of scanning probe microscopy, and is
referred to as either scanning near-ﬁeld optical microscopy (SNOM) or near-ﬁeld
scanning optical microscopy (NSOM). When light is incident to an object that is
much smaller than the light’s wavelength, there arises not only a propagating ﬁeld
such as scattered light but also a nonpropagating electric ﬁeld that is restricted
around the object. Such the nonpropagating light is termed the optical near-ﬁeld
[39,40]. The nonpropagating optical near-ﬁeld provides information about the local
structure smaller than the wavelength; therefore, the near-ﬁeld component can
achieve a high spatial resolution beyond the diffraction limit. A schematic illustration of a SNOM probe is shown in Figure 19.6. An aperture which is smaller than
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Figure 19.6 Schematic illustration of a SNOM probe. The optical near-field confined in a nanometric area is generated around an aperture which is much smaller than the wavelength of light.
The probe is scanned on the sample surface while monitoring the signal intensity.

the wavelength of light is fabricated at the end of the probe. The SNOM probe
illuminates the sample, using the optical near-ﬁeld that emanates from the aperture. As the probe is scanned the ﬂuorescence signal from the sample will be
detected as propagating light. The optical near-ﬁeld is conﬁned to a nanometric
region close to the aperture, which is much smaller than the wavelength of light;
therefore, the spatial resolution will be dependent on the size of the aperture. Typically, SNOM can achieve a resolution of less than 100 nm. Because the signal
ﬂuorescence can be delivered to any of the detectors used for conventional microscopy measurements, SNOM enables a wide variety of spectroscopic methods to be
applied to a nanometric space.
SNOM has been employed for analyses of the phase-separation structure of polymer blends and block copolymers because of its high spatial resolution. At this
point, the study of Langmuir–Blodgett (LB) monolayers is described. An LB monolayer is an extremely thin ﬁlm with a thickness of a single molecule [54,55]. In an
LB ﬁlm made from polymeric materials, the polymer chains have no degree of freedom in the height direction, and therefore such a ﬁlm can serve as a model system
of 2D polymer chains. The phase-separation behavior of polymer blends in
two dimensions has been studied using SNOM [10,11,53]. Figure 19.7 shows the
ﬂuorescence SNOM images of a monolayer of poly(iso-butyl methacrylate) (PiBMA)
and poly(octadecyl methacrylate) (PODMA), which were labeled by pyrene and perylene, respectively. The domains of PiBMA and PODMA are brightly observed in
the pyrene ﬂuorescence (Figure 19.7a) and perylene ﬂuorescence (Figure 19.7b)
images, respectively; moreover, they are complementary to each other, indicating a
strong phase separation. Figure 19.7c shows the FRET emission image obtained
by detecting perylene ﬂuorescence under the selective excitation of pyrene. Since
FRET occurs when the distance between the energy donor (pyrene) and acceptor
(perylene) is less than several nanometers, the FRET emission indicates the
coexistence of pyrene-labeled PiBMA and perylene-labeled PODMA. Therefore, the
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Figure 19.7 Fluorescence SNOM images of

observed by collecting the pyrene fluorescence
the phase-separation structure of a blend
(a), perylene fluorescence (b), and FRET emismonolayer of pyrene-labeled PiBMA and pery- sion (c). Reprinted with permission from Ref.
lene-labeled PODMA. The SNOM images were [53]; Ó 2002, Elsevier.

interface region of the PiBMA and PODMA domains was selectively observed as
the bright area in Figure 19.7c. The interface width of the PiBMA–PODMA blend
monolayer was evaluated as 100–300 nm from the FRET emission SNOM image;
this was far greater than the width of the interface in a 3D bulk system (ca. 3 nm)
and indicated an increase in the miscibility of PiBMA and PODMA. These results
also revealed directly that the spatial conﬁnement of the polymer chain in two
dimensions could alter the miscibility of polymers.
In near-ﬁeld microscopy, various spectroscopic methods can be combined
with ﬂuorescence intensity mapping. For example, ﬂuorescence lifetime SNOM
imaging was applied to study the structure of p-conjugated polymers that are
used in organic electronics applications. The SNOM images of the phase-separation structure of a blend system of polystyrene (PS) and poly(9,9-dioctylﬂuorene)
(F8) are shown in Figure 19.8. The photoluminescence (PL) intensity image in
Figure 19.8c shows the spatial distribution of F8, indicating the phase-separated
structure at the length scale of a few micrometers. A comparison of the lifetime
image (Figure 19.8e) with the F8 distribution showed that the ﬂuorescence lifetime of the F8-rich domain was less than that of F8 incorporated into the PS-rich
domain. This suggested an increase in the diffusion constant of the exciton in the
F8-rich domain because of the interchain interaction of F8. Thus, ﬂuorescence
lifetime imaging can reveal the molecular properties of p-conjugated polymers.
19.4.2
Super-Resolution Optical Microscopy

Whereas, near-ﬁeld microscopy achieves a high resolution by illuminating a nanometric area with localized light around a small probe tip, the super-resolution techniques extract nanometer-scale information from optical images captured using
conventional lens-based optics. Among several super-resolution techniques that
have been reported, stimulated emission depletion (STED) microscopy [43–45] and
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Figure 19.8 Fluorescence SNOM images of a
phase-separated blend of polystyrene and poly
(9,9-dioctylfluorene). (a–c) Surface topography,
transmittance, and fluorescence images,
respectively; (d and e) Mapping of the amplitude and lifetime of the fluorescence decay

curve, respectively; (f) Cross-section profile of
the topography and fluorescence images of the
area marked by a rectangle in panel (c).
Reprinted with permission from Ref. [34]; Ó
2005, American Chemical Society.

single-molecule localization microscopy [50–52,74,75] have provided ﬂuorescence
images with the highest spatial resolution.
STED microscopy is a scanning confocal ﬂuorescence imaging technique. As
noted above, confocal microscopy illuminates the sample with a focused light, but
the size of the focal spot is limited to approximately 200 nm by the diffraction
limit. In STED microscopy, a donut-shaped STED spot is overlapped on the excitation spot, as shown in Figure 19.9. The STED beam has a wavelength of lSTED that

Figure 19.9 Schematic illustration of the point spread function (PSF) of STED microscopy.

19.4 Fluorescence Microscopy Beyond the Diffraction Barrier

is longer than the peak wavelength of the ﬂuorescence, lFL , and this induces the
stimulated emission at lSTED . Consequently, ﬂuorescence at lFL is detected only
from the center of the excitation spot because the outer side emits at lSTED . Thus,
the STED beam depletes the emission at lFL except at the very center of the illuminated spot, which results in an effective point spread function (PSF) of 10–
100 nm. Figure 19.10a shows the PSFs of confocal (left) and STED microscopy
(right) observed by a 40-nm ﬂuorescent bead, indicating that the spatial resolution
of STED microscopy is about 50 nm. By using STED microscopy, the phase-separation structure of a block copolymer of PS and poly(2-vinylpyridine) was studied
[46]. In this case, whereas no structural features were observed in a conventional
confocal microscopy image (as shown in Figure 19.10b), a micro-phase-separation
structure with a periodicity of 150 nm was clearly resolved in Figure 19.10c–e by
overlapping the STED beam.

Figure 19.10 Point spread functions in the
xz-plane of confocal and STED microscopy
(a) and the fluorescence images of the
phase-separation structure of poly(styreneblock-2-vinylpyridine) (b–e). Panels (b) and
(c) were observed using confocal and STED

microscopy, respectively. Panels (d) and
(e) indicate the xy- and two xz-sections taken
at different locations. Scale bars: (a) 250 nm;
(c–e) 500 nm. Reprinted with permission from
Ref. [46]; Ó 2009, American Chemical Society.
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Single-molecule localization microscopy produces a high-resolution reconstruction
image from the coordinate data of the dye molecules introduced to a specimen.
When only a single dye molecule is observed in a ﬂuorescence image, the coordinate of the molecule can be determined by ﬁtting a 2D Gaussian function to the
observed
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ image. The standard deviation of the localization is given as approximately
Dx=N , where Dx and N are the observed width of the molecule in a micrograph
and the number of the collected photons, respectively [56]. In a typical condition of
single-molecule detection, the localization accuracy is of the order of tens of nanometers. Single-molecule localization microscopy can be used to isolate a single dye
molecule from the dye molecules introduced to the sample, and determine its position. The measurement procedure for this is as follows. First, all of the dye molecules tagged to a sample are converted to a nonﬂuorescent state, after which one of
the dye molecules is activated stochastically to a ﬂuorescent state and its ﬂuorescence image is recorded. The coordinate of the activated molecule is then analyzed,
and ﬁnally the observed molecule is converted back to a nonﬂuorescent state. This
cycle is repeated until a number of the dye molecules have been observed. In this
way, the coordinates of the dye molecules are determined individually, and by plotting the coordinate data of the dye molecules on an image plane a reconstructed
micrograph can be obtained. Switching between the ﬂuorescent and dark states of
the dye molecule is implemented by using photochromic dyes for the ﬂuorescence
labeling of the sample [50,51]. This technique is referred to as photoactivated localization microscopy (PALM) or stochastic optical reconstruction microscopy
(STORM). The spatial resolution of the reconstruction image is determined by the
localization accuracy of a single dye molecule, and therefore a resolution of <10 nm
can be achieved. Moreover, astigmatic imaging using a cylindrical lens and interference detection by 4p imaging optics enhances the depth resolution to 10–100 nm
[57,58]. This allows 3D ﬂuorescence imaging with nanometric resolution, both in
lateral and depth directions. Thus, super-resolution microscopy can provide spectroscopic information via ﬂuorescence detection, with spatial resolution comparable to
that of electron microscopy. Although, to date, the technique has been applied only
rarely in the polymer sciences, it may in time serve as a very powerful tool for investigating the 3D structures of polymer systems.
19.4.3
Conformational Analysis of Single Polymer Chain

The various properties that are characteristic of polymer materials originate
from the large degree of freedom of a polymer chain. Indeed, during recent
years the statistical conformation and dynamics of polymer chains have been
the most important issues in polymer physics, and have been studied extensively by many research groups from both theoretical and experimental viewpoints. The development of atomic force microscopy (AFM) enabled direct
observations to be made of the conformation of individual polymer chains
adsorbed onto an atomically ﬂat surface [59–62]. However, it is difﬁcult to
observe the conformation of a single chain in an actual bulk medium because

19.5 Summary

Figure 19.11 Three-dimensional PALM measurement of single chains of poly(butyl methacrylate). (a–c) Projection images onto the xy-,
yz-, and zx-planes, respectively. The dashed
lines indicate the interface of the sample film.

The size of the observed volume was
1250  1250  600 nm. Reprinted with permission from Ref [64]; Ó 2012, Royal Society of
Chemistry.

the polymer chains therein are expanded in three dimensions and entangled
with each other. The great improvements in the spatial resolution of ﬂuorescence imaging by SNOM and PALM allowed the observation of the conformation of a single polymer chain embedded in a bulk medium [63–65].
Figure 19.11 shows the PALM image of single chains of poly(butyl methacrylate) [64], where the conformation of each chain is clearly resolved in the
ﬂuorescence image. Consequently, image analysis can provide a variety of
information about a single chain, such as the radius of gyration and conformational anisotropy. High-resolution ﬂuorescence imaging can provide indispensable information not previously obtainable by other methods, and has
been applied to determine conformational distribution in a phase-separation
domain and a phase boundary [66–68].

19.5
Summary

Fluorescence microscopy is an effective technique for studying the structure of
polymer blend systems, as it not only reveals the quantitative spatial distribution
of polymer components but also provides molecular information from the ﬂuorescence spectrum and decay curve. Real-space observation in three dimensions with
high time-resolution can reveal the detailed structure and formation process of the

621

622

19 Fluorescence Microscopy Techniques for the Structural Analysis of Polymer Materials

phase-separation structure of polymer blends. Previously, the spatial resolution of
conventional microscopy was limited to about 200 nm by the diffraction barrier;
however, recent developments of near-ﬁeld optics and super-resolution techniques
have allowed optical imaging with spatial resolution of the order of tens of nanometers. Nanometric imaging of the ﬂuorescence emission provides a variety of
information that is unobtainable using currently available methods. Fluorescence
microscopy is expected to contribute greatly to soft materials science as a tool for
conducting nanometer-scale observations.
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20
Characterization of Polymer Blends with FTIR Spectroscopy
Ufana Riaz and Syed Marghoob Ashraf1)

20.1
Introduction

Polymer blends are generally deﬁned as mixtures of at least two polymers or
copolymers that may be either homogeneous or heterogeneous at the molecular
level. Miscible polymer blends show homogeneity down to the molecular level and
are associated with a negative free energy of mixing, whereas immiscible polymer
blends are heterogeneous at the molecular scale and are associated with a positive
free energy of mixing. The term compatible is generally used to describe the beneﬁcial results obtained by blending polymers with enhanced mechanical properties.
Three different types of blend can be distinguished: completely miscible blends;
partially miscible blends; and fully immiscible blends. As the gain in mixing
entropy is negligible due to the high molecular weight of polymer, and the mixing
is endothermic in the majority of cases, miscible polymer blends are usually an
exception. In fact, few miscible blends have been identiﬁed recently. Most polymer
blends form immiscible blends, revealing a prominent interface. Adhesion
between the two polymer components is poor in such blends, unless they can be
compatibilized. It is generally observed that most compatible blends are
immiscible, and when the interface morphology of an immiscible blend is modiﬁed a polymer alloy is obtained. The ﬁrst polymer blend was synthesized in 1846,
when natural rubber was mixed with gutta percha [1], since which time innumerable polymer blends have been synthesized and investigated [2,3]. The major reason for blending polymers is economics; typically, a material can be produced at a
lower cost but have the desired synergistic properties that meet the required speciﬁcations. There are three main reasons for formulating polymer blends:
 To develop materials with a full set of desired properties.
 To obtain a high performance through synergetic interaction.

1) Now retired
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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 To adjust the composition of the blend, as per the requirements of customer
speciﬁcations that satisﬁes their end use.
Polymer blends exhibit good mechanical properties which are directly related to
the adhesion between the constituent polymers, their interaction, and their miscibility. Interactions take place at the interface of the polymers phases to provide
good adhesion; moreover, the better the miscibility, the smaller is the size of the
interface. An understanding of the factors that affect the miscibility of polymer
mixtures is of fundamental importance. It is also essential to have a clear understanding of the basic physical and chemical properties of the constituents associated with this large class of materials.

20.2
Methods of Investigating Miscibility

Various techniques have been adopted to determine the miscibility of polymer
blends, including thermal gravimetric analysis (TGA) [4], dynamic mechanical
analysis (DMA)[5], small-angle X-ray scattering (SAXS) [6], microscopy [7], and
solid-state nuclear magnetic resonance (NMR) [8–13]. In addition, differential
scanning calorimetry (DSC) can be used to determine whether one or two glass
transition (Tg) values and a single Tg point is obtained. A single compositiondependent glass transition often indicates full miscibility, and this is an established criterion for conﬁrming the miscibility of any polymer blend. In contrast,
an immiscible polymer blend will exhibit more than one Tg-value. Variation in the
Tg of polymer blends as a function of composition can be well interpreted in
terms of speciﬁc interaction occurring within the polymer blend. The techniques
used to analyze polymer blends are listed in Table 20.1.
20.2.1
FTIR as a Spectroscopic Tool for the Characterization of Polymer Blends

Most polymer blends are immiscible due to a high degree of polymerization,
which predicts the small combinatorial entropy, based directly from a simple
Flory–Huggins description of the thermodynamics theory. In order to obtain a
one-phase system in polymer blends, it is essential to ensure that favorable speciﬁc intermolecular physical or chemical interactions exist between the two base
components of the blend, such as hydrogen bonding [14,15]. This type of interaction has been widely described in terms of the association model given by Coleman et al. [16]. The strong interactions in miscible polymer blends provide an
attractive interest in polymer science due to strong technological incentives arising
from their potential applications. The chemical composition and interactions
between the functional groups in a polymer blend can be obtained directly by
using Fourier transform infrared (FTIR) spectroscopy. The technique has been
made more versatile as a characterization tool by combining it with microscopy to

20.2 Methods of Investigating Miscibility
Table 20.1 Techniques of analysis of polymer blends.

Technique

Characteristics and properties

XRD/WAXRD
SEM
TEM/HRTEM

Morphology (amorphous/crystalline)
Surface roughness and Heterogeneous/homogeneous morphology
Morphology and its development
Structural heterogeneities
Defect structures
Crystallization behavior of polymer blends
Surface roughness
Morphology and microstructure
Component identiﬁcation and quantitative analysis
Interfacial interactions (hydrogen bonding)
Crystallization and orientation of polymer blends
Local dynamics of polymer blend chain
orientation of polymer blends
Dispersion and morphology
Phase behavior and structure evolution
Lamellar texture and thickness
Thermal stability
Melting and crystallization behavior
Flame retardancy, such as heat release rate and carbon monoxide yield
Thermal stability
Young’s modulus
Tensile strength
Elongation at break
Viscoelastic properties

AFM

FTIR

NMR
SAXS

TGA
DSC
Cone calorimetry
Mechanical test

provide a deeper analysis of the local structure and the dynamics of blends under
different environmental conditions [17–19]. The measurement of FTIR spectra
from polymeric samples is relatively rapid and straightforward; indeed, the technique provides high-precision, accurate and reproducible measurements that are
accepted for most industrial and research purposes. Nonetheless, several experimental and post-data collection techniques for specialized applications that are
not amenable through other routine spectroscopic analyses have also been developed over the years.
Polarized FTIR spectroscopy has been used extensively to study polymer orientation (i.e., the dichroic ratio and dichroic difference are normally obtained from
spectra recorded sequentially with the infrared radiation polarized parallel and
perpendicular to a reference direction). To improve the sensitivity of this technique, and to follow accurately the dynamics of orientation, FTIR spectroscopy
has been coupled with a polarization modulation (PM) technique whereby the
dichroic difference spectrum is recorded directly, thus minimizing instrumental
and sample ﬂuctuations (this is discussed later in the chapter).
The development of techniques to collect FTIR spectra from small, speciﬁc
regions of a sample have resulted in the development of IR microspectroscopy.
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This technique demonstrates the potential in combining the spatial speciﬁcity of
microscopy with the powerful chemical speciﬁcity of spectroscopy. A balance
between the need for sensitive spectral information and a need for high spatial
resolution visualization is also necessary for morphological characterization.
Hence, infrared microspectroscopy is performed in sequence with emphasis
placed on instrumentation capabilities and experimental possibilities.
20.2.2
Determination of Miscibility Through Hydrogen Bonding

In homogeneous blends, the ﬁnal properties are often an arithmetic average of the
properties of the blend components. In heterogeneous blends, the properties of all
blend components are present, although a deﬁciency in the properties of one component can be hidden to a certain extent by the strengths of other components.
Homogeneous miscibility in polymer blends requires a negative free energy of
mixing; that is, DGmix (the change in free energy) <0 as per the Flory–Huggins
equation. DGmix can be negative only if the heat of mixing is near zero or negative
(l12, the interaction parameter<0.002). The formation of hydrogen bonds usually
induces miscibility of the blends, as shown for many hydrogen-bonded blends.
Blends are found to be either partially or fully miscible due to the presence of
inter-associated hydrogen bonds. In an effort to address the relationship between
hydrogen bonding and miscibility, the details of several types of important hydrogen-bonded polymer blends are summarized in the following sections.

20.3
Characterization of Vinyl Polymer Blends using FTIR Spectroscopy
20.3.1
Poly(vinylphenol) (PVPh) Blends

PVPh blends are the most widely studied hydrogen-bonded blends. Landry et al.
[20] reported blends of PVPh with potential hydrogen bond-accepting groups,
including polyesters (aliphatic and aromatic), polycarbonates, polyimides, polyamides, polysulfones, polyurethanes, polyethers, polysiloxanes, poly(amideimides),
and cellulose esters. Many of the polyesters, polyamides and cellulose esters
showed evidence of interaction and miscibility with PVPh; however, in most of
the other cases there were no signs of miscibility and indeed, the miscibility was
seen to depend not only on the tacticity of the polymer but also on the preparation
conditions. Zhang et al. [21] established the relationship between hydrogen bonding and the miscibility of PVPh/poly(methylmethacrylate) (PMMA) blends by
using solid-state 13C NMR. A variety of parameters such as 13C chemical shifts
and 13C line width were used to examine the intermolecular interaction, miscibility, dominant structure and molecular motion of the PVPh/PMMA blends. The
blends were found to be soluble in the domain size of 200–300, and the presence
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of an a-methyl group was seen to affect the miscibility. Dong et al. [22], using
FTIR and FT-Raman spectroscopy, established the formation of hydrogen bonds
between the hydroxyl group of PVPh and the ester group of PMMA, and showed
the blends to be partially miscible as they demonstrated weak hydrogen-bonding
interactions. Landry and Teegarden [20] investigated the effect of solvent on the
miscibility of blends of PVPh with atactic PMMA (aPMMA), and revealed that
tetrahydrofuran (THF) induced a phase separation of such blends, whereas 2-butanone promoted their miscibility. The heat of mixing of polymer blends was also
reported to play an important role in developing miscibility [23].
Hsu et al. [24] investigated the miscibility of PVPh/PMMA blends as a function
of the PMMA tacticity [i.e., isotactic PMMA (iPMMA), syndiotactic PMMA
(sPMMA) and atactic PMMA (aPMMA)]. In this study, the PMMA polymers with
various tacticities were mixed with PVPh using THF and 2-butanone as a solvent
to obtain solution blends. When the blends were cast from a THF/2-butanone
solution, the calorimetric data indicated that iPMMA was miscible with PVPh, but
only partial miscibility/immiscibility was observed with both aPMMA and
sPMMA. When pure 2-butanone was used as the solvent, iPMMA and aPMMA
were both miscible with PVPh, but the PVPh/sPMMA blends showed only partially miscibility. Whereas, pure THF led to a phase separation of aPMMA and
PVPh, 2-butanone produced miscible blends. The Tg data of these blends were
found to be in good agreement with the results of NMR studies. It was also
reported that, on increasing the VPh content of the copolymer to 15 mol%, the
tacticity of PMMA had no effect on controlling the overall miscibility of the blend
system [25,26].
Some groups have also studied the effects on the miscibility of the blends by
replacing VPh with styrenated VPh (STVPh). For example, when Jong et al. [25]
investigated the miscibility of these blends using 13C solid-state NMR, sPMMA
was reported to be miscible with STVPh (the VPh monomer unit content was 5%)
in blend compositions containing 30%, 50% and 70% STVPh, whereas iPMMA
exhibited miscibility at only 70% STVPh composition. PVPh has also been
reported to be miscible with poly(ethyl methacrylate), poly(n-propyl methacrylate)
and poly(n-butyl methacrylate) over the entire blend composition range at temperatures between ambient and 200  C [27]. PVPh was observed to be immiscible
with poly(n-hexyl methacrylate) and poly(cyclohexyl methacrylate), however, as the
presence of bulky groups inhibited the formation of strong inter-associated hydrogen bonds [28,29]. Many PMMA derivatives have shown miscibility with PVPh,
including poly(2-dimethylamino ethyl methacrylate) [30], poly(N-methyl-3-piperidinemethyl methacrylate) [31], poly(methyl thiomethyl methacrylate) [32], and poly
(2-ethoxyethyl methacrylate) [33]. Polyesters such as poly(3-hydroxyvalerate) (PHV)
[34], poly(ethylene succinate), poly(ethylene adipate), poly(butylene adipate)[35]
and poly(propylene carbonate) [36] have also shown miscibility with many VPh
copolymers. However, phase separation has been observed for blends of PVPh/
poly(L-lactide) (PLLA) [37] and PVPh/poly(D,L-lactide) (PDLLA) [38]. Only weak
hydrogen-bonding interactions exist between the carbonyl groups of PLLA (or
PDLLA) and the hydroxyl groups of PVPh, as concluded from FTIR spectra.
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Papageorgiou et al. [39] studied poly(ethylene sebacate) (PESeb)/PVPh blends with
respect to the miscibility and solidiﬁcation from the melt state. When the interactions were analyzed using FTIR, absorbance of the carbonyl component of the
ester groups of PESeb was observed at about 1740 cm1, while absorbance of the
carboxylic group was recorded at 1710 cm1. A small shoulder was observed at
about 1730 cm1, but the peak of the COOH group absorbance was obtained in
blends with larger amounts of PVPh (see Figure 20.1a). These results indicated
that hydrogen-bonding interactions were present between the ester carbonyl
groups as well as the carboxyl end groups of PESeb and the OH groups of PVPh.

Figure 20.1 FTIR spectra of the blends. (a) The carbonyl absorbance region; (b) The hydroxyl
group absorbance region. Reprinted with permission from Ref. [39]; Ó 2011, Elsevier.
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The characteristic absorbencies of PVPh in the hydroxyl group region were also
investigated, and a peak was noted at about 3424 cm1, along with a shoulder at
3246 cm1 which correlated to the OH group (Figure 20.1b). These peaks were
found to shift to progressively higher wavenumbers when mixed with PESeb, indicating a change in the chemical environment of the OH groups upon the addition
of PESeb. Miscibility between PVPh and polyesters of a similar nature to PESeb,
such as poly(hydroxybutyrate) and poly(e-caprolactone) (PCL), have also been
reported. Hydrogen-bonding was conﬁrmed by FTIR in these systems [40,41].
Brisson et al. [42] investigated the effect of backbone chain rigidity on the orientation of PVPh/polyethylene terephthalate (PET) blends [43,44]. Experimental
investigations using FTIR dichroism were coupled to molecular modeling simulations of the deformation process to gain insights about the orientation of a polymer blend for which the two components differed in chain rigidity. PET also
exhibited vibrations related to gauche conformers or to aromatic rings; however,
these overlapped too severely with PVPh (Figure 20.2). The orientation was calculated for the overall chain by determining the angle between a speciﬁc vibration of
the repeat unit and the chain axis; this was then averaged over all of the repeat
units. In the case of PET, the orientation was reported for gauche and trans segments of the glycol moiety, and for aromatic cycles; the trans segments oriented
more than gauche segments. A similar trend was seen in the blend although, due
to vibrational overlap, they could not be adequately resolved. PVPh/PET blends
with PVPh contents greater than 60 mass% surprisingly showed orientation values
of zero (within experimental error) for both components. These results were in
contrast to those reported for other PVPh-based blends [45,46], but were further
veriﬁed using birefringence and specular reﬂection measurements. When the
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Figure 20.2 Variation of P2/Dl with composition for various PVPh-based blends. , PEO
l ¼ 1.5; , PEO l ¼ 3.0; &, PVME l ¼ 1.5; &, PVME l ¼ 3.0; ~, PET; ^, PMMA. Reprinted with

permission from Ref. [42]; Ó 2003, Elsevier.
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PVPh content was 60 mass%, orientation was clearly detectable and varied linearly
for both components of the blend. This was in contrast to the PVPh orientation in
blends with polyethylene oxide (PEO) and with polyvinylmethylether (PVME),
which was attributed tentatively to a change in the relaxation regime.
20.3.2
Poly(vinylpyrrolidone) (PVP) Blends

The thermal properties and hydrogen-bonding behavior of polybenzoxazine
(PBZZ)/PVP blends were studied by Chang et al. [47], using DSC and FTIR. The
pure PVP showed a carbonyl absorption peak at 1680 cm1 [48] (Figure 20.3), but
on adding PBZZ into the PVP system the carbonyl stretching frequency was split
into two bands at 1680 cm1 and 1660 cm1, corresponding to the free and the

Figure 20.3 FTIR spectra of (PBZZ)/PVP blends recorded at room temperature between 1620
and 1730 cm1. Reprinted with permission from Ref. [47]; Ó 2003, Elsevier.
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hydrogen-bonded carbonyl groups, respectively. This free carbonyl band at
1680 cm1 shifted into the hydrogen-bonded carbonyl band at 1655 cm1 with
increasing PBZZ content in the blend. These two carbonyl bonds were also ﬁtted
to the Gaussian function and the fraction of the hydrogen-bonded carbonyl group
was calculated. Chang and colleagues also studied blends of PVPh with poly(vinylpyrrolidone) (PVP) prepared by solution casting from a N,N-dimethylformamide
(DMF) solution. The intermolecular interaction between two polymers was
detected with FTIR, and the hydroxyl stretching range in the infrared spectrum
was found to be sensitive to hydrogen bond formation (Figure 20.4). A temperature of 150  C was chosen to record the experimental data as this temperature was
above the Tg of both components. Pure PVPh showed a broad band centered at
3420 cm1 and a shoulder at 3525 cm1, corresponding to the multimer hydrogen-bonded hydroxyl group and free hydroxyl group, respectively.

Figure 20.4 FTIR spectra recorded at 150  C in the 2700–4000 cm1 region for pure PVPh and

various PVPh/PVP blends. (a) 100/0; (b) 80/20; (c) 60/40; (d) 40/60; (e) 20/80. Reprinted with
permission from Ref. [49]; Ó 2001, American Chemical Society.
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The peak frequency of this broad band shifted to lower wavenumbers with
increasing PVP content. The intensity of the free hydroxyl group also revealed a
decrease with an increase in the PVP content. Moreover, a new distribution of
hydrogen-bond formation resulted from competition between hydroxyl–hydroxyl
and hydroxyl–carbonyl interactions. The latter interaction predominated in PVPrich blends, and was therefore assigned the band at 3250 cm1 related to hydroxyl
group bonded to the carbonyl group. Coleman et al. [50] used the frequency difference (Dn) between the hydrogen-bonded hydroxyl absorption and free hydroxyl
absorption to investigate the average strength of the intermolecular interaction.
The hydroxyl–carbonyl interassociation (Dn ¼ 275 cm1) was found to be stronger
than the hydroxyl– hydroxyl self-association (Dn ¼ 105 cm1). The FTIR spectra of
the carbonyl stretching, recorded at 150  C, ranged from 1620 to 1720 cm1 for
blends with various compositions (Figure 20.5), and showed that the carbonyl
stretching frequency was split into two bands at 1680 cm1 and 1660 cm1,

Figure 20.5 FTIR spectra recorded at 150  C in the 1620–1720 cm1 region for PVPh/PVP
blends. (a) 0/100; (b) 10/90; (c) 20/80; (d) 30/70; (e) 40/60; (f) 50/50; (g) 60/40. Reprinted with
permission from Ref. [49]; Ó 2001, American Chemical Society.
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corresponding to the free and the hydrogen-bonded carbonyl groups. The results
were summarized using curve ﬁtting, and indicated that the hydrogen-bonded
fraction of the carbonyl group increased with an increase in the PVPh content.
The results obtained from FTIR spectroscopy studies at 150  C in the amphorous
state were in complete agreement with those of a miscible blend system. It was
also concluded that, with an increase in temperature, miscibility was enhanced as
PVP showed a strong transition dipole coupling between neighboring molecules
or polymer segments. Labuschagne et al. [51] investigated the degree of homogeneity and hydrogen bond interactions in blends of low-molecular-mass poly(ethylene glycol)s (PEGs, Mw ¼ 400, 600, and 1000) and PVP (Mw ¼ 9  103) prepared in
supercritical CO2 (blendCO2) and ethanol (blendeth), as well as their (blendphy)
physical mixtures. Figure 20.6 shows the spectra of the various PEG–PVP blends
in the region of 1760 cm1 to 1560 cm1. The bands showed signiﬁcant differO)
ences, which were further analyzed by the second-derivative spectra. The (C
band was constituted by a multitude of smaller bands that were assigned as carbonyl-unassociated groups (>1680 cm1), carbonyl groups bound by PVP–PVP
dipole interactions or weakly hydrogen-bonded to another species (ca. 1679–
1665 cm1), and carbonyl groups that were strongly hydrogen-bonded to another
species (<1664 cm1) [52–58]. Figure 20.7 shows bands at 1694, 1678, 1669, 1661
and 1655 cm1 in the dried PVP. Upon exposure to atmospheric moisture, the
intensity of the band at 1655 cm1 was increased and shifted to 1650 cm1. In the
PEG–PVP blends, strong bands were seen at 1681, 1657 and 1651 cm1. The second-derivate spectra of (PEG-1000–PVP) (Figure 20.6a) showed clear differences
between the different preparation methods. A closer examination of Figure 20.6a
showed the greatest intensity of the 1651 cm1 band in the blend taken as an indication of greater hydrogen-bonding interactions between PEG and PVP. By reducing the molar mass of the PEG component, variations in hydrogen-bonding
interaction behavior between the various processing methods became smaller due
to the increased diffusion coefﬁcients found with the decreasing Mw of PEG. The
highest variations in hydrogen-bonding were noted for blends containing PEG1000. Both, blendphy and blendCO2 revealed reductions in hydrogen-bonding interactions as compared to blendeth. The discrepancy in the level of hydrogen-bonding
interaction between the blends was correlated to shielding effects of CO2 molecules and the time dependence for PEG–PVP hydrogen-bond interactions to reach
equilibrium. Due to favorable Lewis acid–base interaction between CO2 and the
electron-donating ether and carbonyl groups of PEG and PVP, respectively,
increased CO2 pressure caused an increased sorption of CO2 molecules into the
polymers [59–62]. The increase in chain mobility showed enhanced diffusion coefﬁcients, followed by polymer inter-diffusion [62]. However, CO2 molecules interacting with PVP carbonyl groups reduced the hydrogen-bond interaction between
PEG and PVP molecules (Figure 20.7). Thus, while CO2 dissolution into the blend
enhances PEG–PVP inter-dispersion, hydrogen-bond interaction was not favored.
With PEG-1000 being solid, no self-diffusion occurred; however, FTIR spectroscopic analysis demonstrated the presence of some hydrogen-bond interactions
between PEG-1000 and PVP.

635

636

20 Characterization of Polymer Blends with FTIR Spectroscopy

Figure 20.6 Transmission IR spectra with corresponding second derivative spectra of the
C
O region of PVP blends with PEG-1000 (a),
PEG-600 (b) and PEG-400 (c) prepared by:

physical mixing (
); scCO2-processing (
);
and solvent casting (
). Reprinted with
permission from Ref. [51]; Ó 2010, Elsevier.

20.3 Characterization of Vinyl Polymer Blends using FTIR Spectroscopy

Figure 20.7 Second-derivative FTIR profiles of the carbonyl band of PVP exposed to atmospheric
humidity over a period of 90 min. Reprinted with permission from Ref. [51]; Ó 2010, Elsevier.

20.3.3
Poly(vinyl alcohol) (PVA) Blends

Strong hydrogen bonds between PVA and phenolic [63], PVP [64], poly(aspartic
acid) sodium [65], hydroxypropyl lignin [66], poly(N,N-dimethylacrylamide) [67,68]
have been detected with FTIR and other techniques. As a result, these PVA blends
are miscible over a wide composition range. Methyl cellulose/PVA [69], b-chitin/
PVA [70], PVAc/PVA blends [71], PLA/PVA [72], kraft lignin [73], and PVPy [74,75]
are reported to be immiscible. Katime et al. [76,77] reported blends of PVA and
PEO with relatively high molecular weight (Mn 50 000) prepared by casting from
water at 120  C. FTIR analysis of the blends revealed the existence of speciﬁc
interactions via hydrogen bonding between hydroxyl groups and the nitrogen of
the pyridinic ring, which appeared to be decisive for miscibility. However, Aoi et
al. [78] noted that PVA was miscible with a low-molecular-weight PEO (Mn
10 300), which suggested that the molecular weight of PEO affected the miscibility. The incorporation of a second comonomer unit (e.g., vinyl acetate or ethylene)
into the main chain of PVA limits the formation of self-association hydrogen
bonds, and thus enhances the miscibility with many polymers. Lasagabaster et al.
[79] investigated the use of FTIR spectroscopy to assess the sorption and diffusion
process of water through polypropylene (PP)/ethylene alcohol vinyl (EVOH)
blends with increasing EVOH content. In addition, they characterized the water–

637

638

20 Characterization of Polymer Blends with FTIR Spectroscopy

polymer interactions in order to understand the mechanism of water hydration
and its possible effects on physical and transport properties. Water molecules
sorbed into the PP/EVOH ﬁlms were identiﬁed in the vibrational spectrum by
means of an increase in absorbance, compared to the dry polymer, at speciﬁc
regions. The vibrations responsible for these changes can be seen in Figure 20.8.
The fundamental stretching (OH) vibrations were between 3700 cm1 and
3000 cm1; the 2150 cm1 band was assigned to vibrations from the scission and
rocking of water; the water OH in-plane bending vibration was observed at
1652 cm1, and the 700 cm1 band arose from the out-of-plane vibrations of OH
groups. The OH stretching vibration was divided into two peaks. The peak in the
higher-frequency region (ca. 3520–3530 cm1) was assigned to unassociated water,
dimers and loosely bound water, while the peak in the lower-frequency region was
associated with water bound by strong hydrogen bonds to the polar groups of the
polymer. Sorption curves were also plotted as a percent absorbance gain of the
water bending band (OH) versus the square-root of time for PP/EVOH ﬁlms of
increasing EVOH content at a water activity (aw) of 0.998. Appropriate saturated
salt slushes were used to provide constant aw-values ranging from 0.26 to 0.98, in
accordance with standard UNE-EN ISO 483:1988. An ideal behavior is assumed,
whence activity is evaluated as the ratio between the pressure of the pure vapor [p]
and the water vapor pressure at 25  C [p0]; that is, aw ¼ p/p0.
The diffusion of water in thin layer ﬁlms of thickness L is assumed to follow
Fick’s second law. A widely used approximation is that at short times (up to Mt/
M1 ¼ 0.5), the amount of substance diffused is proportional to tn and is given by:
M t =M1 ¼ 4=LðDt=pÞn :

ð20:1Þ

Figure 20.8 Subtraction of FTIR spectra collected at different sorption times in the case of water
vapor sorption test 70/30 PP/PE/EVOH film. Reprinted with permission from Ref. [79]; Ó 2009,
Elsevier.
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The FTIR technique does not give the mass of diffusant directly at a given
depth, but provides absorbance (At and A1) data, which are proportional to the
instantaneous mass of the diffusant (Mt and M1, respectively) by the Beer–Lambert law, so that Eq. (20.1) may be written as: At/A1 ¼ 4/L(Dt/p)n. The value of the
exponent n depends on the mode of sorption, and the sorption results are ﬁtted to
a relation of the type: At/A1 ¼ Ktn. If the exponent n ¼ 0.5, the diffusion is termed
as Fickian. The n-values for the four water bands were approximately 0.5 and independent of the EVOH content and water activity, while the diffusion coefﬁcient
(D) was assumed to be independent of the concentration of the penetrant (Figure 20.9). The D-values diminished linearly from 10% to 30% EVOH. The D-values of the 3190 cm1 peak were approximately twice the values of the higher
frequency band in the four compositions studied. Moreover, the D-values of the
latter were in agreement with those of the other water bands, supporting the idea
that the global diffusion process at high water activity was governed by the diffusion of loosely bound water, and that the different types of water were absorbed at
different rates. The bending band D-values for PP/EVOH 90/10 mass% and 70/30
ﬁlms as a function of water activity are represented in Figure 20.10a. For PP/
EVOH 90/10 ﬁlms, D was decreased exponentially with water activity, reaching a
constant value at aw ¼ 0.82 (r2 ¼ 0.998). The same trend was observed for the 70/
30 ﬁlms, but the transition occurred at a lower water activity (aw ¼ 0.55–0.68;
r2 ¼ 0.990). Moreover, the 70/30 ﬁlms displayed signiﬁcantly lower D-values than
the 90/10 blends over the whole activity range, due to the strong localized interactions that developed between the water molecules and the polar groups in the
polymer. The decrease in D-values with water activity is a consequence of the
“sticking” of the ﬁrst water molecules at the OH groups of the EVOH, thus

Figure 20.9 Diffusion coefficients for water vapor at 25  C and 0.98 water activity in PP/EVOH

films as a function of EVOH content. Reprinted with permission from Ref. [79]; Ó 2009, Elsevier.
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Figure 20.10 Bending band diffusion coefficients of PP/EVOH 90/10 and 70/30 films compared

with those found in literature for pure EVOH. Reprinted with permission from Ref. [79]; Ó 2009,
Elsevier.

forming the ﬁrst hydration layer, and further aggregation in small clusters around
these sites to constitute the effective hydration region. The observed plasticization
in the 90/10 and 70/30 blend ﬁlms was found to be too small to affect diffusion,
as the coefﬁcients reach a minimum at the high activity range. The higher number of interacting sites and the greater cluster sizes contribute to further reductions of the effective diffusivity on increasing EVOH content from 10% to 30% at
aw ¼ 0.98. The consequences reveal lower D-values and a greater dependence on
water concentration; this factor alone failed to explain the different behavior of
the 40% EVOH sample (Figure 20.10). A contribution to this observation could
come from a higher degree of plasticization, but this was not detected with FTIR.
Hence, the effect was attributed to the greater void space around the EVOH
spheres, which made the plasticized interface a preferential pathway for moisture
diffusion. With regards to pure EVOH, the D-values were at least one order of
magnitude smaller with respect to the 70/30 PP/EVOH blends at low water activities. The reasons for this were the faster free volume blocking, due to the superior
number of hydrophilic sites, and the differences in initial free volume owing to
the high inter- and intrachain self-association in EVOH copolymers. The D data
appeared to be the lowest not at 0.11 but at 0.23 water activity (Figure 20.10a). The
D-values were found to be superimposable with those of the 70/30 blends at very
high water activities, due to the well-known plasticization process by EVOH
copolymers in this regime of water activity.
Sankar et al. [80] used FTIR spectroscopy to study the intermolecular interactions of blends of Gellan and PVA prepared by the solution casting method. The
ﬁlms were prepared from a total polymer mass of 2 g by casting homopolymer
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Figure 20.11 FTIR spectra of Gellan/PVA
blends. Spectrum a: subtraction spectra of
Gellan and PVA blend D (3:2) from pure PVA;
Spectrum b: blend Gellan and PVA,D (3:2);

Spectrum c: pure PVA (B); Spectrum d: pure
Gellan (A). Reprinted with permission from
Ref. [80]; Ó 2003, Elsevier.

solutions of Gellan (A) and PVA (B), mixed solutions of Gellan and PVA in the
weight ratios as follows: 3 : 1 (C), 3 : 2 (D), 1 : 1 (E), 2 : 3 (F), and 1 : 3 (G). Figure 20.11 shows the infrared spectra each of the pure Gellan and the pure PVA
components, and the blend and the subtracted spectrum of the blend from pure
PVA. The scale factor of the subtraction was chosen so that the 847 cm1 band of
PVA, which was the only absorption band without any superimposition of those
due to gellan, was smoothly canceled out. The spectrum of the blend was seen to
be similar to that of pure PVA (Figure 20.11, spectrum c), but subtraction of the
bands contributed by PVA gave a spectrum similar to that of gellan (, spectrum d).
The detailed characteristics of gellan in the range 1800–400 cm1 in spectrum d of
Figure 20.11 was reproduced in the subtraction spectra (Figure 20.11, spectrum a).
This important feature of the subtraction spectrum did not change from one
blend sample to the other, except for the difference in band intensities due to the
increasing amount of PVA in the blend. Differences in the subtraction spectrum
(Figure 20.11, spectrum a), spectrum b and spectrum d were seen to arise from
intermolecular interactions between PVA and the gellan in the blend.
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Figure 20.12 FTIR data of electrospun PVA/Alg blend nanofibers with volume ratios of 10 wt%

of PVA to 2 wt% of Alg solutions of (a) 100/0, (b) 80/20 and (c) bulk alginate. Reprinted with
permission from Ref. [81]; Ó 2010, Elsevier.

Karim et al. [81] studied Alginate (Alg), blended with PVA, to enhance the
mobility of polymer chains during the electrospinning process and to increase
the onset temperature of degradation and the thermal stability of PVA at 350  C.
The mechanical properties of the blend nanoﬁbers were improved compared to
pure electrospun PVA with the addition of Alg. Figure 20.12 shows the FTIR spectra of electrospun PVA, Alg and PVA/Alg blend nanoﬁbers of different volume
ratios of 10 wt% of PVA to 2 wt% Alg solutions of (a) 100/0, (b) 80/20 and (c) bulk
alginate. The frequencies and assignments for the pure PVA were 2944 cm1 for
the CH2 group stretching vibration, 1096 cm1 for the CO group, and
3435 cm1 for the stretching vibration peak of its side hydroxyl groups. For the
pure Alg (spectrum a in Figure 20.12), the band for the hydroxyl groups appeared
at 3430 cm1. The bands appearing in the region of 3400 cm1 were assigned to
all types of hydrogen-bonded OH groups. The bands at 1615 and 1417 cm1
belonged to the asymmetric and symmetric COO stretching vibrations,
respectively. With the addition of Alg (spectrum c in Figure 20.12), the intensities
of the absorption peaks of PVA at 849, 1096, 1336, 1440 and 2944 cm1 were
decreased, and some peaks disappeared because of the interaction between PVA
and Alg. For Alg (spectrum b in Figure 20.12), the characteristic bands appeared
at 1615, 1417 and 3430 cm1, and these three bands were observed in the spectra
of the blend. It was also noted that the hydroxyl stretching bands showed broadness upon the addition of Alg, which supports the fact that hydrogen bonding
occurs between the hydroxyl groups of PVA and Alg. Hence, the inclusion of PVA
moderated the interaction between Alg macromolecules, and helped to improve
the “electrospinnability” of Alg with PVA.
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20.4
Characterization of Blends of Polyethers (PE) using FTIR Spectroscopy
20.4.1
Polyethylene Oxide (PEO) Blends

Polyethers such as PEO [82] and PVME [83] are reported to be miscible with PVPh
or VPh copolymers over the whole composition range, due to hydrogen-bond formation between the VPh unit and polyethers. Besides PVP [49,84], poly(N-acryloylthiomorpholine) [85], poly(2-acrylamido-2-methyl-1-propanesulfonic acid
(PAMP) [86] and poly(1-vinylimidazole) (PVIm) [87,88] form miscible blends with
polyesters and polyethers, as a result of the formation of strong interassociated
hydrogen bonds with the VPh unit. Muniz et al. [89] studied the miscibility of
unmodiﬁed, cationic and hydrophobic starches with PEO using FTIR microspectroscopy. The use of FTIR-optical microscopy allows a spectroscopic analysis of
speciﬁc regions of the sample, instead of providing an average of a large region.
In the case of polymer blends, FTIR-optical microscopy allows the evaluation of
miscibility based on the spectra obtained at speciﬁc chosen blend sites [90].
Although the starches (unmodiﬁed, cationic and hydrophobic) were chemically
different, their FTIR spectra were not signiﬁcantly different; this conﬁrms that,
although the degree of modiﬁcation is small, it is sufﬁcient to result in different
behaviors when blended with PEO. The main differences in the FTIR spectra of
the starches used included COC and COH vibrational modes (in the
range of 1300–950 cm1). The vibrational modes of PEO and of starch are presented in the spectra shown in Figures 20.13–20.15. The FTIR spectra of PEO
and of unmodiﬁed starch, and the FTIR microscopy spectra of a 95/05 PEO/
unmodiﬁed starch blend, obtained at distinct sites (1 and 2) within the sample,
are shown in Figure 20.13. It can be veriﬁed that the spectra of sites 1 and 2 are
quite different with regard to the COC and COH vibrational modes of
starch (ca. 1000 cm1), mainly because the band is clearly present in the FITR
spectrum obtained at site 1 of 95/05, but not in the FTIR spectrum at site 2 of
this blend. These results reinforce the point of view that, for the ratio of 95/05,
the PEO/unmodiﬁed starch blend is heterogeneous at the FTIR depth (2–5 mm)
[91,92], indicating its immiscibility. The FTIR spectra of PEO, of unmodiﬁed
starch and of the 90/10 PEO/unmodiﬁed starch blend obtained at two distinct
sites (1 and 2), are shown in Figure 20.14. Both sites were very similar, at about
1000 cm1, and this was attributed to the COC and COH vibrational
modes of the unmodiﬁed starch, and a broad band at about 2000 cm1, which
was attributed to the asymmetric stretching of PEO. The C–H stretching for PEO
and the unmodiﬁed starch that appears at about 2880–2890 cm1 were also present in the FITR spectra of the 90/10 blend obtained at sites 1 and 2 (see Figure 20.15). The FTIR spectra obtained at sites 1 and 2 showed a broader band
related to band coalescence, which could be attributed to the C–H stretching of
PEO (2879 cm1) and of the unmodiﬁed starch (2921 cm1). The characteristic
features observed were that site 1 was noted to be richer in starch than site 2,
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Figure 20.13 FTIR spectra of PEO, unmodified starch, and two distinct sites of the 90/05 PEO/

unmodified starch blend. Reprinted with permission from Ref. [89]; Ó 2011, Elsevier.

Figure 20.14 FTIR spectra of PEO, unmodified starch, and two distinct sites of the 90/10 PEO/

unmodified starch blend. Reprinted with permission from Ref. [89]; Ó 2011, Elsevier.
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Figure 20.15 FTIR spectra of PEO, unmodified starch, and two distinct sites at the 90/10 blend
composition. Reprinted with permission from Ref. [89]; Ó 2011, Elsevier.

while the band assigned to PEO in the FTIR spectrum obtained at site 2 was
weaker, considering that this blend (90/10) was ninefold richer (in weight) in PEO
than in starch. The similarity of the FTIR spectra obtained at sites 1 and 2 indicated that the blend 90/10 PEO/unmodiﬁed starch revealed chemical homogeneity, which conﬁrmed the miscibility of this blend ratio. The FTIR spectra of PEO/
cationic starch blends did not show any evidence of either interaction between the
polymers, or system miscibility in the whole range of studied blend ratios. As the
FTIR spectrum obtained at a given site of the sample was very dissimilar to that
obtained at another site of the same sample, for the PEO/hydrophobic starch
blends, the FTIR spectra were quite similar, regardless of the site chosen.
Inamura et al. [93] studied PVA and PEO blends as the two component polymers in solution-cast ﬁlm blends to investigate the role of interchain hydrogen
bonding as the driving force for miscibility. Primary, but not secondary, hydroxyl
groups were seen to form interchain hydrogen bonds with the skeletal ether oxygen of PEO. To prove this point, PVA, propylated PVA and two hydroxypropylated
PVA derivatives (one with only secondary OH groups and one with a mixture of
primary and secondary OH groups) were used as one component which was
blended with PEO in solution. The compatibility of the amorphous regions of
PVA/PEO blend ﬁlms was investigated using FTIR analysis. Since PEO with a
relatively high average molecular weight was used to avoid any effect of OH
groups at the end of the molecular chains, the OH absorption bands contributed
by PEO were negligible in the FTIR spectrum. Thus, the OH absorption bands in
the range from 3600 to 3000 cm1 due to the stretching vibration (as shown in
Figure 20.16) were attributed only to OH in PVA, which appeared to be highly
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Figure 20.16 Change in the FTIR spectra of PVA/PEO blend films Reproduced with permission

from Ref. [94]; Ó 1999, American Chemical Society.

amorphous. In the FTIR spectra for the various blend compositions, the OH
absorption band peak at 3340 cm1 due to interior intramolecular hydrogen bonding did not shift as the PEO component was increased, which indicated that the
hydrogen bonds in PVA were not affected by blending with PEO. It was concluded
that the intermolecular hydrogen bonds were strong enough to maintain their
self-assembly in PVA, even though it was in a highly amorphous state. The results
obtained strongly suggested that PVA was immiscible with PEO in blend ﬁlms,
and that each component maintained its individual characteristics.
Chang et al. [95] also investigated the carbonyl, hydroxyl and ether vibrations to
study the mechanism of interpolymer miscibility through the formation of different types of hydrogen bond, both qualitatively and quantitatively, using FTIR spectroscopy of phenolic resin, PEO and PCL. The interassociation equilibrium
constant between the phenolic hydroxyl group and the PEO ether group could not
be directly determined due to an absence of carbonyl groups that could be used as
a measure of the fraction of the hydrogen-bonded group from FTIR analysis in
this binary blend. The ether stretching mode near 1100–1200 cm1 was found to
be a highly coupled mode that was conformationally sensitive and could not be
readily resolved into two peaks of free and hydrogen-bonded ether absorptions.
However, the interassociation equilibrium constant obtained from model compounds was not exactly the same as that from the true polymer blend.
Figure 20.17a–c show the infrared spectra recorded at room temperature in the
hydroxyl, carbonyl and ether, respectively, for a series of ternary blends containing
a constant 80 wt mass%. The free hydroxyl group absorption band was located at
3525 cm1, while the hydrogen-bonded hydroxyl exhibited a broad absorption at
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Figure 20.17 Infrared spectra of ternary blend
of phenolic/PEO/PCL containing a constant
composition (80 wt%) of phenolic resin at
room temperature in the hydroxyl stretching

region (a), carbonyl stretching region (b), and
ether region (c). Reprinted with permission
from Ref. [95]; Ó 2002, American Chemical
Society.

3350 cm1 due to a wide distribution of hydrogen-bonded hydroxyl groups. In the
phenolic/PCL 80/20 binary blend (Figure 20.17a), the hydrogen-bonded hydroxyl
group shifted to 3370 cm1, reﬂecting the new distribution of hydrogen bonds
between the hydroxyl–hydroxyl and the hydroxyl–carbonyl speciﬁc interactions.
Furthermore, the band at 3370 cm1 shifted to 3345 cm1 (a lower wavenumber)
for blends with increasing PEO/PCL ratios. This change was due to the switch
from the intermolecular hydroxyl–carbonyl bond to the intermolecular hydroxyl–
ether bond, indicating that there are hydrogen-bonding interactions between the
PEO ether group and the hydroxyl group of the phenolic resin. The hydroxyl–ether
interaction predominated in these ternary blends, so that it was reasonable to
assign the band at 3345 cm1 as the hydroxyl group bonded to the ether group.
The frequency difference (Dn) between the hydrogen-bonded hydroxyl absorption
and the free hydroxyl absorption was also employed in determining the relative
strength of different intermolecular interactions. The phenolic/PEO blends
showed a stronger (Dn) than that of the phenolic/PCL blend (155 cm1), indicating that the hydroxyl ether interassociation was more favorable than the hydroxyl–
carbonyl interassociation. Figure 20.17a shows the infrared spectra of carbonyl
stretching measured at room temperature, ranging from 1650 to 1780 cm1 for
ternary blends. The carbonyl stretching for the pure PCL was split into two bands;
absorptions by the amorphous and crystalline conformations were observed at
1734 and 1724 cm1, respectively. This crystalline conformation at 1724 cm1 disappeared over the entire ternary blend compositions containing a ﬁxed phenolic
content of 80 mass %. Another band appearing at approximately 1703 cm1 was
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assigned as the PCL carbonyl group (i.e., hydrogen-bonded to the phenolic
hydroxyl group). The carbonyl stretching frequency split into only two bands at
1734 and 1703 cm1, corresponding to the free and hydrogen-bonded carbonyl
groups, which were ﬁtted well to the Gaussian function. The hydrogen-bonded
fraction of the carbonyl group decreased with an increase in the relative ratio of
PEO to PCL. The PCL carbonyl was found to compete with the ether oxygen of
PEO to form a hydrogen bond with the hydroxyl group of the phenolic resin.
Thus, the interassociation equilibrium constant of hydroxyl–ether was greater
than the interassociation equilibrium constant of hydroxyl–carbonyl at room temperature. Chang et al. [96] also investigated blends of poly(vinylphenol-co-methyl
methacrylate) (PVPh-co-PMMA) with PEO, prepared by solution casting from
THF solution. The miscibility behavior and hydrogen bonding of the blends were
investigated using DSC, FTIR and solid-state NMR. Self-association occurred
especially by hydroxyl–hydroxyl and hydroxyl–carbonyl hydrogen bonding, taking
into account the chemical structure of PVPh-co-PMMA. Figure 20.18 shows the
IR spectra of the carbonyl stretching measured from 1660 to 1800 cm1 for PVPhco-PMMA, PEO, and their blends. The carbonyl stretching for the pure PVPh-coPMMA is split into two bands: absorption by free and hydrogen-bonded carbonyl
groups at 1730 and 1705 cm1, respectively. These bands were resolved into two
Gaussian peaks, with areas corresponding to the free carbonyl (1730 cm1) and
the hydrogen-bonded carbonyl (1705 cm1) absorptions. By using the respective
absorptivity coefﬁcients, it was possible to calculate the fraction of these two carbonyl groups from the relative intensities of the two bands. The fraction of the
hydrogen-bonded carbonyl group was calculated from Eq. (20.2), where Ab and Af
are the peak areas corresponding.

O
C


fb

¼

Ab =1:5
Ab =1:5 þ Af

ð20:2Þ

The conversion coefﬁcient of 1.5 was the absorptivity ratio of these two bands,
the “free” and “hydrogen-bonded” carbonyl groups, in an ester group blend. Figure 20.18 shows the absorption region of the pure PVPh, the PVPh-co-PMMA,
and the various PVPh-co-PMMA/PEO blends between 2700 and 4000 cm1 at
room temperature. As shown in spectrum (a) of Figure 20.18, the pure PVPh polymer exhibits two bands in the hydroxyl-stretching region of the infrared spectrum.
The free hydroxyl group absorption is located at 3525 cm1, while the hydrogenbonded hydroxyl gives a broad absorption at 3350 cm1 due to a wide distribution
of hydrogen-bonded hydroxyl groups. However, the pure PVPh-co-PMMA (spectrum (b) in Figure 20.18) shows only one band at about 3400 cm1 in the
hydroxyl-stretching region of the infrared spectrum. This reﬂects the hydrogen
bonding between the hydroxyl–hydroxyl- and the hydroxyl–carbonyl interactions.
Furthermore, the band at 3400 cm1 is shifted to 3350 cm1 (a lower wavenumber) for blends containing 60 mass% PEO content (spectrum (g) in Figure 20.18).
This is due to a change from intramolecular hydroxyl–carbonyl bonding to intermolecular hydroxyl ether bonding, showing that there are hydrogen-bonding
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Figure 20.18 FTIR spectra recorded at room
temperature in the 2700–4000 cm1 region for
pure PVPh and various PVPh-co-PMMA/PEO
blends. (a) pure PVPh; (b) 100/0; (c) 90/10;

(d) 80/20; (e) 70/30; (f) 60/40; (g) 50/50;
(h) 40/60; (i) 30/70; (j) 20/50; (k) 10/90;
(l) 0/100. Reprinted with permission from
Ref. [96]; Ó 2001, American Chemical Society.

interactions between the PEO ether group and the hydroxyl group of PVPh. The
CH2 wagging region of the pure PEO and PVPh-co-PMMA at 1360 and 1343 cm1
represents the crystalline phase of PEO (Figure 20.19). The intensity of these
bands decreases as the PVPh-co-PMMA content increases, and the crystalline
bands disappear at the PVPh-co-PMMA/PEO 40/60 blend, which was replaced by
a broad band centered at 1350 cm1. This shows that PEO crystallization is
affected by addition of the amorphous PVPh-co-PMMA polymer.
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Figure 20.19 FTIR spectra recorded at room

(g) 30/70; (h) 20/50; (i) 10/90; (j) 0/100.
temperature in the 1320–1380 cm1 region for Reprinted with permission from Ref. [96];
PVPh-co-PMMA/PEO blends: (a) 90/10; (b) 80/ Ó 2001, American Chemical Society.
20; (c) 70/30; (d) 60/40; (e) 50/50; (f) 40/60;

20.4.2
Poly (vinyl methyl ether) (PVME) Blends

Mailhot et al. [97] studied the chemical evolution of blends of PVME and PS using
infrared spectrometry under conditions of photooxidation. All irradiations were
carried out in a SEPAP 12/24 unit designed for studying polymer photodegradation under artiﬁcial conditions, corresponding to a medium acceleration of aging
and equipped with four medium-pressure mercury lamps. Characterization of the
oxidation kinetics permitted the detection of interactions between the two polymers. Irradiation usually leads to noticeable changes of the surface aspect of the
polymers. In order to characterize the development of the surface, images of the
surface were recorded as a function of the irradiation time using atomic force
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microscopy (AFM). The behavior observed by FTIR analysis of the PVME/PS
blends of 50/50 mol% irradiated in the presence of oxygen showed two periods.
During the ﬁrst hours of irradiation, the absorption bands observed were very
similar to those observed for pure PVME photooxidized under the same conditions (the carbonyl zone presented in Figure 20.20a and b). This result indicated
that the FTIR bands observed in the blend reﬂected mainly the formation of photoproducts of PVME oxidation. After less than 20 h irradiation, under similar conditions, the oxidation of PVME homopolymers reached a limiting value, and the
absorbance corresponding to the oxidation products was no longer increased. The
changes in the spectra of the blend (Figure 20.20c) reﬂected the oxidation of pure
PS (Figure 20.20d). In order to verify that the increase of the absorbance during
this second period could be attributed principally to the formation of photoproducts resulting from the oxidation of PS, a subtraction between the spectrum of the
21 h-irradiated ﬁlm and the spectra of ﬁlms irradiated for longer periods was carried out (Figure 20.20e). The shapes of the IR bands were found to differ greatly
from that of the pure PS. The spectra in Figure 20.20e showed that, once formed
within the ﬁrst phase, the product (ketonic groups of keto-diester compounds
such as dimethyl malonate or 1,3-dimethylacetone dicarboxylate) at 1733 cm1
progressively disappeared in the second phase. This gave a minimum of absorbance in the carbonyl band between 1850 and 1600 cm1. Disappearance of the
product at 1733 cm1 increased with the irradiation time, which in turn caused
the shape of the carbonyl band arising from the PS photooxidation to be modiﬁed.
This behavior was observed in the case of the PVME homopolymer and, after a
ﬁrst phase of oxidation leading to an accumulation of the oxidation products, this
reﬂected the loss of some of the oxidation photoproducts. The band at 1733 cm1
was attributed to ketonic groups of keto-diester compounds such as dimethyl malonate or 1,3-dimethylacetone dicarboxylate. These molecular products either
migrated out of the polymeric matrix directly or were photolyzed by a Norrish
type I reaction of the ketone, which led to lower-molecular-weight products that
were lost by migration. Chemical treatment of the photooxidized blends using
ammonia gas were carried out in order to verify if the same photoproducts were
formed in the blend and in the homopolymers, and eventually to provide evidence
of the formation of new photoproducts. After reaction with ammonia for 86 h, a
photooxidized ﬁlm showed an amide band at 1670 cm1 (the maxima formed for
the homopolymers PS and PVME were 1669 and 1671 cm1, respectively). The
ammonium carboxylate bands were observed at approximately 1590 and
1568 cm1 (large bands), while two maxima were noted in the case of PS at 1585
and 1553 cm1 corresponding, respectively, to aliphatic and aromatic carboxylates.
For PVME, the maximum was noted at 1571 cm1. The band at 1568 cm1, which
resulted from treating the blend with ammonia, was progressively shifted to lower
wavenumbers when the ammonia treatment was carried out on ﬁlms of increasing amounts of PS or for increasing irradiation times. This band included the
1553 and 1571 cm1 absorptions.
Hence, FTIR analysis could be used to identify the oxidation products formed
upon irradiation, and conﬁrmed that PVME photooxidation was the main cause
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Figure 20.20 Evolution of the IR spectra of: (a) sample (32 mm) during the photooxidation

PVME/PS 50/50 mol% sample (32 mm) during
the photooxidation; (b) PVME sample (9 mm)
during the photooxidation; (c) PVME/PS
50/50 mol% sample (32 mm) during the photooxidation; (d) PS sample (13 mm) during the
photooxidation; (e) PVME/PS 50/50 mol%

(subtraction of spectra between the spectrum
of the 21 h irradiated film and the spectra of
the film irradiated for a longer duration).
Reprinted with permission from Ref. [97];
Ó 2000, Elsevier.
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of degradation of the blends. Moreover, PVME had a clear inﬂuence on the photooxidation of PS, and vice-versa.
Bhutto et al. [98] investigated the miscibility and speciﬁc interactions of PS and
sodium sulfonated polystyrene (Na-SPS) with PVME blends (ranging from 10% to
90% PS by mass), using FTIR spectroscopy. The FTIR studies at different temperatures showed that changes in the spectra of the polymer blends were explained
by temperature changes in the pure homopolymers. This indicated that molecular
interactions, which were responsible for miscibility, were not detectable by infrared absorptions and were, therefore, of unspeciﬁc strength and location. The FTIR
analysis of SPS/PVME blends showed that the sulfonate groups of PS affected
polymer miscibility through changes in the conﬁguration of molecules, rather
than through direct interaction with the PVME. Figure 20.21a and b show the
FTIR spectra of PS and PVME, respectively, in the high-frequency region from
2700 to 3200 cm1. The high-frequency spectra of PS consisted of seven absorption bands. Those bands with peak locations at 3002, 3026, 3060, 3082 and
3103 cm1 were due to the CH stretching of the pendant benzene ring CH
groups, while bands with peak positions of 2924 and 2850 cm1 were assigned to
the CH stretching vibration of the CH2 and CH groups on the main PS chain.
The high-frequency spectra of PVME consisted of absorption bands with peak
positions at 2886, 2931 and 2971 cm1 due to the CH stretching vibration of
the CH2 and CH3 groups on the main-chain, respectively, and the band at
2820 cm1 was assigned to the CH stretching of the CH3 of the pendant
methoxy group (Figure 20.21b). Three peaks were found to be most sensitive to
changes in the composition of the PS/PVME blends (2820 cm1 in PVME, and
2850 and 2924 cm1 in PS). Figure 20.21c shows the FTIR spectrum of the 50/50
(w/w) PS/PVME system. The seven absorption bands of PS and the four bands of
PVME in the high-frequency region combined to produce 10 bands, with the PS
and PVME bands at 2926 cm1 superimposed. It was observed that the band
which was assigned CH stretching of CH group on the main PS chain at
2924 cm1 in pure PS shifted slightly to a higher frequency when PS blended
with PVME. This difference in peak position could be expected from the simple
addition of two closely spaced broad peaks of different absorbance. As shown in
Figure 20.21d (the spectrum of 50 : 50 PS/PVME and SPS/PVME blends at room
temperature), this band was found at 2926 cm1 in both the sulfonated and unsulfonated blends. Figure 20.21e shows the spectrum of PVME, with a strong doublet
at 1085 cm1 and 1107 cm1 and a shoulder at 1132 cm1. The bands at
1100 cm1 were assigned to the CO stretching mode but also included contributions from the CH3 rocking and CC stretching modes. The intensity of the
1085 cm1 band was greater than that of the 1107 cm1 component in all blends,
with the contribution of 1069 cm1 of CH in-plane bending vibration of the PS
ring. As the PVME content in the blend was increased, the 1107 cm1 band
became more prominent in comparison to the 1085 cm1 band. The SPS/PVME
blend also showed similar changes to that of PS/PVME blend, except for the
appearance of sulfonation peaks at 1229, 1043 and 1011 cm1. It was seen from
Figure 20.21e that the contribution from the PS peak was small. In addition, the
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Figure 20.21 (a) Infrared spectra of pure PS at

high-frequency in the 3200–2700 cm1 regions
measured at room temperature; (b) Infrared
spectra of PVME at high-frequency in the
3200–2700 cm1 regions measured at room
temperature; (c) Infrared spectra of 50 : 50
(w/w) PS/PVME blends at room temperature
in high frequency from 3200 to 2600 cm1
regions. Peak frequencies (1)–(10) are 2820,
2850, 2886, 2926, 2971, 3001, 3026, 3060,

3082, and 3103 cm1, respectively; (d) Infrared
spectra (2750–3150 cm1) of PS and 50/50 PS/
PVME, SPS/PVME blends at room temperature; (e) Infrared spectra (1000–1250 cm1) of
PS, PVME and 50/50 PS/PVME blends measured at room temperature. Band: 1, 1085 cm1,
absorbance 0.760; 2, 1107 cm1, absorbance
0.728; 3, 1085 cm1, absorbance 0.655; 4,
1107, absorbance 0.635. Reprinted with permission from Ref. [98]; Ó 2003, Elsevier.

20.5 Characterization of Acrylate Blends with FTIR Spectroscopy

absorbance (peak height) was dependent on sample geometry, spectrometer
throughput and temperature. To understand the role played by intermolecular
interactions in the miscibility and phase behavior of PS/PVME blends, the nature
of the interaction of the homopolymers and blends at different temperatures was
examined. Using these results, it was possible to distinguish between the thermal
behavior of spectral changes observed in the homopolymers and the miscibility
effects of the PS/PVME blends. Spectra for different temperatures were plotted
together to identify the spectral shift and peak broadening. Some peaks showed
no shift or broadening, while others were shifted and broadened simultaneously,
revealing miscibility.

20.5
Characterization of Acrylate Blends with FTIR Spectroscopy
20.5.1
Poly(methylmethacrylate) (PMMA) Blends

Ramesh et al. [99] investigated polymer electrolytes composed of the blend (PVC/
PMMA) with lithium triﬂate (LiCF3SO3) as a salt, ethylene carbonate (EC) and
dibutyl phthalate (DBP) as plasticizers, and silica (SiO2) as the composite ﬁller.
FTIR studies conﬁrmed the complexation between PVC/PMMA blends. The FTIR
spectra of pure PVC, pure PMMA and PVC–PMMA samples (Figure 20.22a–e)
showed bands that had been reported previously [100]; these bands can be
observed in Figure 20.22a (for PVC) and Figure 20.22b (for PMMA). For PVC, the
CH stretching mode was observed at 2911 cm1, the CH2 deformation mode at
1333 cm1, the CH rocking mode at 1254 cm1, the trans CH wagging mode
at 959 cm1, the CCl stretching mode at 834 cm1, and the cis CH wagging
mode at 616 cm1. The peaks at 2951, 1721, 1449 and 1159 cm1 were assigned to
CH stretching, C
O stretching, CH3 stretching and OCH3 stretching vibrations, respectively, in PMMA. Complexation may shift the polymer cage peak frequencies [100]. The characteristic peaks of pure PVC (1254, 959, 834 cm1) were
shifted to 1244, 966 and 841 cm1 in the PVC–PMMA blend, while the peaks of
pure PMMA at 1721, 1449 and 1159 cm1 were shifted to 1732, 1435 and
1150 cm1, respectively. Figure 20.22c shows the FTIR spectra of pure PVC, pure
PMMA and PVC–PMMA blends in the wave number range from 1400 to
1200 cm1. The peak at 1333 cm1 of pure PVC was assigned to CH2 deformation.
The relative intensity of the peak decreased with decreasing PVC content. The
band at 1254 cm1 was assigned to the CH-rocking vibration. When PVC
was blended with PMMA, a small shoulder appeared in the spectrum at the
longer wavenumber. A doublet was found with increasing PMMA content
(Figure 20.22d). The FTIR spectra of pure PVC (spectrum a), pure PMMA (spectrum b), PVC–PMMA (70:30) (spectrum c), PVC–PMMA (50:50) (spectrum d) and
PVC–PMMA (30:70) (spectrum e) complexes are also shown in Figure 20.22d.
The FTIR spectra of pure LiCF3SO3 was observed at 1271 and 1242 cm1. The
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Figure 20.22 FTIR spectra of: (a) pure PVC; (b)
pure PMMA; (c) PVC:PMMA (30:70) blend; (d)
FTIR spectra of (spectrum a) pure PVC, (spectrum b) pure PMMA, (spectrum c) PVC:PMMA

(70:30), (spectrum d) PVC:PMMA (50 : 50) and
(spectrum e) PVC:PMMA (30 : 70) complexes.
Reprinted with permission from Ref. [99]; Ó
2007, Elsevier.

relative intensity of the shoulder was increased with increasing PMMA content
such that, when the PMMA content was 70%, the shoulder intensity was higher
than that of the original band. The above-described analysis established the complexation of PVC–PMMA blends. Although PMMA and PEMA are only slightly
different in structure, they are known to be immiscible. STVPh with a VPh content of 5 mol% was added to an immiscible PMMA–PEMA blend to improve the
compatibility. It is expected that poly(styrene-co-4-vinylphenol) (PSTVPh) is a compatibilization agent at the interface of the phase-separated PMMA and PEMA
domains, since PSTVPh is miscible with both PMMA and PEMA. As expected,
the ternary blends composed of PEMA, PMMA and PSTVPh showed a wide miscibility window [99–102]. Similarly, the introduction of PSTVPh into immiscible
blends of PS–PEO, PS–PMMA and PS–PBMA caused a notable reduction in the
phase domain size with the formation of hydrogen bonds, as shown in
Figure 20.23. Poly(styrene-graft-ethylene oxide) has also been used to enhance the
compatibility of PS blends with poly(butyl acrylate) (PBA) and poly(butyl acrylateco-acrylic acid) (PBAAA) copolymers [102]. Although no signiﬁcant effect of the
graft copolymer on domain size was found with the PS–PBA blends, the addition
of 3 mass% graft copolymer reduced the domain size of the PBAAA phase by a
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Figure 20.23 Optical micrographs of 50/50 PS/PEO (MWZ5!104/5!104) blends. (a) Without
STVPh; (b) With 5% copolymer; (c) With 10% copolymer. Reprinted with permission from Ref.
[104]; Ó 1997, American Chemical Society.

factor of 10 in a PS–PBAAA blend. After functionalizing PBA with acrylic acid, the
average size of the polyacrylate domains was also reduced considerably by the
graft copolymer [103]. These results suggest that the compatibilization effect of
the graft copolymer derives from the formation of hydrogen bonds between the
PEO side chains in the graft copolymer and the acrylic acid segments in the
PBAAA phase.
20.5.2
Poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) Blends

Dong et al. [105] used FTIR spectroscopy to verify the presence of intermolecular
hydrogen bonding (inter-H-bond) between PHBV and bisphenol A (BPA). By
monitoring the spectral changes during PHBV crystallization and blend dissociation, the absorptivity ratio of C
O bonds in the crystalline and amorphous
regions in PHBV, and that of H-bonded and free C
O in PHBV/BPA blends,
were determined experimentally as 1.40 and 1.68, respectively. Using a curve-ﬁt
O absorption bands of the blends were ascribed to three
ting program, the C


O. When the
types of bond, namely amorphous, crystalline, and H-bonded C


O were calculated,
crystallinity of PHBV and the fraction of hydrogen-bonded C

the results indicated that the hydrogen bonding clearly suppressed the PHBV crystallization. In the case of the PHBV/BPA blends studied here, one of the components (PHBV) contained carbonyl groups while the other (BPA) contained
hydroxyl groups. Hence, hydrogen bonds (H-bond) can be formed in the blends,
and are detectable using FTIR. A broad band with its peak at 3348 cm1 appeared
for pure BPA, and this was attributed to the OH of hydroxyl groups between
individual BPA molecules. In the PHBV/BPA blends, the OH band shifted to
higher wavenumbers with increasing PHBV content. This peak shift was caused
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by the occurrence of intermolecular hydrogen bonds (inter-H-bonds) between
PHBV and BPA which showed, qualitatively, that the percentage of self-H-bonded
OH groups decreased to the beneﬁt of the formation of inter-hydrogen bonds at
higher PHBV composition. For the 10 mass% BPA composition, a single Gaussian-shaped band was observed, centered at 3453 cm1; this frequency was
assigned to inter-hydrogen-bonded OH groups. The self-hydrogen bonds were

stronger than the inter-hydrogen bonds; for example, when C

O groups were
blended a large proportion of the self-hydrogen bonds was replaced by the weaker
inter-hydrogen bonds (Figure 20.24a). However, this replacement could be
explained from a statistical point of view. At a 10 wt% BPA composition, the total
concentration of the C O groups was about 11-fold that of the OH groups and,
as a result, the OH groups of BPA were randomly distributed among a large
O groups and formed inter-H-bonds with C
O groups of PHBV,
number of C
whereas only 1% of the OH groups remained free. When the BPA content was
increased, the probability that OH groups would be bound to other OH

groups instead of to C

O groups was increased, and the energy potential was
found to play an important role in the resulting ratio of self- and intermolecular
hydrogen bonds. Figure 20.24b shows the FTIR spectra of PHBV/BPA blends in
O) region, and the change was directly attribthe carbonyl stretching vibration (C
O group environments, such as the formation of
uted to changes in the PHBV C
O peak of PHBV from 1723 to
hydrogen bonds. The apparent shift of the C
1740 cm1 upon blending indicated that the amorphous component predominated over the crystalline in PHBV on adding BPA, because the absorptions at
1723 and 1740 cm1 were attributed to the crystalline and amorphous compo
O peak
nents, respectively. When the BPA content was further increased, the C

split into a doublet at 1740 and 1713 cm1. The absorption at 1713 cm1 was
assigned to the H-bonded C
O groups. With an increase in BPA content, the
relative absorption of the hydrogen-bonded C
O was increased, while that of the
free C
O was decreased. This indicated an increase in the percentage of Hbonded C
O. The highest percentage of this bond was obtained at the 70 wt%
BPA composition, which decreased with a higher content of BPA (>70 wt%).
Ozaki et al. [106] studied blends of poly(R)-3-hydroxybutyrate) (PHB) and PLLA
using FTIR microspectroscopy, and showed that crystalline bands were observed
due to PHB, whereas those due to PLLA were hardly observed for all PHB/PLLA
blends investigated. On the other hand, some crystalline bands of PLLA were
observed in the microinfrared spectra of some spots in the 20/80 PHB-co-HHx/
PLLA blend. Microinfrared spectra also showed a signiﬁcant difference in the
compatibility and crystalline structures between the PHB-co-HHx/PLLA and
PHB/PLLA blends. Figure 20.25a and b show microinfrared spectra in the 2000–
1000 cm1 region of PHB/PLLA and PHB-co-HHx/PLLA blends with 80/20 and
20/80 blending ratios. The differences in the infrared spectra between neat PHB
and PHB-co-HHx lie mainly in the intensities of the crystalline and amorphous
bands. The ratios of peak intensities of PHB and PLLA bands were dependent on
the measurement points in both blends. In the 80/20 PHB/PLLA blend, the spectra of many spots were similar to the crystalline PHB spectrum, but the main

20.5 Characterization of Acrylate Blends with FTIR Spectroscopy

Figure 20.24 (a) FTIR spectra in nC–H and nO–H regions of PHBV/BPA; (b) FTIR spectra in
nC
O region of PHBV/BPA blends. Reproduced with permission from Ref. [105]; Ó 2003,
Elsevier.

PHB crystalline bands observed were the CO stretching band at 1720 cm1, the
COC stretching band at 1275 cm1, and the band at 1261 cm1 that was
due to the coupling of COC stretching and CH deformation modes. These
bands were clearly identiﬁed in the spectra shown in Figure 20.25a and b. The
spectra including amorphous PLLA bands at 1745 cm1 were obtained in some
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Figure 20.25 Micro IR spectra of (a) PHB/PLLA and (b) P(HB-co-HHx)/PLLA blends. Spectrum

a ¼ 80/20 blend; spectrum b ¼ 20/80 blend. Reproduced with permission from Ref. [106]; Ó
2003, Elsevier.

spots, as shown in Figure 20.25a; however, as can be seen in Figure 20.25b, the

O stretching band at 1720 cm1 due to PHB was observed in the
crystalline C


O stretching band of PLLA at
20/80 PHB/PLLA blend. The crystalline C

1755 cm1 appeared weak. PLLA crystalline bands at 1356 and 1210 cm1 were
assigned, respectively, to the coupling of the CH deformation and the CH3 symmetric deformation mode, but the COC stretching mode were also not
strong. These results indicated that the crystallization of PHB was relatively easy

20.6 Characterization of Synthetic Rubber using FTIR Spectroscopy

but that of the PLLA components was difﬁcult, even in the 20/80 PHB/PLLA
blend. In the case of PHB-co-HHx/PLLA blends, the intensity ratios of PHB-coHHx and PLLA bands were also dependent on the location of measurement points of in the 80/20 and 20/80 blends. In the 80/20 PHB-co-HHx/PLLA blend, the
crystalline bands of PHB-co-HHx were also observed, but those of PLLA were
absent from the spectra (as shown in Figure 20.25a). Weak amorphous bands of
PLLA were observed in spectra of the 80/20 PHB-co-HHx/PLLA blend. In contrast, the crystalline and amorphous bands of PHB-co- HHx were not observed in
the spectra of some spots of the 20/80 PHB-co-HHx/PLLA blend (Figure 20.25b).
One of the most characteristic amorphous bands of PLLA at 1265 cm1, which
was assigned to coupling of the COC stretching and CH deformation
modes was also missing from the spectra of the 20/80 PHB-co-HHx/PLLA blend.
Thus, the spectra of the 20/80 PHB-co-HHx/PLLA blend were very similar to the
neat crystalline PLLA spectra. Infrared microspectroscopy revealed that PHB and
PHB-co-HHx, but not PLLA, were crystallized in the 80/20 blends. These results
also indicated that the PHB-co-HHx component, when dispersed in a PLLA matrix
at a relatively low level, did not undergo signiﬁcant crystallization.

20.6
Characterization of Synthetic Rubber using FTIR Spectroscopy

Berridi et al. [107] used FTIR to study nitrile rubber (NR) and styrenated butadiene rubber (SBR) blends, and the quantiﬁcation of their composition in used vehicle tires. Figure 20.26a shows the infrared spectrum of the pyrolysis products of a
NR–SBR (40/60) blend. The diagnostic bands for SBR and NR pyrolysis products
are shown in Figure 20.26b. The spectral region shown corresponded to the outof-plane bending vibrations of aromatic CH and CC groups of PS at 750 and
700 cm1, respectively, and the out-of-plane bending vibrations of vinyl CH
groups (990 and 910 cm1) and the trans CHCH at 960 cm1 of butadiene. The
band centered at 815 cm1 was assigned to vibrations of NR. The degradation
products of each blend component showed clearly separated bands that were
assignable to each component. The high-temperature degradation of NR at
between 300 and 500  C showed the formation of variable-length oligomers as a
consequence of random polymeric chain scissions. At higher temperatures, the
evolution of isoprene, dipentene and different unsaturated volatile products took
place. However, PS was degraded in such a way that the monomer was considered
as the main degradation product, together with about 30% of low-molecularweight oligomers. These two types of product were included in the quantiﬁcation
process by FTIR, as both materials displayed bands that were attributable to the
deformation vibrations of the aromatic ring.
Bandyopadhyay et al. [108] used infrared spectroscopy to identify the polymer,
the polymer:blend ratio calculation, the raw material evaluation, the study of
reaction mechanism, and the microstructural determination. When NR was characterized using FTIR, the absorbance ratio of speciﬁc peaks of different grades of
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Figure 20.26 (a) Infrared spectrum of a NR/SBR (40/60) blend; (b) Infrared spectrum in the

region between 1050 and 700 cm1 for a NR/SBR (40/60) blend. Reproduced with permission
from Ref. [107]; Ó 2006, Elsevier.

NR was correlated with the acrylonitrile content measured using the Kjeldhal
method. The acrylonitrile content of an unknown acrylonitrile butadiene rubber
(nitrile rubber, NBR) was calculated from a calibration graph. The FTIR spectrum
of a raw NBR (Figure 20.27a) revealed a nitrile stretching band at 2238 cm1, and
that of the CH stretching (out-of-plane) of the butadiene double bond at
969 cm1. When this was plotted against the acrylonitrile content of different
grades of NBR, the correlation coefﬁcient was found to be 0.99. To verify the correlation coefﬁcient, four fresh samples of NBR with a known acrylonitrile content
were prepared and their acrylonitrile contents calculated from the calibration
curve in Figure 20.27b. The acrylonitrile content thus calculated showed a good
agreement with the experimental value, and the variation in acrylonitrile content
was found to be within 5.0%. To check the reproducibility of the method, the
same sample of NBR with a 33.3% acrylonitrile content was run for seven consecutive days. During this time the acrylonitrile content was measured, using the
Kjeldhal method, and a good reproducibility was established.

20.7 Characterization of Natural Polymer Blends Using FTIR Spectroscopy

Figure 20.27 (a) FTIR spectra of acrylonitrile butadiene rubber (film casting); (b) Correlation
graph of acrylonitrile content from Kjeldhal method and FTIR. Reproduced with permission from
Ref. [108]; Ó 2007, Elsevier.

20.7
Characterization of Natural Polymer Blends Using FTIR Spectroscopy
20.7.1
Collagen Blends

The process of blending collagen with synthetic polymers suffers from the problem of the solubility of the polymeric components in a common solvent. Collagen
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solubility depends heavily on the age of the tissue from which it is derived [109–
114]. In the case of soluble collagen, it is possible to create a blend with synthetic
polymers by forming the blend in a solvent; subsequently, ﬁlms and sponges can
be produced from the blend that are especially useful for biomedical applications.
For example, blends of collagen with other hydrophilic polymers can be used as
hydrogels, and also as biodegradable polymeric scaffolds in medical applications
[115–120]. One important advantage of such biodegradability is the avoidance of
surgery to remove the polymer from the body when the implanted device is no
longer needed. Highly porous structures of scaffolds maintain large areas to
which the cells can attach and proliferate. Various synthetic polymers can be used
for blends, including PVP, PVA, PEG and PEO, with thin ﬁlms, hydrogels and
sponges being prepared from the blends. Collagen ﬁlms can be easily created by
solvent evaporation from collagen solution, and by treating the collagen gel solutions with different concentrations of glutaraldehyde and/or other crosslinking
agents. Polymeric ﬁlms based on blends of natural polymers and synthetic polymers have been obtained by solvent evaporation from a collagen solution in acetic
acid. Miscibility between the two components has been studied using viscometry,
FTIR and DSC. The miscibility of the above-mentioned polymers in thin ﬁlms has
been conﬁrmed by monitoring the FTIR spectra of collagen and collagen/synthetic polymer blends. FTIR is a very powerful technique for detecting intermolecular interactions between two polymers. The inter-molecular interaction
through hydrogen bonding can be characterized with FTIR because the speciﬁc
interaction affects the local electron density (Figure 20.28a), and a corresponding
frequency shift can be observed. An example of hydrogen bonding between a collagen molecule and PVP is shown in Figure 20.28a. The shift of the amide bands
in the FTIR spectra of the blend suggests an interaction between collagen and
PVP by hydrogen bonding. Collagen, which is a hydrogen donor, forms a hydrogen bond with the carbonyl group of PVP. The pyrrolidone rings in PVP contain a
proton-accepting carbonyl moiety, while collagen presents hydroxyl and amino
groups.
20.7.2
Chitosan Blends

Chitosan is a biodegradable natural polymer with great potential for pharmaceutical and cosmetic applications due to its biocompatibility, high charge density, nontoxicity, and mucoadhesion. Recently, chitosan has attracted attention because of
its wide range of applications that include medical, wastewater treatment, biomembranes and hydrogel development. Chitosan has also recently been used
widely for drug delivery systems. The macromolecular chain of chitosan can be
stiff, yet also have the ability to form a stable liquid crystalline phase in acetic acid
solution [122,123]. However, the stiffness of the macromolecular chain of chitosan
is very sensitive to pH, with even a small perturbation in pH changing the properties of the chains (Figure 20.28b).

20.8 Study of Blends by Polarization Modulation and 2D-FTIR Spectroscopy

Figure 20.28 (a) Hydrogen bonding in collagen/PVP blend; (b) Hydrogen bonding between chitosan and synthetic polymer. Reproduced with permission from Ref. [121]; Ó 2011, Elsevier.

Blends of chitosan with hydrophilic polymers such as PVA, PEO and PVP have
been investigated as candidates for oral gingival delivery systems [124,125]. Chitosan–PVP blends can be used in drug-release systems, and also to control the
release proﬁle of a drug with poor water solubility. Several research groups have
demonstrated the miscibility of chitosan and PVP, and the possibility of using the
blended material. PVA, a synthetic polymer, is appropriate for blending with chitosan, especially as chitosan and PVA form an immiscible system in which the
interactions between the PVA macromolecules are stronger than those between
PVA and chitosan [124]. In a phase-separated system, chitosan–PVA blends were
shown to demonstrate interesting and exploitable properties, to be superior to chitosan alone in terms of other properties, and to show great promise as formulations in drug-delivery systems [125]. Several methods have been used to study the
interaction of chitosan with the synthetic polymers mentioned above. Results
from FTIR analyses have indicated that chitosan/PEO and chitosan/PVP blends
each show evidence of miscibility, but the chitosan/PVA blend only shows evidence of interaction when the PVA content is greater than that of the chitosan.

20.8
Study of Blends by Polarization Modulation and 2D-FTIR Spectroscopy

In order to follow the accurate dynamics of orientation, Pezolet et al. [126]
employed polarized FTIR spectroscopy to study polymer orientation, and coupled
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the technique with polarization modulation (PM). This allowed the dichroic difference spectrum to be recorded directly, minimizing instrumental and sample ﬂuctuations. The results obtained conﬁrmed the high efﬁciency of polarization
modulation infrared linear dichroism (PM-IRLD) to determine quantitatively the
time dependence of the orientation function of several chemical groups during
the orientation and relaxation processes (Figure 20.29a). The in-situ dynamics of
orientation during the deformation and relaxation processes of DR1M- Random
copolymers of 40 -[(2-(methacryloyloxyethyl)ethylaminol]-4-nitroazobenzene BEM-4nitrophenyl 4-[[2-[(2-methyl-1-oxo-2-propenyl)oxy] ethyl]oxy] benzoate) was presented for both stretched ﬁlms of PS and PVME blends. The synchronous 2D-IR
map of poly(DR1M-co-BEM) between 1300 and 1630 cm1 (see Figure 20.29a
and b) showed several correlation peaks. Except for the negative peak at
1527 cm1, all remaining peaks were positive, which showed that the bands in the
dichroic difference spectra had increased cumulatively in intensity in the same

Figure 20.29 (a) Synchronous 2D-FTIR corre-

lation map of poly_DR1M-co-BEM. with a
DR1 M mole fraction of 0.23 during the photoinduced orientation process. In this figure, the
negative peaks are indicated by a minus sign
and the one-dimensional (1D) spectra are the
dichroic difference spectra recorded after
5 min (dashed line) and 60 min (solid line) of
irradiation; (b) Asynchronous 2D-FTIR

correlation map of poly_DR1M-co-BEM with a
DR1 M mole fraction of 0.23 during the photoinduced orientation process. In this figure, the
negative peaks are indicated by a minus sign
and the 1D spectra are the dichroic difference
spectra recorded after 5 min (dashed line) and
60 min (solid line) of irradiation. Reproduced
with permission from Ref. [126]; Ó 1998,
Elsevier.

20.8 Study of Blends by Polarization Modulation and 2D-FTIR Spectroscopy

Figure 20.29 (Continued)

direction. The NO vibration of the DR1 M and BEM side chains indicated a strong
and unresolved peak around 1339 cm1. The negative peak at 1527 cm1 was
assigned to the antisymmetric stretching vibration of the NO group, its transition
moment being perpendicular to that of the NO vibration at 1339 cm1. The intensity of the bands associated with these two vibrations changed in opposite directions. A strong and highly asymmetric positive cross-correlation peak between the
NO vibrations and the C5C stretching vibrations of the para-substituted phenyl
rings of the DR1 M and BEM side chains were also observed at around 1339–
1600 cm1, showing clearly that the DR1 M and BEM groups moved as rigid rods
when the polymer was irradiated with polarized visible light. Figure 20.29b shows
the spectral resolution markedly enhanced in the asynchronous map of the
copolymer that was characterized by several cross-peaks that provide further
insight into the reorientation rates of the two types of side chain in the copolymer.
This revealed that the NO band contained two components located at 1338 cm1
and 1348 cm1, frequencies which exactly matched those observed in the spectra
of DR1 M and BEM homopolymers, respectively w4x. Since the cross peak at
1338–1348 cm1 was negative above the diagonal, Noda’s rules indicated that the
component at 1338 cm1 grew more rapidly than that at 1348 cm1, and that the
absorbing DR1 M side chains oriented more rapidly than the inert BEM ones. The
two pairs of peaks at 1587 and 1599 cm1 and 1594 and 1607 cm1 are assigned to
the u8a and u8b C
C stretching vibrations of the para-substituted phenyl rings of
the DR1 M and BEM side chains, respectively. With regards to the NO bands, the
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frequency of these was in perfect agreement with those of the homopolymers, and
their sign showed that the DR1M groups oriented with a faster rate constant than
the BEM side chains. The quantitative analysis using a biexponential function of
the intensity of the different components after band decomposition shows that for
a 23 mol% DR1M content, the fast rate constant of the DR1M groups was ﬁvefold
larger than that of the phenyl benzoate side chains [127,128].

20.9
Analysis of Polymer Blends Using FTIR Microspectroscopy

The coupling of an infrared interferometer to a microscope equipped with specialized detectors has been employed widely to examine microscopic areas in polymer
FTIR microspectroscopy, and has experienced a renaissance in terms of the capability of instrumentation and visualization afforded for examining multicomponent polymer blends. The insight this technique provides information
about the composition, formation and behavior of polymeric materials. Phase-separated blends of PVA and poly(vinyl acetate) (PVAc) were studied, and evidence of
intra-molecular and inter-molecular speciﬁc interactions was reported to depend
on the blend composition [129]. Blends with a high PVA content were reported to
have large intra-molecular speciﬁc interactions, whereas blends with a high PVAc
content showed inter-molecular interactions. FTIR mapping spatial resolution was
often reported to be insufﬁcient to determine morphological information such as
size and shape, which required additional microscopic approaches. A model polymer blend system, poly(methyl methacrylate) (PMMA) and poly(styrene-co-acrylonitrile) (PSAN), was studied in an attempt to characterize the phase diagram of
the blend system [130]. A poor correlation was found between the phase diagram
determined in this manner and that obtained with optical microscopy. The
inconsistency developed from the large spot size of the infrared beam and the
lack of spatial ﬁdelity of the apertured spectra. Oleﬁnic blends have often been
used in utility polymeric articles. In a model blend system, the refractive indices
of the two components, isotactic polypropylene (iPP) and syndiotactic polypropylene (sPP), were close enough for their phase-separated blend to be deemed
single phase by optical microscopy. However, chemical mapping of the sample
showed a clear phase separation based on spectral differences [131]. FTIR imaging
allowed the examination of semi-crystalline polymers via their dichroism
[132,133]. The spherulitic structure, as visible in polarized optical microscopy,
could be reproduced based on the orientation of the transition dipole moments of
functional groups. With an infrared polarizer in the beam path, the degree of orientation for each vibrational mode was determined by the generation of spatially
resolved dichroic ratio images. When a melt-miscible polymer system was analyzed at temperatures lower than the crystallization temperature of one of the constituents, a phase-separated/single crystalline phase structure was obtained. When
the Tg of the non-crystalline component was lower than the crystallization temperature, the component phase separated as it was rejected from the crystal structure.

20.10 Conclusions

Figure 20.30 Infrared images of spherulites
using perpendicular (left, top) and parallel
(right, top) polarized radiation obtained from
PEG (Mv ¼ 35 K), quenched from 100  C to
room temperature. The images were obtained
by plotting the 1343 cm1: CH2 wag vibrational

mode of the PEG chain. The image at the bottom is a dichroic ratio image obtained by pixelby-pixel division of the upper two images.
Reproduced with permission from Ref. [132];
Ó 1999, John Wiley & Sons, Inc.

The extent of phase separation could be visualized using IR imaging. PVAc/
PEO and high Mw/low Mw PEO blends have been imaged to examine the degree
of segregation (Figure 20.30) [132]. The morphology, composition and chemical
interaction in the interphases were employed to correlate to properties and design
better composite materials. High-throughput chemical imaging, as provided by
FTIR imaging, can considerably speed up quality checks and characterization of
the components of these engineered polymer blends.

20.10
Conclusions

Infrared spectroscopy is ideally suited to the qualitative analysis of polymer starting materials, ﬁnished products, and the quantiﬁcation of components in polymer
mixtures. FTIR spectroscopy is reliable, fast and cost-effective. This chapter
describes several approaches to the quantitative measurement and analysis of IR
spectra of typical polymer samples, particularly for the identiﬁcation of hydrogen
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bonding and miscibility in polymer blends. Most commercial blends consist of
two polymers combined with small amounts of a third, compatibilizing polymer –
typically a block or graft copolymer. The composition analysis of these materials
can prove challenging, inasmuch as component compatibilities tend to counteract
the ready separation of components. Polymer blends are thus populations of independent molecular distributions, each of which can vary in molar mass and the
composition of functional groups. Blends have the potential to be used as membranes for dialysis, wound dressings, artiﬁcial skin and implantable devices for
the delivery of biologically active compounds. Packaging material for medical
devices, drugs and food can also be prepared from blends of natural and manmade polymers, including especially biodegradable materials. Many reports on
the properties of newly developed materials have been based on blends of natural
and synthetic polymers, although many of these materials are far from commercialization. Nonetheless, the number of reports on polymeric blends suggests that,
in the near future, a huge interest in the production of new products should arise
based on blends of natural and synthetic polymers.
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Abbreviations

Alg
BEM
DBP
DMA
DM
DR1M
DSC
EC
EVOH
FTIR
LiCF3SO3
NMR
NR
PAMP
PCL
PBA

Alginate
4-nitrophenyl 4-[[2-[(2-methyl-1-oxo-2-propenyl)-oxy] ethyl]oxy]
benzoate)
dibutyl phthalate
Dynamic mechanical analysis
N,N-dimethylformamide
Random copolymers of 40 -[(2-(methacryloyloxy-ethyl)ethylaminol]-4-nitroazobenzene
Differential scanning calorimetry
ethylene carbonate
ethylene alcohol vinyl
Fourier transform infrared spectroscopy
lithium triﬂate
Nuclear magnetic resonance
Nitrile rubber
Poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
Polycaprolactone
Poly (butyl acrylate)

References

PBAAA
PBZZ
PDLLA
PE
PEMA
PEO
PESeb
PEG
PET
P(HB- co -HHx)
PHBV
PLLA
PP
PVME
PVIm
PMMA
PVA
PVAc
PVC
PVME
PVPh
PVP
SAXS
SPS
SR
STVPh
Tg
TGA
THF
VPh

Poly(butyl acrylate-co-acrylic acid)
Polybenzoxazine
-Poly(D,L-lactide)
Polyethers
Poly(ethylmethacrylate)
Polyethylene oxide
Poly(ethylene sebacate)
Poly(ethylene glycol)
Polyethylene terephthalate
Poly(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate)
Poly-(3-hydroxybutyrate-co-3-hydroxyvalerate)
Poly(L-lactide)
polypropylene
Poly(vinyl methyl ether)
Poly(1-vinylimidazole)
Poly(methylmethacrylate)
Poly(vinyl alcohol)
Poly(vinyl acetate)
Polyvinyl chloride
Poly (vinyl methyl ether)
Poly(4-vinylphenol)
Poly(vinylpyrrolidone)
Small-angle X-ray scattering
Sodium sulfonated polystyrene
Styrenated rubber
Poly(styrene-co-4-vinylphenol)
Glass transition temperature
Thermogravimetric analysis
Tetrahydrofuran
Vinylphenol
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21
Characterization of Polymer Blends with Solid-State
NMR Spectroscopy
Mohammad Mahdi Abolhasani and Vahid Karimkhani

21.1
Introduction

Controlling the structure of complex systems of macromolecules is a common
objective in current materials science research and, indeed, many investigations
have been undertaken simply by the mixing of two polymers.
Polymer blending offers a simple and economical means of linking the suitable
properties of component polymers [1–6]. Whether a blend retains the original
properties of the component polymers or demonstrates an average of their properties depends on the degree of microscopic mixing and its phase morphology [4,5].
The degree of mixing has been deﬁned typically in terms of miscibility of molecular to macroscopic scales, the compositions of each domain, and the phase structure and domain size [7]. In the past, many instrumental methods have been
applied to investigate the structures of blends, including differential scanning calorimetry (DSC) to examine miscibility, scattering measurements such as smallangle X-ray scattering (SAXS) and small-angle neutron scattering (SANS), as well
as light scattering. Unfortunately, the use of only one of these method results in
an incomplete understanding of a blend.
Kwei and coworkers [8] were the ﬁrst to use solid-state nuclear magnetic resonance (NMR) spectroscopy to examine the microstructure of a polystyrene (PS)/
poly(vinyl methyl ether) (PVME) blend, by measuring the 1 H spin-lattice relaxation time (Tl) and spin-spin relaxation time (T2) over a wide temperature range.
Nowadays, high-resolution NMR in both liquids and in solids is a widely used
technique to analyze the microstructures of polymer blends. To date, several NMR
techniques have been applied very effectively to examine the molecular motion,
phase structure and heterogeneity of pure polymers. Heterogeneity in blends is
much more distinguished compared to pure polymers, which simpliﬁes studies
of the domain morphology of the component polymers in a blend.
A review of recent studies indicated that solid-state NMR spectroscopy is still an
active research topic and, by including some recently developed NMR techniques,
the application of solid-state NMR spectroscopy has continued to provide new
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insights into the structure and miscibility of polymer blends. In this chapter, a
brief review is provided of recent solid-state NMR studies on the miscibility of
polymer blends, with particular emphasis placed on the potential of NMR techniques for characterizing the phase structures, heterogeneity and intermolecular
interactions of polymer blends.

21.2
Miscibility

Nuclear Overhauser effect spectroscopy (NOESY) is frequently used in liquid-state
NMR, and is one of the standard two-dimensional (2D) methods used to interpret
and assign the structures of macromolecules in solution. In addition to solution
state, NOESY has been also used in polymeric systems and viscoelastic.
Previously, 13 C NOE spectroscopy under magic angle spinning (MAS) was used
to probe polymer miscibility in blends of PS/PVME [9]. As cross-peaks appear only
between neighbor spins, NOE can be used as a probe to monitor the degree of
mixing at the molecular level. NOE growth rates can also be used to acquire extra
information on the molecular structure of the blend. The results of these experiments demonstrated the presence of a speciﬁc interaction between the PVME
methyl group and the phenyl ring of the PS.
Subsequently, the same technique was used for investigating methyl groups as a
source of cross-relaxation in solid polymers such as PS or polycarbonate, [10].
Mirau et al. have also shown that static 1 H 2D NOE spectroscopy can be used to
measure interchain interactions [11].
In order to investigate the intermolecular interactions responsible for the miscibility in polybutadiene/polyisoprene blends above the glass-transition temperature
(Tg), the NOESY technique was applied under MAS [12]. The results showed the
existence of weak intermolecular interactions between the vinyl side chain of the
polybutadiene and the polyisoprene methyl group, thus conﬁrming that intermolecular associations can indeed be probed using this technique.

21.3
Proton Spin-Lattice Relaxation Experiments
H
The 1 H spin-lattice relaxation times in the laboratory (T H
1 ) and rotating (T 1r )
13
frames obtained from high-resolution solid-state C cross-polarization (CP)/MAS
NMR can provide information regarding the domain size of polymer blends by
measuring proton spin diffusion. The latter is not a physical movement of protons, but rather is the equilibration process of nonequilibrium polarizations of
spin systems at each local site, which occurs through a mutual exchange of magnetization. For instance, the protons of a well-mixed polymer blend will be thoroughly coupled by a quick spin–spin exchange through dipole–dipole interactions.

21.3 Proton Spin-Lattice Relaxation Experiments

These protons then show same relaxation rates, providing the same T H
1r value;
however, protons that are in different environments or which are far apart relax
independently of one another [13]. Consequently, a partially miscible or
immiscible polymer blend would demonstrate, respectively, either a partial averaging of the relaxation rates or no averaging at all.
The extent of mixing of polymer blends on a nanometer scale can be determined by examining the spin-lattice relaxation performance of the 1 H nuclei.
This has been achieved previously in blends of cellulose/poly(vinyl alcohol)
(PVOH) [14], wheat proteins/PVOH [15], starch/poly(caprolactone) (PCL) [16] and
starch/crosslinked poly(acrylic acid) [17].
Recently, Yoshitake et al. [18] reported the miscibility of cellulose acetate (CA)
with poly(acryloyl morpholine) (PACMO), in which CA materials with an acetyl
degree of substitution (DS) of 1.80–2.95 were used. In these studies, Yoshitake
and coworkers used solid-state 13 C CP/MAS NMR measurements to estimate the
scale of homogeneity for PACMO/CA miscible blends. In the following, the acetyl
DS adopted for the CA component is 2.18 throughout, unless otherwise speciﬁed.
The observed values of chemical shift for the two polymer components, the
structural formulae of which are shown in Figure 21.1, are summarized in
O), but the two
Table 21.1. Both, PACMO and CA possess a carbonyl carbon (C
resonance peaks (ca. 172–174 ppm) were overlapped with each other and hardly
separated. With regards to the other carbons of PACMO (OCH2,
N
CH2, and CH2CH), the respective chemical shifts never showed any
clear movement with blend composition (as can be seen in Table 21.1). However,
the resonance signals of the pyranose and methyl carbons of the CA component
(C1, C2C5, and CH3) moved to the side of upper ﬁeld with increasing PACMO
content, by approximately 1–1.2 ppm. This implied that the intra- and/or

carbons of CA and that of 
CH2
CH
 cardecay of 13 C resonance intensities as a funcbons of PACMO were monitored. Reproduced
tion of spin-locking time t, for film samples of with permission from Ref. [18]; # 2013,
PACMO, CA (DS ¼ 2.18), and their 50/50
Elsevier.
blend. The resonance peak of pyranose C2
C5

Figure 21.1 Semi-logarithmic plots of the
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intermolecular hydrogen bonds in the original unblended CA might have been
partly disrupted by blending with PACMO.
A quantitative analysis of the mixing scale in the PACMO/CA (DS ¼ 2.18)
blends was carried out through measurements of proton spin-lattice relaxation
H
times in the rotating frame (T H
1r ). T 1r values can be obtained by practically ﬁtting
the decaying carbon resonance intensity to the following single-exponential
function:
!
t
ð21:1Þ
MðtÞ ¼ Mð0Þexp H
T 1r
where M(t) is the magnetization intensity considered and t is the spin-locking
time. In a binary polymer blend, if the two constituent polymers are mixed thoroughly enough to allow a cooperative spin-diffusion, the T H
1r values for different
protons belonging to the respective components may be equalized to each other
[19,20].
The decay behavior of 13 C resonance for PACMO, CA (DS ¼ 2.18), and their
50/50 blend is shown in Figure 21.1. The resonance peak of pyranose C2C5
carbons (ca. 74 ppm) of CA and that of CH2CH carbons (ca. 37 ppm) of
PACMO were observed in this experiment. The slope of each semi-logarithmic
plot gives a T H
1r value as the time constant of the relaxation process.
The T H
1r data thus estimated for PACMO, CA (DS ¼ 2.18), and their blends with
70/30–30/70 compositions are listed in Table 21.2. The relaxation times quantiﬁed
for the unblended PACMO and CA samples were 4.2 ms and 15.6 ms, respectively. In their blends, the T H
1r value of the PACMO component rises signiﬁcantly
with increasing CA content, whereas that of the CA component diminishes somewhat hastily with increasing PACMO content. Hence, the two T H
1r values at each
composition almost coincide with each other. Considering some tolerance in the
relaxation measurements, it is rational to assume that the two polymer components in the blends are coexistent within a range where the mutual 1 H-spin diffusion is acceptable over a period of the homogenized T H
1r , for example, 5.8 ms on
average for the 50/50 composition of PACMO/CA.

Table 21.2 T H
1r values for PACMO, CA, and PACMO/CA blends (acetyl DS ¼ 2.18). Reproduced

with permission from Ref. [18]; # 2013, Elsevier.

TH
1r (ms)

PACMO/CA

100/0
70/30
50/50
30/70
0/100

PACMO component (
CH2
CH
)

CA component (C2
C5)

4.20
5.43
5.59
6.54
—

—
5.62
6.01
7.31
15.6
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An effective path length L of the spin diffusion in a time (T H
1r ) is given by the
following equation [21]:
1=2
L ﬃ ð6DT H
1r Þ

ð21:2Þ
16

2 1

where D is the diffusion coefﬁcient, usually taken to be 1.0  10
m s in
organic polymer materials [22–25]. With T H
values
of
5.4–7.3
ms
calculated
for
1r
the PACMO/CA blends, the diffusion path length can be calculated as L ¼ 1.8–
2.1 nm. Accordingly, it is assured that the relevant blends are homogeneous on a
scale of a few nanometers.
Chaleat et al. [26] investigated the phase separation and the intermolecular interactions of a series of extruded plasticized starch (PlS)/PVOH blends with various
starch:PVOH ratios. The 13 C high-resolution solid-state NMR spectrum of the
unprocessed starch is shown in Figure 21.2, where the peak resonances can be
assigned as follows: the glycosidic carbon C-1 (102.1 ppm, 100.3 ppm, 99.6 ppm
and 93.9 ppm), C-4 (81.0 ppm), C-2, C-3, C-5 (71.7 ppm) and C-6 (61.2 ppm)
[27,28]. The different starch crystalline polymorphic forms exhibit different signal
multiplicities in the C-1 regions, which reﬂect the symmetry of the helix packing
[27,29]. The A-type polymorph exhibits a characteristic triplet signal multiplicity
(100.4 ppm, 99.2 ppm and 98.2 ppm), while the B-type shows doublet signal multiplicity (100.0 ppm and 99.2 ppm) [27]. A high-amylose starch (B-type) has been
shown to display extra broad resonances at 103 ppm and 95 ppm for C-1, and
82 ppm for C4 [29]. This was veriﬁed for the high-amylose starch investigated in
these studies, with an extra resonance at 102.1 ppm and a broad peak at about
94 ppm (indicated by arrows in Figure 21.2). The additional resonance for C-4 is
only distinguished as a shoulder (see Figure 21.2). These peaks (i.e., 102 p pm and

Figure 21.2 13 C CP/MAS NMR spectra of the
unprocessed starch (top) and the neat PVOH
(bottom). The chemical structures of PVOH
and the anhydroglucose unit of starch with the

corresponding carbon numbers are indicated.
Reproduced with permission from Ref. [26]; #
2012, Elsevier.

21.3 Proton Spin-Lattice Relaxation Experiments

82 ppm) have been generally related to the V-type polymorphic structure (single
helices), the content of which generally increases with increasing amylose content,
whereas the intensity at 94 ppm reﬂects the contribution of the disordered amorphous starch [30–32].
The 13 C high-resolution solid-state NMR spectrum of neat PVOH is shown in
Figure 21.2. The broad, well-separated peak at 44.5 ppm is due to the methylene
carbon [33], while the three split peaks at 64.3 ppm, 70.5 ppm and 76.7 ppm can
be assigned to CH carbons attached to OH groups. The splitting of these peaks
has been studied widely and assigned to the formation of intramolecular hydrogen
bonds with neighboring hydroxyl groups [33–35]. The most downﬁeld peak
(peak I), the central peak (peak II) and the most upﬁeld peak (peak III), have been
attributed to the OH group bonded to the CH carbon forming two hydrogen
bonds, one hydrogen bond, and no hydrogen bond, respectively.
13
C CP/MAS spectra of PlS/PVOH blends (50 : 50, 75 : 25 and 90 : 10) and their
pure components (0 : 100 and 100 : 0) are displayed in Figure 21.3. Changes in
chemical shifts and/or in line shapes have previously been detected in the 13 C
NMR spectra of blends (e.g., in cellulose or PVOH blends) in comparison with
the spectra of the unblended components [19,20,36]. Changes in chemical shifts

13
C CP/MAS NMR spectra of the different PlS/PVOH compositions. Reproduced
with permission from Ref. [26]; # 2012, Elsevier.

Figure 21.3
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can be associated with the incidence of hydrogen bonding, as this type of interaction has a strong inﬂuence on the electron density around the carbons that bear
the interacting functionalities.
The C-1 resonance of starch between 98 ppm and 104 ppm, and the methylene
carbon peak of PVOH between 40 ppm and 49 ppm, were monitored in the T H
1r
determinations. For the raw materials, the pure blend components and all the
blends, the T H
1r decay was sufﬁciently explained by a single-exponential decay
function (Eq. (21.1)), resulting in a single T H
1r for each material. The values of the
relaxation times are listed in Table 21.3.
For the unblended PlS (100 : 0) and PVOH (0 : 100), the T H
1r values are, respectively, 4.2 and 5.9 ms, which is sufﬁciently different to observe their variations
upon blending in different proportions. It can be distinguished that the T1r values
decreased in the plasticized starch (100 : 0) compared to that of the raw starch
(5.2 ms), undoubtedly due to the increased molecular mobility of the amylose
chains after thermomechanical processing in the presence of a plasticizer. A similar relaxation behavior of wheat proteins after plasticization by glycerol has been
previously observed [15]. The relaxation behavior of PVOH was not similarly
affected after processing, T1r in the neat PVOH being 5.5 ms.
In the PlS/PVOH blends, although the observed relaxation times do not coincide with those of pure component, the T H
1r values estimated from the starch component resonance are clearly different from those obtained via the PVOH peak,
indicating that spin diffusion is not effective. It can be concluded that some phase
separation occurred in the system for all compositions.
However, the T H
1r of the PVOH component was lowered by increasing the
amount of starch in the blend. Whilst this depression of the T H
1r of PVOH is an
indication of mixing, the fact that no averaging takes place between the T1rs of
PVOH and starch is a sign that their miscibility is limited, most likely to local
regions such as interfaces. It should also be noted that the intrinsic relaxation
time of the starch component in the blends is shorter in comparison with values
in unblended PlS, indicating that the molecular mobilities of the starch are also

Table 21.3 1 HT 1r of raw materials and PlS/PVOH blends. Reproduced with permission from
Ref. [26]; # 2012, Elsevier.
1

Sample

Raw starch
Raw PVOH
0 : 100
50 : 50
75 : 25
90 : 10
100 : 0

HT 1r (ms)

PVOH (40–49 ppm)

Starch (98–104 ppm)

—
5.5
5.9
4.9
4.9
4.6
—

5.2
—
—
3.5
4.1
4.0
4.2

21.3 Proton Spin-Lattice Relaxation Experiments

affected upon blending with PVOH. These results suggest a small degree of miscibility within the blend.
Despite a slight degree of inter-mixing it is clear that, in all investigated PlS/
PVOH blends, both components were separated into domains of which the length
scale exceeds the maximum diffusive path, L, over which proton–proton spin diffusion is effective.
Using Eq. (21.2) and a D-value of 0.5  1016 m2 s1 as a reasonable estimate
and an average T1r value of 5 ms, the average size of the domains in PlS/PVOH
blends can be estimated to exceed 4 nm. To conclude, measurements of the T H
1r
relaxation times for both components conﬁrmed the phase separation for all blend
compositions, but also suggested a small degree of inter-mixing.
Kuo et al. [37] investigated the miscibility of three poly(N-phenyl methacrylamide)s – namely poly(N-phenyl methacrylamide) (PNPAA), poly(N-4-methoxyphenyl methacrylamide) (PMPMA) and poly(N-4-bromophenyl methacrylamide)
(PBPMA) – by means of DSC, Fourier transform infrared (FTIR) and high-resolution 13 C CP/MAS solid-state NMR analyses.
Figure 21.4 shows the selected 13 C CP/MAS spectra of PNPAA/poly(4-vinylpyridine) (P4VP), PMPMA/P4VP and PBPMA/P4VP at the composition of 20/80,
compared with that of pure PNPAA and pure P4VP. Five peaks were also
observed for pure P4VP, where the peak at d ¼ 123.9 ppm corresponds to the pyridine carbon atom. Clearly, the pyridine carbons shift in PBPMA/P4VP-20/80

13
C CP/MAS spectra of PNPAA/P4VP, PMPMA/P4VP and PBPMA/P4VP at the
composition of 20/80. Reproduced with permission from Ref. [37]; # 2011, Elsevier.

Figure 21.4
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downﬁelds about 3.8 ppm signiﬁcantly, also indicating a hydrogen-bonding interaction between the amide group of PBPMA and the pyridine group of P4VP. The
pyridine carbons shift in PNPAA/P4VP-20/80 and PMPMA/P4VP-20/80 downﬁeld was about 3.2 and 3.0 ppm, respectively, a ﬁnding which is consistent with
their FTIR spectroscopic analysis.
Kuo and coworkers’ results when using DSC revealed that phase separation
occurred in PNPAA/P4VP and PMPMA/P4VP blends in certain compositions.
However, it is worth noting that the compositions with a single transition temperature may be heterogeneous instead of homogeneous, as the dimension of phase
separation may be too small to be detected with DSC analysis. Consequently, Kuo
et al. measured the spin-lattice relaxation time in the rotating frame, using
Eq. (21.1).
Figure 21.5 shows the plots of ln (Mt/M0) against t. The homogeneities of these
polymer blends were estimated through quantitative analyses based on the mainchain-methylene carbon atom’s resonance in poly(methacrylamide) at 46 ppm.
Two exponential decays in T H
1r for PNPAA/P4VP ¼ 80/20, 20/80 and for PMPMA/
P4VP ¼ 80/20, 20/80 can be observed in Figure 21.5 and Table 21.4. The data indicate that two domains possessing distinct mobility are present in PNPAA/P4VP
and PMPMA/P4VP blends for the entire compositions, except for PNPAA blends
and PMPMA blends with compositions of 80/20 and 20/80, which appear with a
single Tg in DSC analyses. This observation is consistent with the assumption that
the phase separation may not be evaluated in DSC. In contrast, single-exponential
decays in T H
1r for PBPMA/P4VP blends are shown in Figure 21.5, which means
that both PBPMA blends are homogeneous on the scale at which spin-diffusion
occurs within the time T H
1r . Thus, the interaction between PBPMA and P4VP is
the largest among these three binary blends. These results are also consistent
with those obtained from infrared and DSC analyses.

21.4
Experiments for the Direct Observation of Proton Spin-Diffusion
1

H spin-diffusion analysis has been conﬁrmed as a powerful tool for examining
the miscibility and domain size of polymer blends [38,39]. 1 H spin-diffusion measurements generally consist of three steps:
1) A selection period for creating a primary magnetization gradient between dissimilar phase ingredients.
2) tm, through which diffusion of polarization throughout dipolar interactions
equilibrate the distribution of magnetization.
3) The distribution state of magnetization after mixing time is read out.
By investigating the development of magnetization distribution with mixing
time, a quantitative evaluation of the degree of miscibility and domain size can be
made.

21.4 Experiments for the Direct Observation of Proton Spin-Diffusion

Figure 21.5 Logarithmic plots of magnetiza-

20/80; for PBPMA/P4VP blends (e) 80/20 and
tion intensities of 176 ppm versus delay time
(f) 20/80. Reproduced with permission from
for PPMA/P4VP blends (a) 80/20 and (b) 20/
Ref. [37]; Ó 2011, Elsevier.
80; for PMPMA/P4VP blends (c) 80/20 and (d)

The primary magnetization gradient between various phase ingredients can be
created by utilizing either the dissimilarity in structures of each phase ingredients,
or the difference in mobility. Differences in relaxation times, such as 1 HT 2 , T H
1r ,
originated from the mobility difference at experimental temperatures. Different
relaxation times make it possible to selectively suppress the polarization of the
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Value of relaxation time (T H
1r ) for PNPAA/P4VP, PMPMA/P4VP and PBPMA/P4VP
blends. Reproduced with permission from Ref. [37]; # 2011, Elsevier.

Table 21.4

TH
1r (ms)

Composition amide/pyridine

100/0
80/20
20/80

PNPAA/P4VP

PMPMA/P4VP

PBPMA/P4VP

4.14
3.33/9.09
3.03/7.69

4.71
3.25/8.33
2.75/4.76

5.36
5.16
3.12

phase ingredient with shorter relaxation times, whereas longer relaxation times
will hold the magnetization of the component. Goldman–Shen and “dipolar ﬁlter”
pulse sequences [40,41] are the two most often used spin-diffusion experiments.
The selection of magnetization in these experiments are all based on differences
in the 1 HT 2 of the components. In contrast, in 1 H solid-state high-resolution
spectra developed by techniques such as CRAMPS, signals due to different structures can be either selectively suppressed or inverted [42,43], and the primary
magnetization gradient between different phase ingredients can then also be generated. The read-out step of the spin-diffusion experiments can be fulﬁlled either
by directly analyzing the 1 H lineshape [22] or by indirectly monitoring the 13 C
signal intensity changes via cross-polarization [44].
Today, the investigation of miscibility of polymer blends using 1 H spin-diffusion remains an active area of research. For example, Fu et al. [45] studied the
hydrogen bond interactions and dynamics of poly (methyl methacrylate) (PMMA)
and poly(4-vinyl phenol) (PVPh) polymer blends, using a variety of advanced solidstate NMR techniques. The possible hydrogen bond interactions between the carbonyl group of PMMA and hydroxyl group of PVPh were successfully elucidated
using a two-dimensional (2D) 1 H 1 H spin-exchange NMR experiment. For this,
three different samples were prepared, and the composition of the PMMA/PVPh
polymer blend was ﬁxed at 50/50 wt%. The solution blending was cast from acetone solution, after which the sample was dried for 48 h under vacuum at 120  C
(this was termed the “cast ﬁlm”). The PMMA and PVPh powders were then physically mixed in a mortar (Blend-0), and the powder mixture then annealed at 220  C
for 120 min (Blend-120), as was the cast ﬁlm.
In order to conﬁrm the thermal-treatment effects on the diffusion and miscibility of the powder blend samples, 2D 1 H1 H spin-exchange experiments were performed for Blend-0, Blend-120 and the cast ﬁlm. The 2D spin-exchange spectra
provided information on the proximity (due to intermolecular hydrogen-bonding
interactions) between the phenolic hydroxyl group (OH) of PVPh and the C
O of
PMMA, which is responsible for the miscibility of these PMMA/PVPh blends.
Subsequently, 2D spin-exchange spectra were obtained at different spin-diffusion
times (tm) of 0.5, 1.0, and 2.0 ms. Example spectra, obtained at tm ¼ 2.0 ms, are
shown in Figure 21.6a–c for Blend-0, Blend-120 and the cast ﬁlm, respectively. In
Figure 21.6a, no intermolecular cross-peak could be seen between the OH and the

21.4 Experiments for the Direct Observation of Proton Spin-Diffusion

H  1 H spin-exchange spectra of MAS spectrum is shown in the upper part of
the PMMA/PVPh ¼ 1/1 polymer blends at mix- the figure. Reproduced with permission from
Ref. [45]; # 2013, Elsevier.
ing time (tm) of 2 ms, for (a) Blend-0, (b)
Blend-120 and (c) cast film. The normal 1 H
Figure 21.6

1
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C
 O for the pure powder blend (Blend-0), while the mixing time (t ¼ 2 ms) indicated an immiscible polymer blend. For Blend-120, which was annealed at 220  C
for 120 min, Figure 21.6b shows the cross-peak of the intermolecular hydrogen
bonds when tm ¼ 2 ms; that is to say, the sample is miscible. The cast ﬁlm from
solution (shown in Figure 21.6c) gave a similar result to Blend-120, with the signal
intensity of the cross-peak being strong enough even at a short mixing time of
0.5 ms (not shown here). These results indicated that, as the time of heat treatment was increased, the interchain diffusion of the polymers was also increased
and miscibility became more likely. When the time was sufﬁciently long, the heterogeneous powder blends became homogeneous, as did the miscible blend from
solution.

21.5
Molecular Dynamics

Many of the most important macroscopic properties of a blend, such as impact
strength and ductility, are affected by the molecular dynamics of the constituent
polymers. As blending inﬂuences the molecular dynamics of each individual component, characterization of the chain dynamics in polymeric blends is of signiﬁcant interest. Previously, multidimensional NMR spectroscopy has been identiﬁed
as a very effective method for revealing structural and dynamical information of
polymers, at the molecular level. Compared to the many applications in both solution and solid state, and that information can be provided in important areas such
as chain dynamics, local structure, residual couplings (induced by chemical crosslinking and topological constraints), dynamic order parameters, internuclear distances, intermolecular interactions (important for miscibility), the effects of ﬁllers
on molecular motions and segmental orientation under mechanical stress, NMR
has not been applied widely to viscoelastic polymers [46].
21.5.1
2
HNMR Line Shape Analysis

Quantitative information concerning rotational motion can be acquired by examining the nuclear shielding tensors (anisotropic chemical shift) which dominate NMR
spectra. Unfortunately, the tensors are not axially symmetric in aliphatic groups and
the anisotropy for nuclear shielding in both 1 H and 13 C is small, which in turn
prohibits the analysis of the dynamics of aliphatic polymers using these methods
[47]. Nevertheless, rotational motions can be monitored using 2 H NMR techniques
over a wide range of characteristic frequencies, including fast (200–107 kHz), intermediate (15–150 kHz) and slow (0.4–10 kHz) motions. Reven and coworkers [48]
used variable temperature wide-line deuterium NMR spectroscopy to investigate the
chain mobility of a series of hydrogen-bonded polymer complexes and multilayers.
The 2 H NMR spectra of a series of acidic water-saturated PMAA complexes over a
temperature range of 21 to 70  C, is shown in Figure 21.7.

21.5 Molecular Dynamics

Figure 21.7 Variable temperature 2 H NMR of

40 wt% PMAA-d3 complexes saturated with
acidic deuterium-depleted water, with the
exception of the chitosan complex which was

saturated with untreated deuterium-depleted
water. Reproduced with permission from
Ref. [48]; # 2011, American Chemical Society.

Averaging of the Pake pattern to an isotropic peak was used to show the onset of
chain mobility with increasing temperature. One signiﬁcant isotropic component
is present even before heating for the weak poly(ethylene oxide) (PEO) (low Tg,
higher mobility)/PMAA complex, and the broad component disappears with
warming just above room temperature. Unlike the PEO complex, the PVME (low
Tg, higher mobility) and poly(acrylamide) (PAAM) (high Tg, thermoresponsive
polymer)/PMAA complexes keep broad components at the highest temperatures
measurement but, similar to previous systems, they exhibit an isotropic component with moderate heating. The determining factors of PMAA dynamics in the
PAAM/PMAA system are a lack of hydrophobic stabilization and the thermoresponsive behavior of PAAM (upper critical solution temperature at 25  C when
complexed to PAAM).

693

694

21 Characterization of Polymer Blends with Solid-State NMR Spectroscopy

As signaled by a slow weakening of the Pake pattern intensity, the polyelectrolyte complex of chitosan-PMAA demonstrates an onset of motion with frequencies in the intermediate rather than fast regime. The chain motion of PMAA
remains restricted, with no substantial change in the 2 H Pake pattern line shapes
with heating, unlike the polymers that form the strongest complexes with poly
(vinylpyrrolidone) (PVPon). It is well known that complexes of polymers having
lower critical solution temperatures are stabilized with heating, and therefore the
thermoresponsive properties of PVME and poly(vinylcaprolactam) (PVCL) will
have little or no effect on the PMAA chain dynamics.
Reven and coworkers showed that it is possible to tune the chain mobility and
related properties of a PMAA-based complex with great precision by selecting the
correct polymer partners. These may range from hydrophilic polymers (e.g., PEO
or PAAM) with fast dynamics where a rapid isotropic motion is dominant, to partner polymers (e.g., PVPon or PVCL) with signiﬁcant hydrophobic character and
high Tg and slow dynamics
21.5.2
Polarization Inversion Spin Exchange at the Magic Angle (PISEMA) Experiment

Polarization Inversion Spin Exchange at the Magic Angle (PISEMA) high-resolution solid-state NMR techniques can be used to investigate the inﬂuence of local
chain dynamics on cooperative chain motions between the OCH3 protons of
PMMA and the aromatic protons of PVPh [45,47]. The 2D 1 H13 C experimental
dipolar spectrum of PMMA/PVPh cast ﬁlm with the 13 C spectrum, and the corresponding molecular structures obtained using PISEMA method, are shown in
Figure 21.8a. In Figure 21.8b, the cast ﬁlm (made from solution) is indicated by
the blue line and Blend-120 (powder blend annealed for 120 min) by the black
line. At room temperature, the cross-section of aromatic carbon (C5) at 116.0 ppm
has two splits, with the splitting width (Du) depending on the intensity of the
1
H13 C dipolar coupling (especially for strong interactions) and representing the
mobility of molecular dynamics. Whereas, the narrower peak results in a wobbling motion of the phenyl ring, a wider splitting denotes a rigid aromatic group.
Clearly, in the cast ﬁlm the intensity of the narrower peak (Du ¼ 7.8 kHz) is stronger, and this can be attributed to its better miscibility, such that methyl-group rotation around the O–CH3 bond in PMMA, via intermolecular hydrogen bonds,
increased the amplitude of aromatic protons in PVPh. These observations indicate
that an intermolecular cooperative motion is present in the hydrogen-bonded
PMMA/PVPh polymer blends.
The temperature-dependency of the side group dynamics of the two polymers
should also be considered. Figure 21.8c shows cross-sections of the cast ﬁlm
at room temperature and at 80  C where, due to a decreasing intensity of the
1
H13 C dipolar coupling, the splitting width of the narrower peak is decreased to
Du ¼ 7.2 kHz at higher temperatures. This indicates that a rotational motion of
the methyl group will affect the motion of the aromatic proton, causing a remarkable increase in line with increasing temperature.

21.5 Molecular Dynamics

Figure 21.8 (a) 2D PISEMA spectrum of

PMMA/PVPh cast film; (b) Cross-sections of
the aromatic proton (d 1/4 116.0 ppm) for
Blend-120 (bottom) and cast film (top) at

room temperature, and for (c) cast film at
room temperature (bottom) and 80  C (top).
Reproduced with permission from Ref. [45]; Ó
2013, Elsevier.

21.5.3
Two-Dimensional Wideline Separation (WISE) NMR

As T1r measurements can provide valuable information on the local dynamics of
polymer chains, measurements of this quantity are generally used to investigate
the effects of blending on local motions in a polymer blend [49]. Molecular
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dynamics with frequencies of between 10 and 100 kHz govern C-13 T1r relaxation
times. In comparison with H-1 spin diffusion, spin diffusion between C-13 nuclei
is slow, especially under conditions of MAS. Consequently, while proton T1r relaxation times are partially averaged by spin diffusion, C-13 T1r relaxation times are
not averaged and therefore information on the motion of each speciﬁc site is
retained.
WISE NMR is a simple but sophisticated technique to measure the chain
dynamics of polymers by correlating the proton line shape with the carbon chemical shift. This method provides information on the dynamics of polymers by
measuring the degree to which the proton line shapes are averaged by molecular
motion. In solids, the proton lines are broadened through hetero- and homonuclear dipolar interactions. However, if the atom is involved in large amplitude
ﬂuctuations which, on a time scale of dipolar line widths (50 kHz) are fast, then
motionally averaged line shapes will be detected. As revealed in the C-13 chemical
shifts and the H-1 line shapes, the WISE experiment constructs a relationship
between the chemical structure and segmental dynamics, respectively.
Contour plots of the WISE NMR spectra of polyisoprene (PI)/PMMA 50/50
semi-interpenetrating polymer networks (IPNs) at 298 K are shown in Figure 21.9
[49]. Several well-resolved peaks, including the PI protons of the CH2 group
CH group at 29 ppm are
at 36 ppm, other CH2 at 30 ppm, and the 
observed. For PMMA, proton peaks for the CH2 group at 50 ppm, the
OCH3 at 54 ppm and CH3 at 27 ppm are clearly resolved. Peaks at 27 ppm
contain overlapped peaks from methyl groups in PMMA and PI. The contour plot
indicates that very different proton line widths are observed for the PMMA and PI
chains. It can be seen from the contour plot that the line width of PMMA protons
at 50 ppm and 54 ppm are much larger than the protons of PI at 36 ppm and
30 ppm. This trend is characteristic of polymeric multicomponent systems, which
show phase separation and consist of phases with slow and fast dynamics. For the
PMMA phase, the WISE experiment shows that CH2 protons at 50 ppm are
the most rigid, while protons in the ester group (54 ppm) of PMMA have the highest mobility among all protons. Indeed, relaxation measurements showed that, by
mixing PMMA with PI chains during semi-IPN formation, the ester group experi
CH
enced enhanced mobility. Contour plots reveals that the proton in the 

(129 ppm) group of PI has a lower mobility than protons in the ester group of
PMMA. Compared with all other protons in semi-IPNs, the protons in PI chains
observed at 36 ppm and 30 ppm are motionally very active.

21.6
Organic Solar Cells

Organic photovoltaic (OPV) materials, as a promising, low-cost solar energy technology, may be manufactured via solution-based printing or coating. Bulk heterojunction (BHJ) devices, which represent some of the most promising OPV
morphologies, are composed of a thin ﬁlm containing a blend of photon-
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Figure 21.9 Contour plot of the WISE NMR spectrum of PI/PMMA semi-IPN. Reproduced with

permission from Ref. [49]; Ó 2010, Elsevier.

absorbing (or hole transport, e.g., polymers) and/or electron-accepting (or electron
transport, e.g., fullerene derivatives) semiconductors. With regards to carrier photoexcitation, the recombination lengths are typically 10 nm in these disordered
materials, while the self-assembly length scale will be on the order of 10–20 nm
[50]. The ideal BHJ morphology would comprise pure light absorbing and electron
transport phases, with the absorber domains having a smaller dimension than the
exciton diffusion length, and with co-continuous paths of both phases leading to
the corresponding electrodes. Currently, although BHJ devices have achieved high
power conversion efﬁciencies (power conversion efﬁciency  12%), an elucidation
of the relationship between molecular structure and device performance has been
problematic. As both phases are aromatic hydrocarbons, the resolution of ﬁnely
mixed phases (with length scales of nanometers) using conventional characterization techniques such as light scattering or microscopy has proved very difﬁcult.
Moreover, in order to create new OPV materials and fabrication processes to
achieve higher efﬁciencies, a full understanding of the effects of domain size,
phase distribution and purity on device performance is required but, as yet, is
largely unavailable.
As noted above, solid-state NMR spectroscopy is sensitive to local compositional,
structural and dynamical environments in both ordered and disordered regions of
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Figure 21.10 2D 13 C HETCOR spectra [52] of (a) PCBMCF-RT and (b) PCBMCF-150A. Repro-

duced with permission from Ref. [51]; # 2006, American Chemical Society.

the materials, which makes it a powerful technique for evaluating the nanoscale
structures of polymer blends. In order to study the interfacial molecular structure
of blends in OPVs (typically BHJs), a blend of regioregular poly-3-hexylthiophene
(rrP3HT) and C60 or its soluble derivative, [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) has been examined using 1D and 2D NMR measurements [51].
Chemical shift (CS) data acquired from composite ﬁlms (CFs) fabricated at room
temperature (PCBMCF-RT and C60CF-RT, respectively) and CFs which had later
been annealed at 150  C for 30 min (PCBMCF-A150 and C60CF-A150, respectively), was inferred to clarify the local structure within the interface (Figure 21.10).
The alkyl side chains of rrP3HT are close to the C60 ball in PCBMCF-RT, which
causes a wrapping of the C60 by the alkyl side chains. However, the alkyl side
chains in PCBMCF-A150 self-assemble in such way that rrP3HT and PCBM are
phase-separated (Figure 21.11).
In the CS spectrum of the 13 C of C60 in C60CF-A150, a well-deﬁned splitting
was observed which was an indication of a distortion from spherical symmetry.
Fluctuations in the local magnetic ﬁeld which arise from the dynamics of the C60
distortion, were determined from spin-lattice relaxation rate (1/T1) measurements
of C60.
Nieuwendaal et al. showed that because of 1 H spin diffusion, NMR sensitivity to
intermolecular correlations at the nanometer length scale, and its unambiguous
chemical contrast, can be used to measure the phase behavior and domain sizes
of BHJs of the P3HT/PCBM system [52]. When increasing the efﬁciency of OPVs,
thermal treatment is generally thought of as a vital step in fabrication process;
however, the formation of needle-like PCBM crystallites which normally cause a
lower efﬁciency is one unfortunate consequence of thermal treatment.
Martini et al. used multinuclear and multitechnique solid-state NMR spectroscopy in comprehensive examinations of P3HT and PCBM and their blends, before
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Figure 21.11 Illustrations of the molecular structure near the interface before (a–c) and after

(d–f) annealing. Reproduced with permission from Ref. [51]; Ó 2006, American Chemical
Society.

and after annealing at 150  C [53]. As a consequence, valuable information on the
phase and morphological properties on the nanometric and subnanometric scales
of the blends and neat materials were achieved with 13 C CP/MAS spectra, highresolution 1 HT1 measurements and low-resolution 1 H NMR free induction decay
analysis. In order to obtain a comprehensive characterization of the dynamic
behavior of P3HT in the MHz frequency range for the neat polymer and blends,
variable-temperature 1 H and 13 C T1 measurements have been conducted and the
experimental relaxation times analyzed using sophisticated models.
Based on the results obtained, and most likely because of the intimate mixing of
P3HT with PCBM, the mobility of the side chains of P3HT were seen to decrease
when passing from the neat polymer to the blend before annealing. However,
annealing induces phase separation between P3HT and PCBM which leads in
turn to an increase in free volume and, consequently, to an increase in the mobility of the alkylic side chains [53].
Solid-state NMR spectroscopy was used by McGehee and coworkers [54] to
provide a complementary insight into the molecular structures of poly(2,5-bis
(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene (PBTTT):fullerene blends
(Figure 21.12), including disordered moieties for which X-ray diffraction is less
useful. In particular, solid-state 2D 13 C [52] heteronuclear correlation (HETCOR) NMR spectroscopy was used to identify dipole–dipole-coupled 13 C and
1
H nuclei that are associated with molecularly neighboring moieties, thus providing comprehensive information on the molecular interactions between
PBTTT-C16 and PC71BM.
As an example, a 2D 13 C [44] HETCOR spectrum acquired for a PBTTT-C16:
PC71BM blend with a molar ratio of 1 : 1 is shown in Figure 21.13a. This spectrum
shows strong 2D intensity correlations (red, blue arrows) from the conjugated
polymer (orange) and the fullerene derivative (blue) between 13 C and 1 H signals
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Figure 21.12 The chemical structures of (a) PBTTT and (b) PC71BM. R in the polymer structure
can be C12H25, C14H29, or C16H33. Reproduced with permission from Ref. [54]; Ó 2012, American Chemical Society.

that demonstrates their mutual molecular proximities (<1 nm). Such intensity correlations provide unequivocal evidence for intercalation of the fullerene derivative
in the polymer network.
For example, signals associated with 13 C moieties from the PC71BM side group
(e.g., at 172 ppm from the C
O groups, at 129 ppm from the phenyl rings, and at
36 and 73 ppm from the cyclopropane anchor) are correlated with 1 H signals at
1.4 ppm from the aliphatic PBTTT-C16 polymer side chains. Further intensity correlations are detected between 13 C signals from the C70 fullerene moieties and 1 H
signals at 1.4, 7.2 and 8.7 ppm from the aliphatic side chains and the aromatic
backbone protons of conjugated polymer, respectively. Strong interactions – and
hence close molecular proximities – between these molecular moieties have been
veriﬁed by the correlated 2D NMR spectroscopy signal intensities. Moreover, it
was also possible to determine the local distances between different aromatic proton moieties by separate solid-state 1 H [52] double-quantum NMR spectroscopy
analyses. In detail, the 1 H signals at 7.2 and 8.7 ppm correspond to distinct thienothiophene moieties, and provide important quantitative constraints that allow
for a deﬁnitive recognition of the structure of the bimolecular crystal [54].

21.7
Conclusions

Solid-state NMR methods provide a powerful tool for understanding miscibility
among polymers, with a speciﬁc ability to quantify the length scales of mixing
below that accessible by other experimental tools (i.e., traditional calorimetric
methods), and to detect the inter- and intramolecular interactions that are responsible for miscibility. At present, the area of understanding miscible blend dynamics is of particular interest to many NMR-based investigations, some of which
have been reviewed in this chapter. By using solid-state NMR, the details of hydrogen bonding, phase behavior and the dynamics of molecular segments can be
investigated. This implies possible new applications in important ﬁelds such as
tissue engineering and drug delivery. Multinuclear, multi-technique solid-state
NMR is especially effective in providing detailed phase, morphological and
dynamic information on BHJs prepared from conjugated polymer/fullerene

21.7 Conclusions

Figure 21.13 (a) 2D 13 C HETCOR [52] NMR
spectrum of a PBTTT-C16:PC71BM blend with a
molar ratio of 1 : 1. A corresponding 1D
13
C{1 H}CP/MAS spectrum is shown along the
top horizontal axis, and a 1D single-pulse 1 H
MAS spectrum is shown along the left vertical
axis. The orange and blue circles indicate spectral contributions from the PBTTT-C16 and the
PC71BM, respectively. Lines are shown to aid
the identification of correlated signal intensities
that establish spatial proximities between specific moieties of the conjugated polymer and
the fullerene derivative. The red arrows mark
correlated signals between the 13 C moieties of
the PC71BM and the 1 H moieties of the PBTTTC16, consistent with the proposed crystal

structure. The light-blue arrows mark correlated
signals between the aromatic 13 C moieties of
the conjugated polymer and the protons from
the PC71BM side chain, revealing local structural disorder of fullerene orientations in the
polymer crystal; (b) Aliphatic regions of 1D
13
C{1 H}CP/MAS spectra of the PBTTTC16:
PC71BM blend (red) and the neat polymer
(black) recorded under MAS conditions of
12.5 kHz with a CP contact time of 2 ms. The
colored circles assign the 13 C moieties of the
PBTTT-C16 side chains in the crystalline (c)
and amorphous (a) regions to their respective
signals in the 2D spectrum. Reproduced with
permission from Ref. [54]; # 2012, John Wiley
& Sons, Inc.
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derivative blends which are becoming increasingly common in OPV devices and
organic light-emitting diodes.
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Characterization of Polymer Blends by Infrared, Near-Infrared,
and Raman Imaging
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22.1
Instrumentation for Mid-Infrared and Near-Infrared Imaging

The infrared (IR) or near-infrared (NIR) spectra of a multicomponent sample,
when measured with a single-element detector, provide information on the identity of the different components in the sample area being investigated, but do not
yield any information on their spatial separation. Since, for many analytical problems, this is the crucial point of an investigation, the development of focal plane
array (FPA) detectors [1] for imaging measurements in the mid-IR and NIR wavelength regions has launched vibrational spectroscopy into a new era of analytical
applications. By using this technique, several thousand spectra of laterally resolved
sample positions can be measured simultaneously within a few minutes, providing chemical images as well as images of other parameters of the sample area
under investigation. As a consequence, both mid-IR and NIR imaging techniques
have over the past few years proved to be powerful tools for a broad range of
industrial and research applications.
The experimental principles of operation are different for these two imaging
methods, however. Whereas IR imaging is mainly operated in transmission or
attenuated total reﬂection (ATR) mode as either a macro or (in combination with
a microscope) as a micro technique, NIR imaging is primarily applied to diffuse
reﬂection in the macro mode. In this chapter, attention will be focused exclusively
on transmission measurements for both wavelength regimes, with polymer sample thicknesses lying in the range of a few microns. This corresponds approximately to the lateral resolution achievable when using the IR/NIR imaging
technique.
Over many years the most common method of obtaining a Fourier transform
infrared (FT-IR) image has been to perform a point-by-point mapping using a
microscope ﬁtted with a computer-controlled motorized stage. Despite automation, this mapping technique was very time-consuming and, due to diffraction
limit aperture sizes of >15–20 mm being used, the lateral resolution was limited.
In contrast, by using an infrared FPA detector, with 64  64 or 128  128 detector
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elements (pixels), totals of 4096 or 16 384 spectra, respectively, could be measured
simultaneously from different locations of the sample, within a few minutes. In
Figure 22.1, the mapping (panel b) and FPA imaging (panel c) technique are compared with reference to a silicone oil-in-water emulsion, while the development of
color-coded images (panel e) based on the intensities of speciﬁc absorption bands
of the two components (panel d) are shown in schematic form.
The FT-IR imaging system (Bruker Optik GmbH, Ettlingen, Germany) used for
the investigations described in this chapter is shown in Figure 22.2. The system
consists of a rapid-scan FT-IR spectrometer, which is connected to an IR microscope (center) and a macrochamber for the investigation of larger imaging areas.
Depending on the type of measurement required, the FPA detector can be connected to either the microscope or the macro chamber.
The NIR imaging measurements were performed using a PerkinElmer (Massachusetts, USA) imaging system, which consisted of a FT-NIR spectrometer
coupled to a microscope (Figure 22.3). This totally integrated instrument operates
in the 2200–7600 cm1 wavenumber range, and incorporates a 16  1 element
(400 mm  25 mm) HgCdTe (MCT) array detector and a single point, 100 mm  100
mm MCT detector in the same Dewar. The symmetrically arranged objective and
condenser provide a sixfold image magniﬁcation at 1 : 1 imaging, and have a
numerical aperture of 0.58. Speciﬁcally designed optics permit 1 : 1 or 4 : 1 imaging
of the sampled area on the detector elements, resulting in 25 mm  25 mm or
6.25 mm  6.25 mm pixel sizes. For the investigations presented in this chapter,
each image was measured in transmission mode for an area of 320 mm  320 mm
with a pixel size of 6.25 mm  6.25 mm and a spectral resolution of 16 cm 1 by
coadding 32 scans for a spectrum.
Variable-temperature measurements were performed for selected investigations.
For this purpose, a speciﬁcally designed sample holder was built and the experimental temperature was controlled with a High THC-15 unit (Yokohama, Japan)
(Figure 22.4).
Before individual examples are discussed, a brief introduction will be provided
on the issue of lateral resolution. In theory, the lateral resolution is governed by
the Rayleigh criterion [2]:
r ¼ 0:61

l
NA

ð22:1Þ

where r is the distance between two measurement points, l is the wavelength of
the radiation, and NA is the numerical aperture deﬁned as:
NA ¼ n sin q

ð22:2Þ

where n is the refractive index of the immersion medium between the objective
and the sample (i.e., 1.0 for air, 4.0 for Ge in the case of ATR measurements) and
q is the half-angle of the maximum cone of light that can enter or exit the condenser or objective. Two objects are completely resolved if they are separated by
2r, and barely resolved if they are separated by r. As the largest numerical aperture
that can generally be achieved for a Cassegrainian optic is approximately 0.6, the
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the FPA detector
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Figure 22.2 The Bruker FT-IR imaging system used for the investigations described in the text.

Figure 22.3 The PerkinElmer FT-NIR imaging system used for the investigations described in

the text.
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Figure 22.4 Specifically designed sample holder for temperature-dependent investigations.

22.2 Raman Microspectroscopy
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Figure 22.5 Image areas and corresponding lateral resolutions for different FT-IR imaging mea-

surement modes with a 64  64 pixel focal plane array detector.

diffraction-limited spatial resolution is approximately equal to the wavelength of
the light when n ¼ 1.0. Thus, the achievable lateral resolution is wavelengthdependent, which means that the higher the wavenumber (or the lower the wavelength) of the absorption band evaluated for the development of an image, the
better will be the lateral resolution of this image. A summary of the achievable
lateral resolutions by FT-IR imaging with a 64  64 FPA detector in the transmission or ATR mode for different sample areas is shown in Figure 22.5. Distortion
of the image dimension in the macro ATR mode occurs because the radiation
reﬂected from the internal reﬂection element is collected at an angle from the
image plane [3].

22.2
Raman Microspectroscopy

In principle, Raman microspectroscopy is attractive because the practical diffraction limit is on the order of the excitation wavelength, which is about 10-fold
smaller for Raman spectroscopy with a visible laser than for mid-IR spectroscopy.
It is therefore possible to focus visible laser light to much smaller spot sizes
(400 nm in air and 240 nm with an oil immersion objective) than may be examined by mid-IR radiation. For various instrument-based reasons [4], chargecoupled device (CCD) Raman spectrometers have in practice proved to be far
more successful for Raman microspectroscopy than FT-Raman spectrometers,
and most instruments are based on this former concept. One further important
instrumental advantage of the microscopes used for Raman microspectroscopy is
their confocal design [5]. As the out-of-focus rays from an illuminated volume
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Figure 22.6 The WITec alpha300R confocal Raman microscope used for Raman mapping investigations described in the text.

element within the specimen are largely removed with this optical design, sharper
images are measured than can be acquired from conventional (nonconfocal)
microscopy techniques. Mapping is accomplished by moving the sample by small
steps after each spectrum has been recorded.
Among the commercially available instruments with confocal optical conﬁgurations, the WITec alpha300R (WITec GmbH, Ulm, Germany) is a very powerful and versatile instrument for performing Raman microspectroscopy. This
instrument differs from other systems in that it has been designed especially
for fast microspectroscopy. With a data acquisition time for an entire spectrum of less than 1 ms, it allows Raman mapping of several tens of thousands of spectra within a few minutes, when the Raman signal is adequate.
For the purpose of an improved signal-to-noise ratio and shorter measurement times, the system has been equipped with an electron multiplying CCD
(EMCCD) [6].
The confocal Raman microscope alpha300R consists of a microscope ﬁtted with
a piezo-driven scan table, a UHTS 300 spectrometer with an ultrafast EMCCD
camera, and a Nd:YAG laser with a wavelength of 532 nm (Figure 22.6). All presented measurements were performed with a laser power of 5 mW for the polypropylene (PP)/polyamide 6 (PA6) samples and 10 mW for the poly(3hydroxybutyrate) (PHB)/poly(L-lactic acid) (PLA) samples, and using a 50 microscope objective with a NA of 0.5. The measured area was 50 mm  50 mm with a
lateral resolution of 500 nm (101  101 spectra) for the PP/PA6 samples, and
175 mm  175 mm with lateral resolutions of 1 mm (176  176 spectra) or 2 mm
(86  86 spectra) for the PHB/PLA samples. Mapping of these areas was performed with a measuring time of 500 ms for each individual spectrum. All spectra
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and mapping data were evaluated using the WITec Control and Project software or
the CytoSpec software (v. 1.4.03; Dr Peter Lasch, Robert-Koch Institute, Berlin,
Germany).

22.3
Characterization of Polymer Blends by FT-IR Imaging

One ﬁeld of materials science for which FT-IR imaging has proved extraordinarily
important, from both scientiﬁc and practical aspects, is that of polymer analysis
and polymer physics. In order to illustrate the broad range of applicability of these
disciplines with a special focus on polymer blends, some selected applications will
be discussed in detail; these range from phase separation and characterization of
the state of order in biopolymer blends, to the use of polarized radiation to produce thickness and anisotropy images of inhomogeneously deformed polymer
ﬁlms.
22.3.1
Investigation of Phase Separation in Biopolymer Blends
22.3.1.1 Poly((3-Hydroxybutyrate)(PHB)/Poly(L-Lactic Acid)(PLA) Blends
Polymer blends of PHB and PLA have previously been analyzed by several
research groups, using a wide variety of methods [7–9]. In the following, the application of transmission FT-IR and Raman imaging will be discussed as an alternative approach to providing a better understanding of the chemical and physical
properties of these blends.
The FT-IR transmission spectrum of a PHB/PLA (50/50 wt%) blend ﬁlm is
shown in Figure 22.7 [10]. For FT-IR imaging, the nonoverlapped left and right
wings of the intense n(C
O) absorption band complex can be used primarily for
the characterization of PLA (1758 cm1) and PHB (1724 cm1), respectively. The
insert to Figure 22.7 has been included to demonstrate that the ﬁrst overtones of

O) absorption bands are even better separated than the bands of the funthe n(C

 O) vibrations, and can also be used for the image evaluation of
damental n(C
samples with larger thickness in the case of too-intense fundamental absorptions.
To provide a comparison of the spectral data obtained by FT-IR and Raman
microspectroscopy, the Raman spectra of a PHB-rich and a PLA-rich domain of
the same blend ﬁlm (PHB/PLA; 50/50 wt%) are shown in Figure 22.8. These spectra clearly demonstrate the high selectivity of the PHB and PLA band separation
in the 1710–1800 cm1 wavenumber region corresponding to the n(C O) vibration, and in the 800–900 cm1 range which has been assigned to a coupled mode
of n(CO) and n(CC) vibrations [11].
Based on the spectra measured with the FT-IR, FT-NIR and Raman instruments
of samples with various mechanical and thermal pretreatments, and under different experimental conditions, images have been derived by exploiting the spectral
differences of the blend components.
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Figure 22.7 FT-IR transmission spectrum of a PHB/PLA (50/50 wt%) polymer blend film
(10 mm) in the wavenumber region 3600–400 cm1. The enlarged insert was recorded from a
25 mm film sample.

The visible images and PHB- and PLA-speciﬁc FT-IR images of two PHB/PLA
blend ﬁlms (50/50 and 30/70 wt%) for an area of 260 mm  260 mm are shown in
Figure 22.9. A visual image of the PHB/PLA 50/50 wt% blend with dark, circularshaped islands embedded in a light matrix is shown in Figure 22.9a (left). In order
to prepare the FT-IR contour plots, the PHB- and PLA-speciﬁc n(C
O) absorption
wings were integrated for all 4096-pixel spectra. The FT-IR image based on the
PHB-speciﬁc absorption band (Figure 22.9a, right) indicates a higher concentration of PHB in the islands (red-colored areas), which correlates with the darker
areas in the visual image, whereas the matrix has a higher concentration of PLA
which can be derived from the red-colored areas in the PLA-speciﬁc image

Figure 22.8 Raman spectra of the PHB-rich (red) and PLA-rich (blue) domains of a PHB/PLA
(50/50 wt%) blend film.
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Figure 22.9 Images of a 260 mm  260 mm area (right) of a PHB/PLA (50/50 wt%) blend film;

of PHB/PLA blend films measured at 25  C.
(a) Visible image (left), PLA-specific FT-IR
image (center) and PHB-specific FT-IR image

(b) Visible image (left), PLA-specific FT-IR
image (center) and PHB-specific FT-IR image
(right) of a PHB/PLA (30/70 wt%) blend film.

(Figure 22.9a, center). In contrast, within the available lateral resolution under
these experimental conditions and the n(C
O) wavelength range (20 mm), no
comparable phase separation to the 50/50 wt% blend can be observed in the FT-IR
images of the PHB/PLA 30/70 wt% blend ﬁlm (Figure 22.9b).
In order to obtain a detailed compositional analysis of the blend phases, different PHB/PLA blends ranging from 15/85 to 85/15 wt% were analyzed using FT-IR
imaging. To compare these blends in terms of phase homogeneity and composition, the peak maxima of the PHB and PLA n(C
O) bands were determined for
the spectra with the highest absorption intensities for PLA and PHB. The
PHBmax/PLAmax intensity ratios were then mapped versus the concentration of
PLA (wt%) in Figure 22.10 for the different PHB/PLA blends. The graph obtained
clearly indicated that polymer blends with 15, 30, 60, 70 and 85 wt% PLA exhibited
only small differences in the PHBmax/PLAmax intensity ratios for the PHB-rich
and PLA-rich areas; this, in turn, indicated that these blends are homogeneous,
one-phase polymer systems. In contrast, blends with 40 and 50 wt% PLA showed
signiﬁcant differences in the PHBmax/PLAmax intensity ratios of their PHB-rich
and PLA-rich phases. Thus, the FT-IR images provided evidence that these blends
were separated into two phases with different PHB/PLA compositions; these
results were also conﬁrmed by differential scanning calorimetry (DSC) measurements [10].
If a calibration line is drawn through the data points representing the miscible
blends (15, 30, 60, 70 and 85 wt% PLA) in Figure 22.10, the compositions of the
two phases in the phase-separated blends (40 and 50 wt% PLA) can be derived. In
the PHB/PLA 50/50 wt% blend, the PHB-rich phase had a concentration of 39 wt
% PLA, while the PLA-rich phase contained 69 wt% PLA. In the case of the PHB/
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Figure 22.10 PHBmax/PLAmax ratio versus content of PLA for the PHB-rich (~) and PLA-rich (&)
image areas of the different blend compositions (see text for details).

PLA 60/40 wt% blend, PLA contents of 33 and 71 wt% were calculated for the
PHB-rich and PLA-rich phases, respectively.
22.3.1.2 FT-IR Imaging of Anisotropic PHB/PLA Blend Films
FT-IR imaging has also been applied to analyze phase-separated PHB/PLA blend
ﬁlms which previously had been uniaxially oriented by mechanical elongation.
With reference to such anisotropic materials, a signiﬁcant enhancement of the
potential of FT-IR imaging can be achieved by the application of polarized radiation. The ﬁrst reports of using polarized radiation combined with FT-IR imaging
were made by Wilhelm et al. [12] and Koenig et al. [13]. Based on the polarization
spectra obtained, it became clear that not only could images of chemically or physically different species be constructed, but that thickness and anisotropy images
could also be developed for samples which had undergone inhomogeneous deformation due to mechanical treatment [14,15].
The extraordinarily informative value of images derived from polarization spectra was demonstrated with a PHB/PLA 50/50 wt% blend ﬁlm that had an original
thickness of 27 mm and had been elongated at room temperature to 50% strain in
a miniaturized, computer-controlled stretching machine (Figure 22.11a).
In FT-IR polarization spectroscopy two spectra are generally recorded, with the
electric vector of the radiation polarized parallel (E||) and perpendicular (E?),
respectively, to a reference direction (e.g., the drawing direction) of the anisotropic
sample being investigated. Based on a uniaxial orientation geometry from these
experimental data, the intensity of any absorption band, independent of anisotropy, can be expressed by the structural absorbance A0, which can be calculated by
Eq. (22.3):
A0 ¼

2A? þ AII
3

ð22:3Þ
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Figure 22.11 (a) Visible image of a uniaxially drawn PHB/PLA (50/50 wt%) blend film; (b)
“Thickness” image based on the structural absorbance of the total carbonyl band A0 PHBþPLA.

Based on the absorption intensities of a reference ﬁlm with known thickness, an
image of the marked area in Figure 22.11a was developed by the structural absorbance A0, PHBþPLA of the total carbonyl band (Figure 22.11b), which represents the
thickness variations of the analyzed ﬁlm area. Subsequently, from the signiﬁcantly
different contour colors it can be derived that the phase-separated PHB-rich
“islands” deform in a different manner and to a much greater extent, and are
therefore reduced to a smaller thickness than the PLA-rich matrix (Figure 22.11b).
In a further step, “anisotropy” images can also be developed by calculating orientation functions from speciﬁc absorption bands of the polarization spectra.
In order to monitor the distribution of chain orientation of the two blend components over the total image area as a consequence of the mechanical treatment,
O) absorption bands were evaluated in terms of
the PHB- and PLA-speciﬁc n(C
their orientation functions f? (assuming perpendicular transition moments of the
O) vibrations relative to the PHB and PLA polymer chain direction) by:
n(C
f ? ¼ 2

R1
Rþ2

ð22:4Þ

where R ¼ A||/A? is the dichroic ratio of the n(C
O) absorption bands calculated
from the two sets of imaging spectra recorded with the radiation polarized parallel
and perpendicular to the drawing direction. For more detailed experimental and
theoretical principles of FT-IR polarization spectroscopy, the reader is referred
elsewhere [16,17].
In Figure 22.12a/b, the chemical images of the phase-separated domains have
been developed in analogy to Figure 22.9a. However, in order to eliminate the
signiﬁcant sample thickness inhomogeneities in the stretched polymer
(Figure 22.11b), the structural absorbance ratios A0,PHB/A0,PLA and A0,PLA/A0,PHB
were applied and clearly indicated that, here too, the islands were PHB-rich and
the matrix had a higher PLA content. The orientation function (f? ) images of the
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Figure 22.12 FT-IR images (3.9  3.9 mm2) of

PHB/PLA (50/50 wt%) blend film. For optiA0PHB/A0PLA (a) and A0PLA/A0PHB (b) and the
mum comparison, the f? images (c) and
corresponding orientation function (f? ) images (d) are shown with the same color scale.
of PHB (c) and PLA (d) of the 50% stretched

two blend components for the investigated sample area were calculated using
Eq. (22.4), and are shown in Figure 22.12c,d. From these images a negative orientation (f?  0.4) can be derived for the PHB chains in the “islands”
(Figure 22.12c), whereas the PLA orients positively in the same domains (f?  0.3)
(Figure 22.12d). On the other hand, in the matrix both PHB and PLA orient only
very slightly positive (f? between 0 and 0.1) (Figure 22.12c,d). Thus, the two
phases of the unstretched PHB/PLA 50/50 wt% blend ﬁlm with uniform thickness
responded completely different to the applied mechanical stress: notably, the
PHB-rich phase was oriented to a higher degree and a lower thickness with opposite orientation of the two polymer components (PHB negative, PLA positive),
whereas the PLA-rich phase underwent only a small elongation with a comparatively small thickness reduction and a very low positive orientation for both polymer components (see also Figure 22.11b). The opposite orientation behavior of
PHB and PLA in the PHB-rich domains (the polymer chains of PHB and PLA
were oriented perpendicular and parallel to the drawing direction, respectively)
was observed in rheo-optical experiments of phase-separated PHB/PLA blend
ﬁlms, and this was explained in terms of a continuum mechanical orientation
mechanism of the crystalline PHB domains relative to the amorphous PLA
regions [18]. Thus, the originally isotropic, lamellar PHB domains would be
aligned with their long axes in the direction of elongation, which would lead to a
preferential perpendicular PHB chain orientation in the anisotropic ﬁlm
(Figure 22.13).
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Figure 22.13 Scheme of the continuum mechanical orientation mechanism of crystalline lamellar PHB domains in a predominantly amorphous PLA matrix.

The beneﬁt of imaging measurements was demonstrated in detail previously
[14], because polarization spectra recorded with a single-element detector cannot
discriminate the different orientation mechanisms in the phase-separated, anisotropic structure of such polymer blends.
22.3.1.3 Variable-Temperature FT-IR and Raman Imaging Spectroscopy of a PhaseSeparated PHB/PLA 50/50 wt% Blend Film
Most pairs of chemically different polymers are mutually immiscible, and mixing
usually results in materials which are phase-separated and have weak polymer–
polymer interactions/interfaces [19,20]. Moreover, it is also known that the miscibility of different polymers depends on their concentration, the temperature, and
their chemical structures [21–23].
Previously, FT-IR imaging spectroscopy was applied to study the miscibility of
polymer blends of PHB and PLA as a function of blend composition (see Section
22.3.1.1), and from these investigations the concentration-dependence of phase
separation at room temperature was determined. In this context, a phase-separated PHB/PLA 50/50 wt% polymer blend ﬁlm was analyzed, using FT-IR spectroscopy, between room temperature and 175  C (which was beyond the melting
temperature of both polymers). Furthermore, complementary investigations
using Raman imaging were performed in order to exploit the higher lateral resolution of this technique to interpret the structural changes observed as a function
of variable temperature. FT-IR imaging measurements were performed using
the Perkin Elmer system (see Figure 22.3), while Raman mapping investigations
were made using the confocal Raman microscope (alpha300R; WITec GmbH; see
Figure 22.6).
The FT-IR transmission spectrum of a PHB/PLA 50/50 wt% polymer blend
is shown in Figure 22.7. In order to prepare the FT-IR contour plots for PHB, the

O) absorption band was integrated between 3449 and 3426 cm1, while
2 n(C

for PLA the integrated intensity between 3524 and 3490 cm1 was evaluated with
a common baseline in the region of 3550–3410 cm1. In order to visualize the
changes in phase separation as a function of temperature, PLA/PHB and PHB/
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PLA band ratio images were prepared so as to eliminate the inﬂuence of any variation in sample thickness. A constant scaling of the contour colors was applied as a
visualization tool for displaying the FT-IR band ratio images. In this case, the colors were assigned based on the maximum and minimum absorbance values of
the initial band ratio images at 25  C. Thus, the colors of the subsequent images
were normalized to the absorbance values of the initial images, such that the relationship between the color variation and absorbance values were constant over the
interval of the temperature increase.
The visual and the PLA/PHB and PHB/PLA band ratio FT-IR images of the
PHB/PLA 50/50 wt% blend are shown for a 320 mm  320 mm area at 25  C (panel
a), 125  C (panel b), and 165  C (panel c) in Figure 22.14. In the visual images
(Figure 22.14a and b) of the PHB/PLA 50/50 wt% polymer blend at 25  C and
125  C, it was observed that dark, circular islands were embedded in a light matrix.
Based on the PLA/PHB band ratio images (Figure 22.14a and b, center images),
the bright polymer matrix of the visual images correlated very well with the white/
red areas, indicating a PLA-rich phase. In contrast, the FT-IR images based on the
PHB/PLA band ratio (Figure 22.4a and b, right images) indicated a higher concentration of PHB in the islands (white/red color in this region), which correlated with
the darker areas in the visual images. From these results it can be concluded that,
apart from slight changes in the domain boundaries, the phase separation of the
PHB/PLA 50/50 wt% polymer blend remained intact over the temperature range
from 25 to 125  C. Interestingly, at 165  C (beyond the melting temperature of
PLA) almost no contrast was detected in the visible image of the PHB/PLA 50/
50 wt% blend (Figure 22.14c), but the PLA/PHB and PHB/PLA band ratio FT-IR
images still showed small islands of PHB dispersed in the molten PLA matrix (Figure 22.14c, center and right images).
The FT-IR imaging spectra of the investigated PHB/PLA 50/50 wt% polymer
blend ﬁlm recorded at 25  C and 175  C are compared in Figure 22.15. Beyond
the melting point of the crystalline PHB (174  C), the disappearance of the crystalline structure led to a decreased intensity of the crystallinity-sensitive band
(3437 cm1) and a concomitant increase in the 3460 cm1 absorption band, which
was characteristic of the amorphous PHB regions. In contrast, due to the low
degree of crystallinity, no band shift was observed for the PLA band upon melting
(Figure 22.15). Thus, the original band ratio evaluation could no longer be applied
at 175  C, and was replaced by an evaluation of the individual PLA and PHB band
intensities. The visible and PLA- and PHB-speciﬁc FT-IR images (320 mm  320
mm) of the PHB/PLA blend at 175  C are shown in Figure 22.16.
At 175  C neither in the visible nor in the FT-IR images of the PLA- and PHBspeciﬁc regions can the structures of phase separation be detected, which conﬁrms that both phases of the PHB/PLA polymer blend are molten and that a
more-or-less homogenous liquid phase remains.
The results of Raman imaging measurements of the PHB/PLA 50/50 wt% polymer blend will be discussed at this point. Two band pairs at 1730/1776 cm1 and
843/878 cm1 in the Raman spectra (Section 22.3.1.1; see Figure 22.8) were
employed to develop PHB/PLA and PLA/PHB ratio images and to characterize
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Figure 22.14 Visual images (left), PLA/PHB band ratio FT-IR images (center) and PHB/PLA
band ratio FT-IR images (right) of the PHB/PLA (50/50 wt%) blend film at (a) 25  C, (b) 125  C,
and (c) 165  C.

the changes in phase separation as a function of temperature. The PHB/PLA
images (175 mm  175 mm) are shown for the two polymer-speciﬁc band pairs in
Figure 22.17; corresponding images were obtained for the PLA/PHB ratio evaluation, but are not shown here.
Based on the Raman imaging data, two amendments must be made regarding
the structural phenomena of the polymer blend and the changes as a function of
increasing temperature, as derived from FT-IR data only. First, the originally
assumed PHB-rich domains of about 50 mm (see Figure 22.14a and b) are in fact
composed of much smaller grain structures of about 1 to 20 mm at 25  C (see
Figure 22.17, left panels). In addition, as a function of temperature this PHB-rich
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Figure 22.15 FT-IR imaging spectra of the investigated PHB/PLA (50/50 wt%) blend film. Top:

PHB-rich phase, 25  C; Bottom: molten phases, 175  C.

grain structure coalesces to somewhat larger domains at 125  C and 165  C before
the melting of PHB.
22.3.1.4 FT-IR Imaging of the State of Order of PHB/PCL Blend Films
One further application of FT-IR imaging spectroscopy is its combination with
DSC. As well as allowing the detection of phase separation in polymer blends (as
described above), information on the state of order in blend ﬁlms also becomes

Figure 22.16 Visual image (left), PLA-specific FT-IR image (center) and PHB-specific FT-IR

image (right) of the PHB/PLA (50/50 wt%) blend film at 175  C.
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Figure 22.17 PHB/PLA ratio images of a 175 mm  175 mm area derived from the 1730/1776 cm1

(top) and from the 843/878 cm1 (bottom) specific band pairs of the PHB/PLA polymer blend
measured at 25  C and 165  C.

available, such that FT-IR-speciﬁc images based on the degree of crystallinity can
be developed.
This procedure is outlined with reference to a phase-separated PHB/PCL
50/50 wt% polymer blend ﬁlm, with the determination of phase separation of a
PHB/PCL 50/50 wt% blend ﬁlm being discussed ﬁrst. The FT-IR spectra of
the individual polymers are shown in Figure 22.18a, and a spectrum of the
PHB/PCL 50/50 wt% blend in the wavenumber region 1550–850 cm1 is shown
in Figure 22.18b.
In order to develop the FT-IR contour plots, the PHB-speciﬁc (981 cm1) and
PCL-speciﬁc (1473 cm1) absorption bands were integrated for all pixel spectra.
The visible and FT-IR images of the PHB/PCL 50/50 wt% polymer blend, mapped
for a 260 mm  260 mm area, are shown in Figure 22.19.
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Figure 22.18 (a) FT-IR spectra of PHB (blue) and PCL (red); (b) FT-IR spectrum of a PHB/PCL

(50/50 wt%) blend film.

When compared to the PHB/PLA 50/50 wt% blend discussed in Section 22.3.1.1
(see Figure 22.9a), bright and dark areas could be clearly differentiated in the
visual image of the PHB/PCL 50/50 wt% blend (Figure 22.19a). In addition, the
dark areas correlated very well with the red areas of the PHB-speciﬁc image (Figure 22.19b) and the blue areas in the PCL-speciﬁc FT-IR image (Figure 22.19c).

Figure 22.19 Visual image (a), PHB-specific FT-IR image (b) and PCL-specific FT-IR image (c) of

a PHB/PCL (50/50 wt%) blend.
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Figure 22.20 FT-IR transmission spectra of PHB (blue) and PCL (red) homopolymers.

Thus, it can be concluded that islands of PHB with a size of 20–25 mm are
embedded in a PCL matrix.
The next step was to demonstrate that, by employing a combination of FT-IR
imaging and DSC measurements, crystallinity in the observed phase-separated
PHB/PCL 50/50 wt% blend could be determined. The individual FT-IR spectra of
PHB and PCL are shown, and the characteristic absorption bands of crystalline
and amorphous domains are highlighted, in Figure 22.20. According to this ﬁgure, a crystallinity-speciﬁc band at 1229 cm1 and a band at 1265 cm1 for PHB
that were characteristic for the amorphous regions were used whilst, for PCL,
bands at 1244 cm1 (crystalline regions) and at 1165 cm1 (amorphous regions)
were selected for further calculations. The DSC–temperature diagram of a PHB/
PCL 50/50 wt% polymer blend is shown in Figure 22.21.

Figure 22.21 DSC curve of a PHB/PCL (50/50 wt%) polymer blend film over the temperature
range 45 to þ200  C. The heating rate was 10  C min1.
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Figure 22.22 Visual image (a), state-of-order PHB-specific FT-IR image (b) and state-of-order

PCL-specific FT-IR image (c) of a PHB/PCL (50/50 wt%) blend. The color scale indicates %
crystallinity.

The crystallinity derived from DSC measurements was 56.5% for PHB, and
47.6% for PCL. Assuming that these calculated degrees of crystallinity of PHB
and PCL in the blend corresponded to the crystallinity indices derived from conventional FT-IR measurements of a PHB/PCL 50/50 wt% polymer blend, then
state of order-speciﬁc FT-IR images could be developed. In order to prepare stateof-order speciﬁc FT-IR images of PHB and PCL, a crystallinity index was calculated from the intensities of the crystalline- and amorphous-characteristic absorption bands of PHB and PCL for all 4096-pixel spectra, respectively. These
crystallinity indices were then transformed into percentage crystallinities corresponding to the DSC analysis of a PHB/PCL 50/50 wt% blend. The visible image,
state-of-order PHB-speciﬁc and state-of-order PCL-speciﬁc FT-IR images of a
PHB/PCL 50/50 wt% blend are depicted in Figure 22.22.
In addition to the observed phase separation of the PHB/PCL 50/50 wt% polymer blend, evidence of the degree of crystallinity in the PHB- and PCL-rich
domains was also available. The data in Figure 22.22b show that, in the PCL-rich
polymer matrix (blue-colored regions), PHB featured a crystallinity of less than
55%, whereas in the PHB-rich “islands” a crystallinity in excess of 60% was
observed. In contrast, in the PCL-rich matrix showed a PCL-crystallinity of ca.
55%, whilst in the PHB-rich islands the PCL-crystallinity varied between 30% and
40% (see Figure 22.22c).
22.3.1.5 FT-IR and FT-NIR Imaging of the Spherulitic Structure of Poly(3-HydroxyButyrate) and Cellulose Acetate Butyrate Blends
Suttiwijitpukdee et al. [24] studied the crystal melting behavior of PHB and cellulose acetate butyrate (CAB) blends by using both IR and NIR imaging. The variations in the IR and NIR imaging spectra in the regions of the ﬁrst and second
overtones of the C
O stretching vibrations of PHB and CAB revealed the evolution of heterogeneous spherulites during the time-resolved isothermal crystallization process. Based on the results of time-resolved IR and NIR imaging and
polarized microscopic studies, it was found that the PHB domains were able to
separate from the PHB/CAB blends early in the process. The use of PCA allowed
the distribution of the different morphologies of a spherulite to be classiﬁed. The
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Figure 22.23 Visual image (a), NIR image (b) and IR image (300 mm  400 mm) (c) of the PHB/

CAB blend (80/20 wt%) during isothermal crystallization at 125  C [24].

ﬁrst principal component suggested that discrimination of the imaging spectra
relied largely upon the crystallinity, while the second principal component indicated variations in the amorphous portion of PHB, the CAB contents, and the
intermolecular hydrogen bonding of PHB and CAB. The PC1–PC2 scores of different parts of the spherulite suggested that the areas of low crystallinity in the
blend spherulite contained both PHB and CAB.
The NIR image (Figure 22.23b) was calculated from the area ratios [25] of the
second overtone of the C
O stretching mode of the crystal structure (5140–
5090 cm1) and that of the amorphous part (5200–5150 cm1). The IR image
(Figure 22.23c) was developed from the area ratio of the corresponding ﬁrst overtone band of the crystalline regions (3445–3390 cm1) and that of the amorphous
domains (3480–3450 cm1), which cover the crystal peak at 3445 cm1 and the
amorphous peak at 3465 cm1, respectively, to avoid the inﬂuence of the peak at
3485 cm1 due to the hydrogen-bonded O–H groups of the CAB content [24,26].
Therefore, the selected range of this amorphous area was narrower than that of
other regions. The calculated regions are shown in Figure 22.24. The images

Figure 22.24 NIR (a) and IR (b) imaging spectra of the PHB/CAB (80/20 wt%) blend film [24].
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based on the crystal/amorphous band area ratios yield the high crystallinity of the
spherulite (shown in red) and the amorphous part, which is represented by the
darker color in the images (see Figure 22.23b and c). The NIR image shows the
high crystallinity in the middle part (Figure 22.23b). It should be noted that the IR
image shows more clearly the area ratios of the crystalline/amorphous bands, enabling a clearer monitoring of the surface of spherulite morphology than the NIR
image. The differences in the band ratios of the NIR and IR images may be
caused by two effects. The ﬁrst effect is that of peak intensity; as the ﬁrst overtone

of the C

O stretching modes of PHB is much stronger than the second overtone,
the composed image in the IR region depicts the spherulite morphology more
clearly than the NIR image. The second effect is that the ﬁrst overtone of the
C O stretching vibration in the IR region overlaps with some parts of the O–H
O hydrogen
stretching band, and the spherulite is affected by intermolecular C
bonding.
By exploiting the advantages of spectroscopic imaging, it may be possible to
extract each spectrum from the local areas (25 mm  25 mm), which provide information about the structure at the local points presented in Figure 22.23c. Suttiwijitpukdee et al. [24] classiﬁed the areas as follows: group A is the highly crystalline
area in the spherulite, which is shown in the red color; group B is the low crystalline area shown in the orange color; group C is the interface of the spherulitic
edge; and group D is the amorphous region outside the spherulite.
PCA was employed to classify the differences in the spectra for each local area
spectrum of the spherulite. Consequently, 20 single spectra were extracted from
20 points of groups A–C, but for group D only ﬁve spectra were obtained as the
amorphous area is limited (as shown in Figure 22.23c). All spectra in the region of
5500–3300 cm1 were subjected to a linear baseline correction and a second derivative pretreatment to highlight subtle differences in the spectral features among
the spectra before the PCA calculations.
The PCA score plot of the ﬁrst principal component (PC1) versus the second
principle component (PC2) of each group is illustrated to compare their variations (see Figure 22.25). This plot clearly discriminates between groups A and
B and groups C and D. It should be noted that the spectral points of group A
are projected nearer to each other than the spectral points of group B, which
suggests that group B contains heterogeneity within the group whereas the
spectra of group A are similar to each other. The differences between groups
A and B indicate that group B is most likely composed of a combination of
PHB and a small fraction of CAB, whereas group A is highly crystallized and
contains only PHB.
Figure 22.26 presents the loadings plot of PC1 (solid line) and PC2 (broken
line), which account for 95% and 4% of the total spectral variance, respectively, of
the results shown in Figure 22.25 for the total 65 spectra points. It is evident from
the loading plot of PC1 that the important loadings are related to the ﬁrst over1
tones of the C
O stretching modes at 3470 cm (amorphous part) and at 3440
1
and 3424 cm (crystalline part). However, judging from the peaks at 3460, 3610,
4350 and 4400 cm1 in the PC2 loading plot (broken line), PC2 also imparts
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Figure 22.25 Score plots of PCA factor 1 versus factor 2 for the 65 spectra of groups A, B, C, and

D [24].

important information about the intermolecular interactions, even though it
accounts for only 4% of the total variance. The highest loading value of PC2 is
strongly related to the peak at 3460 cm1, which corresponds to the intermolecular
hydrogen bonding between CAB and PHB, as reported previously [26]. Furthermore, a weak loading value corresponds to the peak at 3610 cm1, which may
be related to the OH stretching vibration of the CAB in the blends [27]. Therefore, this indicates that PC1 can be explained by introducing the crystallinity of
PHB to the blend system, while the loading plot of PC2 indicates the contributions of the amorphous parts of PHB and CAB and the intermolecular hydrogen
bonds of PHB and CAB.
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Figure 22.26 PCA loadings plots of factor 1 and factor 2 of the results shown in Figure 22.25 [24].
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22.3.1.6 Raman Mapping Measurements of the Influence of a Compatibilizer on
Phase Separation of the Polymer Blend Polypropylene/Polyamide 6
In general, polymer blends are mixtures of two different polymers with improved
properties in comparison to the individual polymers; however, they tend towards
phase separation because of their immiscibility. To overcome this phenomenon, it
is necessary to use a compatibilizer which is enriched between the interfaces to
connect the immiscible phases. Typically, interactions between the polymer compounds at the interfaces will have a signiﬁcant effect on the resultant morphology,
and thus the macroscopic properties. Investigations into phase separation (and
changes thereof) caused by the use of compatibilizers can be performed using
Raman mapping, on the basis of its high lateral resolution.
In this case, the polymer blend PP/PA6 was investigated to demonstrate the
inﬂuence of the compatibilizer maleic anhydride-grafted polypropylene (PP-g-MA)
on the phase separation of different blend compositions. The speciﬁc Raman
bands of PP at 812 cm1 and of PA6 at 1640 cm1 were used for development of
the images (Figure 22.27). The Raman images developed for these two speciﬁc
bands are shown in Figure 22.28, where the red areas represent PP and the blue
areas correspond to PA6. Figure 22.28a shows the PP/PA6 (60/40 wt%) blend
image without compatibilizer, while Figure 22.28b shows the PP/PA6/PP-g-MA
(65/30/5 wt%) blend image with compatibilizer. The blend without compatibilizer
was seen to exhibit a much stronger phase separation with heterogeneously distributed PA6 particles and signiﬁcantly different particle sizes (between 1 and

Figure 22.27 Raman spectra of pure PP (red) and PA6 (blue).
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Figure 22.28 Raman images of the blend PP/PA6 (red: PP, blue: PA6) without (a) and with (b)
compatibilizer (see text for details).

15 mm). It was clear that the compatibilizer had strongly inﬂuenced the morphology in the blend since, after applying the compatibilizer, the blend reﬂected a
completely different phase behavior with much smaller and more homogeneously
distributed domains of PA6 in PP.
In addition, the morphology of the same blend components but with different
compositions, ranging from 50 to 90 wt% PP without the PP-g-MA compatibilizer
(5 wt%), and from 25 to 90 wt% PP with compatibilizer (5 wt%), was investigated.
No difference in particle size of PA6 in the PP matrix was observed for the different blends without compatibilizer when compared to Figure 22.28a. However, different morphologies for different compositions were detected for those blends
with compatibilizer; these morphologies are shown in Figure 22.29 for four different compositions. Smaller contents of PA6 (20 wt%) were mixed homogeneously
with small domains far below 5 mm in both polymers (Figure 22.29a); however, by
increasing the concentration of PA6 to 30 wt%, the phase separation was
increased and larger domains of PA6 were observed (Figure 22.29b). Finally, by
extending the concentration of PA6 to 40 wt% (Figure 22.29c), PA6 particles of up
to 10 mm were formed in the phase-separated polymer blend.

Figure 22.29 Raman images of the blend
PP/PA6 (red: PP, blue: PA6) with 5 wt% of the
compatibilizer PP-g-MA. (a) PP/PA6/PP-g-MA

(75/20/5 wt%); (b) PP/PA6/PP-g-MA (65/30/
5 wt%); (c) PP/PA6/PP-g-MA (55/40/5 wt%);
(d) PP/PA6/PP-g-MA (25/70/5 wt%).
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A further increase in PA6 content to 70 wt% (Figure 22.29 d) led to domain
sizes of the phase-separated polymer components that were comparable to small
concentrations of PA6 (Figure 22.29a). This effect could be explained in terms of
an optimum performance of the compatibilizer in preventing phase separation, if
the content of one component was below 35 wt%.
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23
Electron Paramagnetic Resonance Spectroscopy and Forward
Recoil Spectrometry
Krzysztof Kruczała and Ewa Szajdzi
nska-Pie˛tek

23.1
Introduction

In this chapter the fundamentals of electron paramagnetic resonance spectroscopy
(EPR) and forward recoil spectrometry (FRES), together with some applications of
these techniques in the studies of polymer blends, are described. Both methods
are well known and widely used in various areas of research, including that of
polymers, despite the fact that polymers are in general not paramagnetic species,
and the high-energy ion-beam irradiation involved in FRES might initiate the degradation of these materials while being examined.
EPR is the method of choice for the detection and investigation of paramagnetic
centers such as free radicals, transition metal ions (TMIs) and other species with
unpaired electrons. Such species may be inherently present in polymeric materials, and include residual post-polymerization radicals, spin charge carriers in conducting polymers, and TMIs added as initiators, stabilizers or catalysts.
Macroradicals may be also formed in polymers due to depolymerization reactions,
exposure to high-energy radiation, and other degradation processes that occur in
these materials. More importantly, EPR is also a powerful tool used in studies of
the structure and dynamics of diamagnetic systems. The method, which involves
doping the examined material with stable radicals (spin probes) or attachment of
the radicals to host molecules by covalent bonds (spin labels), relies on the fact
that EPR spectra of the spin probe/label (e.g., the nitroxide radical) are sensitive
to its local environment, in terms of polarity, and viscosity, molecular order, and
so on.
The second method to be discussed, FRES, is dedicated to measurements of the
atomic composition and impurity concentrations in the near-surface regions of
solids. In most cases of polymers blends, the surface and interface behavior can
differ from that of the bulk material. Following the general rule that the system
tends to reduce Gibbs free energy, a constituent with a lower surface energy will
migrate to the surface, leading to its surface enrichment. The surface composition
can thus change with time, and this phenomenon may affect the usefulness of the
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material. Therefore, the surface and interfacial properties of polymer blends are of
great technological interest. Forward recoil spectrometry is one of the techniques
of ion beam analysis (IBA) that can be used to quantify the depth distribution of
components in various materials. When used together with deuterium labeling,
FRES is very useful for investigating the surface and interfacial properties and
processes of polymer blends, especially those containing polystyrene.
This review of EPR and FRES studies on polymer blends (see Sections 23.2.2
and 23.3.3) is based mainly on reports produced within the past 15 years. However, in other sections reference is also made to earlier publications concerning the development of both methods, and the most relevant data obtained via
their use.

23.2
Electron Paramagnetic Spectroscopy

Electron paramagnetic resonance spectroscopy, also known as electron spin resonance (ESR) spectroscopy, is a technique that allows the study of paramagnetic
substances (i.e., those having positive magnetic susceptibility) by measuring the
magnetic ﬁeld at which a resonance absorption of monochromatic electromagnetic radiation occurs, leading to a reversal of orientation of the magnetic
moments. Paramagnetism is caused by the presence of unpaired electrons. This
method was developed during the 1940s in Kazan [1].
EPR is used extensively to detect, identify and follow the fate of radicals involved
in polymerization or polymer degradation processes. It is also used extensively to
characterize polymeric materials in terms of their morphology, heterogeneity,
structural transformations, chain dynamics, and so on [2–5]. For this purpose,
one can take advantage of the stable paramagnetic centers present in material to
be examined (e.g., residual post-polymerization radicals, or TMIs used as catalytic
centers or stabilizers). In most cases, however, external spin probes are added,
including spin-labeled macromolecules (see Sections 23.2.1.5 and 23.2.2.1) [6].
The sensitivity and high content of structural information contained in the spin
Hamiltonian parameters allow to obtain valuable – and often unique – data on the
studied systems [7].
23.2.1
EPR Background

As the theory of EPR spectroscopy has been described in numerous books and
reviews [2,8–12], at this point only selected basic information will be provided that
is essential for readers unfamiliar with the technique and is related to the application of the technique in polymer studies. As mentioned above, EPR spectroscopy
is used to investigate substances with unpaired electrons. The electron possesses
intrinsic angular momentum called spin (S), and since it is a negatively charged
particle, its magnetic moment (me) is collinear but anti-parallel to the spin itself

23.2 Electron Paramagnetic Spectroscopy

and is given by:
me ¼ g e mB S

ð23:1Þ

where g e is the g factor (for a free electron this is equal to ﬃ2.002319), mB is the
Bohr magneton (eh/2me ¼ 9.273  1024 J T1, where 
h is Planck’s constant (h)
divided by 2p, whilst e and me are the electron charge and mass, respectively).
The component of the spin angular momentum along the z-direction can only
assume two values:
Sz ¼ ms 
h

ð23:2Þ

where ms is the magnetic spin quantum number.
The z-direction is assumed as that of the external magnetic ﬁeld B (of induction
B), and (in an isotropic medium) the energy of the magnetic dipole interaction
with this static magnetic ﬁeld is expressed by the following formula:
E ¼ m s g e mB B

ð23:3Þ

Since the magnetic spin quantum number for a single electron can have only
two values ms ¼ 1/2, therefore, in a magnetic ﬁeld, two discrete energy levels
þ1/2 ms g e mB B and 1/2 ms g e mB B associated with parallel (a) and anti-parallel (b)
spin orientation with respect to B, are produced. The degeneration of the spin
levels is thus eliminated and the resulting splitting of energy levels [Eq. (23.4)] in
a magnetic ﬁeld is called the Zeeman effect (cf. Figure 23.1):
DE ¼ g e mB B

ð23:4Þ

Figure 23.1 Schematic representation of the splitting of electron spin energy level due to

the Zeeman effect. The gray background blur represents the uncertainty of energy levels due to
the Heisenberg uncertainty principle: De  Dt  h
=2.
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The absorption of microwave radiation (with the oscillating magnetic ﬁeld B1
perpendicular to the static magnetic ﬁeld B) may induce transitions between the
two energy levels if the resonance condition is fulﬁlled. This leads to the fundamental equation of EPR spectroscopy:
hn ¼ g e mB B

ð23:5Þ

where n is the microwave frequency.
The selection rule for EPR absorption is Dms ¼ 1, which means that allowed
transitions occur only between the adjacent energy levels.
In general, the Zeeman interaction is anisotropic and is described by the second-order ~g tensor, which in the principal coordinate system is represented by the
3  3 matrix of the form:
2
3
0
g xx 0
~g ¼ 4 0
g yy 0 5
ð23:6Þ
0
0
g zz
in which the diagonal components differ from the g-factor characteristic of a free
electron. However, in the case of carbon centered radicals, the average value of
these components is usually close to g e , but can vary over a wide range for transition metal complexes.
A full description of static EPR spectra of paramagnetic samples is given by the
spin Hamiltonian consisting of several terms which represent, in the order of
^ ﬁne coupling (S
^D
^
~  S),
decreasing energy, electron Zeeman splitting (mB B  ~g  S),
^
~
^
^
~
^
hyperﬁne coupling (S  A  I), quadruple interaction (I  P  I), and nuclear Zeeman
splitting (g N mN B  ^I B ) [13]:
^þS
^D
^þS
^A
~  ^I þ ^I  P
^ sp ¼ mB B  ~g  S
~ S
~  ^I  g mN B  ^I
H
N

ð23:7Þ

~ P
~ A;
~ are tensors of ﬁne, hyperﬁne and quadruple interactions, respecwhere D;
^ ^I, are operators of electron and nuclear spins, respectively, and g , mN are
tively, S;
N
the nuclear g-factor and nuclear magneton, respectively.
In the case of polymer systems, most often only two ﬁrst terms need to be considered, and the spectra are adequately described by the simpliﬁed Hamiltonian:
X
^ þ
^A
~ n  ^I n
^ sp ¼ mB B  ~g  S
ð23:8Þ
S
H
In the above formula, hyperﬁne interactions with n-number of nuclei have
been considered. Hyperﬁne structure (HFS) in EPR spectra is due to interaction
of the electron magnetic moment with the nuclear magnetic moment (mI), which
for one nucleus with quantum number I leads to splitting of the single EPR line
to N ¼ 2I þ 1 lines (e.g., for 14 N, I ¼ 1 and N ¼ 3). The contribution of an additional magnetic ﬁeld generated by the nucleus depends on mI and the electron–
nucleus distance. There are two mechanisms of hyperﬁne coupling: (i) Fermi contact interaction; and (ii) dipole–dipole interaction.
The Fermi contact interactions are responsible for isotropic contribution to
the HFS, characterized by the isotropic splitting constant (aiso), and are due to
the deﬁnite probability density of the unpaired electron orbital wavefunction at
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Figure 23.2 Simulated X-band EPR spectra for different isotropic splitting constants A.

the position of the magnetic nucleus. As the wavefunction at this position
does not equal zero only for the atomic s orbital, the isotropic HFS should not
be observed for the electron spin located at other orbitals (p, d, f). In molecular systems, however, isotropic hyperﬁne coupling is observed in many cases
due to spin polarization. The anisotropic part is due to dipole–dipole interactions of electron and nucleus magnetic moments, and can be considered as
classical interaction of two dipoles. As the interaction is dependent on the orientation, in the case of fast molecular motion the anisotropic contribution to
HFS averages to zero.
The spectra of organic radicals are often characterized by a complex HFS that
results from the delocalization of unpaired electrons and their interactions with
multiple magnetic nuclei (Figure 23.2).
~ which can be described by a
The HFS is characterized by hyperﬁne tensor A,
square matrix 3  3; it consists of isotropic aiso (Fermi contact interaction) and
~ d (dipolar interaction) components, and can be expressed as:
anisotropic A
2

1
~ ¼ aiso  1 þ A
~ ¼ aiso  4 0
A
0
d

3 2 d
Axx
0 0
1 05 þ 40
0 1
0

0
Adyy
0

3
0
0 5
Adxx

ð23:9Þ

~ and line
From experimental spectra it is possible to determine the tensors ~g ; A,
intensity. These parameters, when combined with the information about the line
shape and line width, fully describe the EPR spectrum and provide valuable information about the molecular structure of the studied systems [14,15].
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Table 23.1

List of microwave frequency bands and the corresponding resonance magnetic fields

for g ¼ 2.0.
Band

Frequency, n (GHz)
Field for g ¼ 2:0=mT

L

S

X

K

Q

W

0.8–1.2
35.0

2.4–3.8
130.0

9–10
340.0

24
850.0

34
1220.0

94
3350.0

Since all magnetic parameters are most often not available directly from the
spectrum, computer simulations – combined with the optimization procedure
and theoretical calculations – are the only methods that enable a complete analysis
of the experimental data (see Section 23.2.1.4) [16].
23.2.1.1 Multifrequency EPR
Most continuous-wave EPR (CW-EPR) systems operate at 9–10 GHz microwave
frequency – that is, at X-band (Table 23.1). However, in order to distinguish
between interactions that are dependent on the magnetic ﬁeld from the ﬁeldindependent one, multifrequency EPR needs to be applied [17]. The second most
common band is the Q-band at 34 GHz, mainly because it provides a threefold
larger Zeeman splitting while still allowing measurements for samples of a
reasonable size (which can be easily handled).
The acquisition of EPR spectra at two or more frequencies may help to distinguish two radicals with very similar g factors and line shapes, which is very often
the case for species which can be found in polymer materials. The simulated
X-, Q-, and W-band CW-EPR spectra of two radicals differing only by Dg ¼ 0:0005
are presented in Figure 23.3a. Whereas, in the X-band spectrum only one isotropic

Figure 23.3 Simulated X-, Q-, and W-band
continuous-wave EPR spectra of two radicals.
(a) Characterized by g-factors differing by
0.0005 and no hyperfine interactions;

(b) Characterized by g-factors differing by
0.004, and hyperfine structure (radical I: aN ¼
aHb ¼ 1.5 mT; radical II: aN ¼ 1.5 mT, aHb ¼ 22
mT, aHc ¼ 0.3 mT).
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signal can be observed, the Q-band and especially the W-band spectra show the
presence of two signals.
The same procedure may be helpful with spectral analysis in the case of complicated and overlapping HFS. As hyperﬁne coupling does not depend on frequency,
the distance between the HFS lines remains the same but the resonance magnetic
ﬁeld changes according to Eq. (23.5) (cf. Figure 23.3b; Dg ¼ 0:004).
Continuous-wave multifrequency EPR measurements of the tumbling paramagnetic species such as nitroxide probes (see Section 23.2.1.4) are also helpful
for determining a correct motional model. High-ﬁeld EPR is sensitive only to very
rapid components of the probe’s rotational motion, and allows discrimination to
be made between motional and polarity effects on the spectra [18–21].
23.2.1.2 Pulsed EPR
Pulsed EPR [also known as time domain EPR or Fourier transform (FT)-EPR]
techniques provide information about weak hyperﬁne and quadrupolar interactions of a probe electron spin with other electron and nuclear spins in its environment. In a pulsed experiment, a constant magnetic ﬁeld (Bo) is used and the
sample is irradiated by sequences of microwave pulses of high power leading to
the in a range of transition frequencies. The variations of pulse duration and delay
times allow for the separation of weak magnetic interactions and extraction of
information that is not accessible when using CW-EPR. The excitation range
increases with decreasing pulse duration (typically 10 to 100 ns). An additional
advantage of this technique is the fact that a single FT-EPR spectrum can be
recorded in a very short time, even of the order of microseconds. In practice,
more advanced pulse sequences lead to spectra with low signal-to-noise ratios,
which thus require
and repetition times. The simplest two longer acquisition

pulse sequence p2 ! t ! p ! t leads to the formation of a Hahn echo [22],
which can be converted to an EPR spectrum by using Fourier transform
(Figure 23.4) [23]. One of the major areas of applications for this technique
includes studies of the structure and dynamics of biomacromolecules, with the
use of spin-labeling methods, although similar procedures can be used in the case
of other polymeric systems [24]. For example, pulse electron double resonance
(PELDOR) or double electron electron resonance (DEER) allow the measurement
of distances between spins in the range of 1.5 to 8.0 nm [25–27].
Electron spin echo envelope modulation (ESEEM), as one of the key EPR techniques allowing for the detection of weak hyperﬁne interactions, was applied to
polymer systems in order to provide a qualitative local elemental analysis [28,29].
An appropriate modiﬁcation of the four-pulse ESEEM leads to a two-dimensional
ESEEM technique termed hyperﬁne sublevel correlation spectroscopy (HYSCORE)
[30], which offers an increased resolution [23] and is especially suitable for systems
interacting with a large number of different nuclear spins [23]. Pulsed EPR nutation spectroscopy allows the study of high-spin samples containing several spin
states with different multiplicities [31,32]. Additionally, it can be used to optimize
the oxidative doping process of a high-spin polymer and to determine the optimal
stoichiometry between the oxidizing agent and the polymer [33]. Furthermore,
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Figure 23.4 (a) Formation of a microwave
pulse of tp length and the corresponding
excitation band obtained after Fourier
transformation. (b) Behavior of the
magnetization, M0, in the rotating frame upon
a p/2 ! p pulse sequence, leading to electron
spin echo (1) orientation of M after a strong
p/2 pulse along the x-axis; (2) defocusing of
spin packets with a rate of 1/Tm; (3) orientation of spin packets after subsequent

application of p pulse; (4) refocusing of spin
packets and formation of an electron spin echo
(ESE) signal recorded with detector D; (5)
recovery of the longitudinal magnetization
with a rate of 1/t1. (FID – free induction decay,
V(t) – intensity, Tm- phase memory time) Pulse
sequences for (c) primary (Hahn) echo and
(d) stimulated echo. Reprinted with permission
from Ref. [36]; Ó 2013, John Wiley & Sons.

pulsed EPR allows the determination of T1 and Tm relaxation times directly from
special pulse sequence experiments. Further details on the technique principles
and applications are available elsewhere [23,34–36].
23.2.1.3 EPR Imaging
In a classic EPR experiment, the applied static magnetic ﬁeld is homogeneous and
the signal is derived from the entire sample volume. EPR imaging (EPRI) allows
the spatial distribution of paramagnetic centers in the sample to be determined,
such that the macro heterogeneity can be tracked without destroying the sample
[37–41]. Traditional EPR spectroscopy can be transformed into EPRI by applying a
magnetic ﬁeld gradient at a site of the sample. In this case, the magnetic ﬁeld
gradient forms a link between the position in the sample and a resonance ﬁeld,
and the information on spatial distribution of paramagnetic centers becomes

23.2 Electron Paramagnetic Spectroscopy

Figure 23.5 Scheme of the EPR imaging experiment. The application of a magnetic field gradient

allows the concentration profile of paramagnetic species within the sample to be determined.

coded in the EPR spectra. Decoding of this information requires the use of
advanced numerical procedures [42–44]. In the presence of a magnetic ﬁeld gradient (generated by an additional coil; cf. Figure 23.5), only paramagnetic species
present in a thin layer of the sample fulﬁll the resonance condition [Eq. (23.5)] at
a given value of the homogeneous magnetic ﬁeld, B. In the case of the gradient
(Gx) parallel to the sample axis, the resonance condition is modiﬁed in the following manner:
hv ¼ g e mB ðB þ xGx Þ

ð23:10Þ

where x is the x-coordinate (position in the sample).
From a mathematical point of view, the recorded spectrum, Y(B), is a convolution of spectrum without gradient S(B), concentration proﬁle of paramagnetic species P(x) and proﬁle of the cavity sensitivity, C(x):
ð þ1
Y ð BÞ ¼
ðSðB þ xGx Þ  PðxÞ  CðxÞÞdx
ð23:11Þ
1

In most cases the sensitivity proﬁle of the cavity is taken as a constant; however, a detailed analysis of the concentration proﬁles – particularly in the case
of long samples (l > 3 mm) – requires that the real sensitivity proﬁle has to be
taken into account [39d]. The idea of such experiment is presented in Figure 23.5, where Figure 23.5a shows a model sample of two 2,2-diphenyl-1-picrylhydrazyl (DPPH) crystals of different sizes, placed at a distance of 10 mm
from each other. In a classical EPR experiment, the spectrum of this sample

739

740

23 Electron Paramagnetic Resonance Spectroscopy and Forward Recoil Spectrometry

Figure 23.6 (a) Two-dimensional (2D)
spectral-spatial perspective plot of nitroxide
biradicals derived from hindered amine stabilizer (HAS) doped in HPEC (copolymer of ethylene and propylene [39c,b]) on one side of the

plaque (left), and in transparent film attached
to the plaque on the opposite site (right).
(b) Spectral slices determined nondestructively
from 2D plot. Adapted with permission from
Ref. [46]; Ó 2008, Elsevier.

consists of one line (Figure 23.5c), but when a magnetic ﬁeld gradient is
applied the resonance will occur at two values of the homogeneous magnetic
ﬁeld. By using an appropriate deconvolution algorithm, the concentration proﬁle of the paramagnetic species can be determined (Figure 23.5c). The proﬁle
obtained carries information about the spatial distribution of paramagnetic
centers, which in turn makes it possible to deduce the chemical processes taking place in the sample [45].
In order to investigate microheterogeneity of a polymer, it is necessary to apply
two-dimensional (or n-dimensional, where n  2) spatial–spectral EPRI [46].
Two-dimensional (spatial–spectral) imaging allows not only a determination of
the location and concentration of paramagnetic species but also analysis of spectral changes as a function of the position in the sample (Figure 23.6). This
experiment requires the registration of a series of EPR spectra (projections) as a
function of the magnetic ﬁeld gradient, and the use of a reconstruction algorithm [42]. The collected data consist of projections reﬂecting the test object in
spectral (B) and spatial (L) coordinates (Figure 23.7). For the ﬁeld gradient equal
to zero (a ¼ 0), the classical EPR spectrum can be registered, whilst for a ﬁeld
gradient of inﬁnite value it would be possible to obtain a “clean” concentration
proﬁle. In practice, however, it is not possible to use an inﬁnitely large gradient
and therefore it is not possible to obtain all projections.
The experimentally available maximum projection angle, a max , depends on the
maximum gradient (Gmax) that can be used, the sample length (L), and the width
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Figure 23.7 Schematic representation of two-dimensional (2D) (spatial-spectral) projection in

2D EPRI experiment using a discretely changing gradient and the cone of missing angles.
Adapted with permission from Ref. [7]; Ó 2006, John Wiley & Sons.

of the EPR spectrum without gradient (DB):
tanðamax Þ ¼

L
Gmax
DB

ð23:12Þ

For the above-mentioned parameters, it is necessary to register the EPR spectrum
by using the sweep width (SWmax), calculated according to the following formula:
pﬃﬃﬃ
2DB
SW max ¼
ð23:13Þ
cosðamax Þ
The shape of the spectra for the missing projections can be considered as the
same as that at the maximum available gradient, or it can be calculated with a
suitable iterative algorithm [42].
As can be seen from Figure 23.6, the two-dimensional EPRI method allows any
changes in the shape and intensity of the EPR spectra to be visualized as a function of position within the sample. From the spectrum shape, information on the
local viscosity and polarity can be deduced (see Sections 23.2.1.4 and 23.2.1.5).
23.2.1.4 Simulation of EPR Spectra
The components of g and A tensors and their principal axes can be determined
experimentally by measuring the angular dependence of EPR spectra of paramagnetic centers in single crystals. However, in most cases of solid-state EPR,
including polymer samples, only powder (rigid limit) spectra are experimentally
available, which represent a superposition of a large number of individual signals
corresponding to random orientations of the paramagnetic center. Therefore, a
simulated powder spectrum can be expressed as [47,48]:
ð p=2 ð 2p X
Y ðB; nÞ ¼ C
P ðq; w; nÞf ðB  B0 ½n ; sB Þd cos q dw
ð23:14Þ
i i
q¼0 w¼0

where C is a constant that includes all experimental parameters; q, w are the
polar and azimuthal angles, respectively, between the external magnetic ﬁeld and
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principal axes of the g tensor; P(q,w,n) is the transition probability; f ðB  B0 ½n ; s B Þ
is the line shape function (Lorentzian, Gaussian functions or their combination);
and sB is the orientation-dependent line width.
In a system that enables rotational diffusion of paramagnetic species, the
anisotropy of magnetic interactions is subject to a partial or complete averaging,
and this results in changes of the EPR line shape. The correlation time of rotational movements, tR , is related to the viscosity and temperature of the
medium; in the case of isotropic Brownian diffusion of a spherical molecule, it
is given by the equation:
tR ¼

Vh
kB T

ð23:15Þ

where g is viscosity, T is temperature, and V h is the hydrodynamic volume.
In general, to describe the EPR spectrum in a motional regime, a procedure
based on the solution of the stochastic Liouville equation should be used [49–52].
However, in low-viscosity media, a very fast molecular tumbling leads to an averaging of the anisotropic part of the spin Hamiltonian to zero, and the spectrum is
composed of narrow Lorentzian lines, and is characterized by:
1
g iso ¼ ðg xx þ g yy þ g zz Þ
ð23:16Þ
3
1
aiso ¼ ðAxx þ Ayy þ Azz Þ
ð23:17Þ
3
Due to the randomness of molecular motions, yet, the anisotropic Hamiltonian
terms ﬂuctuate in time and this leads to a modulation of energy levels and of
transition frequencies; consequently, a broadening of the EPR lines is observed.
For spectral lines resulting from the hyperﬁne interaction with a single nucleus,
the extent of this broadening will depend on the magnetic nuclear quantum number mI of the respective transition. According to Kivelson theory [53], the peak-topeak line width, DBpp in frequency units, is given by:
DBpp ðmI Þ ¼ a þ b  mI þ e  m2I

ð23:18Þ

The coefﬁcient a includes broadening contributions resulting from other mechanisms (e.g., the presence of oxygen or instrumental factors), whereas b and e are
governed by the anisotropy of the g and A tensors, the viscosity of a medium and
its temperature, and the resonance ﬁeld B0 (thus the microwave frequency; the
broadening is different in X-band than for example in Q-band) [54]:
a¼

4
bðDcÞB0 tR
15

and

1
e ¼ b2 tR
8

where


b ¼ 2pðAzzh  aiso Þ ¼4=3 p Ajji A?

h1 g zz 1=2 g xx þ g yy
Dc ¼ be 

ð23:19Þ
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In the case of slower movements, in media of high viscosity, the so-called “slow
tumbling” EPR spectra are observed – that is, anisotropic signals which directly
reﬂect the distribution of transition frequencies. For nitroxide radicals (which are
commonly used as spin probes or labels; vide infra), the slow-motional regime corresponds to rotational correlation times in the range 106 to 109 seconds. In order to
calculate such EPR spectra, two major methods have been used, namely “trajectory
methods” or those based on the stochastic Liouville equation. For many years, the
line shapes of slow-motional spectra of nitroxide probes/labels have been analyzed
using a computer program developed by Freed and colleagues (Cornell University),
as described in detail elsewhere [55–57]. Assuming that all of the paramagnetic
centers are described by the same spin Hamiltonian, the time evolution of the
density matrix operator ρ is given by the quantum-mechanical Liouville equation:
@ρðtÞ
¼ i½HðtÞ; ρ
@t

ð23:20Þ

If the time dependence of the Hamiltonian H(t) is derived from the interaction
of paramagnetic centers with the environment in such a way that the Hamiltonian
is deﬁned by a complete set of random parameters V, and if the time dependence
of V is a stationary Markov process, then:
@PðV; tÞ
¼ CV PðV; tÞ
@t

ð23:21Þ

where P(V,t) is the probability of the paramagnetic species being in a state V at
time t.
Since this is a stationary process, the evolution operator CV acting on random
variables is independent of time and spin variables. When used to describe
dynamically averaged EPR spectra, CV is the operator of rotational diffusion
motion, and random variables correspond to Euler angles (V a,b,c).
As has been shown previously [51,57,58], by assuming CVPo(V) ¼ 0 (where Po(V)
is the unique equilibrium distribution) from Eqs (23.20) and (23.21), the stochastic
Liouville equation of motion can be developed:
@ρðV; tÞ
¼ i½HðVÞ; ρðV; tÞ  CV ρðV; tÞ
@t

ð23:22Þ

In this approach, there is no explicit time dependence of the spin Hamiltonian
H(t), but it is dependent on Euler angles and its change is expressed by the time
evolution of V. Hence, the spin Hamiltonian [cf. Eq. (23.8)] for systems which
exhibit molecular rotational motion can be expressed by the formula:
H spin ¼ mB B  g ef ðVÞSz þ I  Aef ðVÞ  Sz

ð23:23Þ

This approach is valid for any rate of reorientational movements of the paramagnetic species. For an inﬁnitely slow movement, it leads to a powder spectrum,
whereas for fast movements it results in a fully dynamically averaged spectrum
(vide supra). In the intermediate case, however, the EPR line shape is governed by
the manner in which the molecules undergo reorientation, and the computed
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Figure 23.8 Direction of the principal g and A axes in relation to nitroxide molecule symmetry.
Spin densities on nitrogen and oxygen atoms were calculated using DFT.

spectrum shape depends on the selection of the rotational diffusion model. In
the case of nitroxide spin probes, most commonly three models are used: a Brownian diffusion; approximate free diffusion; and jump diffusion [55,59]. In the
model of axially symmetric jump diffusion, it is assumed that the spin probe is in
a speciﬁc orientation for an average time period t, and then immediately jumps to
a new orientation. If the probe dynamics is axially symmetric, it is deﬁned by rotational diffusion tensor components Rjj and R? (parallel and perpendicular to the
molecular symmetry axis of the spin probe molecule), and the angle q between the
symmetry axis of diffusion tensor and the axis z of the molecular coordinate system. The z-axis is the axis of orbital 2pz of nitrogen atom and the x-axis is along
the NO bond (Figure 23.8). This choice of axes causes the main values of the g
tensor to satisfy the relationship g xx > g yy > g zz . In the jump diffusion model, the
correlation time is associated with the rotational diffusion tensor components by
the expression [55,57,59]:
7
tR ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6 Rjj R?

ð23:24Þ

In summary, the methods of EPR spectral analysis described here allow the
determination of basic spectroscopic parameters of paramagnetic centers (components of the g and A tensors, line shape), and for gaining insight into their dynamical behavior. This in turn permits conclusions to be drawn on the structure and
local properties of the host system (vide infra).
23.2.1.5 Spin Probes and Spin Labels
Most polymers are not a paramagnetic species, unless they undergo degradation
or crosslinking processes involving free radicals [60]. In such a case, stable carbon-centered radicals or radical adducts to the spin trap added to the system
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Figure 23.9 (a) Spin probe (spin label) general formula; (b) Commercial HAS stabilizer:

TINUVIN 770, bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate.

might be formed which would allow for EPR signal detection. As noted above,
polymer materials that lack paramagnetic centers can be doped with stable radicals (spin probes), or the radicals can be attached covalently to polymeric chains
(spin labels); in this way, EPR spectroscopy can be used to characterize the materials in terms of their structure and dynamics [6,7,61–67]. Stable nitroxide radicals
of the structure shown in Figure 23.9a are most commonly employed as spin
probes (or labels); their stability is due to steric hindrance caused by the presence
of four methyl substituents.
Nitroxide species are also formed in polymeric materials containing hindered
amine stabilizers (HAS; an example is TINUVIN 770; Figure 23.9b); these are
oxidized during the stabilization processes to form stable HAS-NO radicals
(Figure 23.10) that have been used successfully as EPR spin probes of the host
material [39,68].
The EPR spectrum of nitroxide radicals is dominated by the hyperﬁne interaction of the unpaired electron spin with the nuclear spin of 14 N (I ¼ 1), and by the
shift of g (with respect to the value of the free electron) resulting from the spin–
orbit coupling mainly for oxygen orbital j2pzi, where a loan electron pair is localized. The hyperﬁne splitting contains a signiﬁcant contribution of the isotropic
component derived from the Fermi contact interaction. Anisotropic hyperﬁne
interaction is derived from the spin density localized on the nitrogen orbital j2pzi.
For nitroxide radicals existing in a gas phase, approximately 60% of the electron
density is localized on the oxygen, and 40% on nitrogen (Figure 23.8), however
this distribution may vary due to the inﬂuence of environmental factors. For
example, nitroxide interactions with polar molecules result in an increase of the

Figure 23.10 Stabilization mechanism of hindered amine stabilizer.
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hyperﬁne splitting constant and a decrease in the g-factor [69,70]. In particular, gxx
and Azz are the most sensitive to the polarity of the local environment and to interactions with surrounding molecules [70,71]. In the case of samples having a
homogeneous macroscopic distribution of the spin probes, the shape of the EPR
spectrum depends on the rate of rotational motion of these radicals. In a medium
of low viscosity, due to fast rotational diffusion of the radicals, a motionally averaged triplet is observed (cf. Figure 23.11a), with the distance between the centers
of adjacent lines equal to aiso. For a medium of higher viscosity, an anisotropic
signal is recorded which extends over a wide range of the magnetic ﬁeld. In Xband spectra of slow tumbling probes the distance between the outermost peaks
(high-ﬁeld minimum and low-ﬁeld maximum) corresponds to 2A0 zz – twice the
motion-averaged HFS for parallel orientation of the probe axis of rotation with
respect to B. This extreme line separation increases as the radical dynamics slows
down and in the rigid limit (no motion on the EPR time scale) it approaches the
value of 2Azz (Figure 23.11b).
In a typical experiment for polymeric systems, EPR spectra are recorded over
a wide temperature range and analyzed in terms of the probe dynamics. Quite
often (especially for blends), two-component spectra can be observed at certain
temperatures that consist of fast- and slow-motional signals (cf. Figure 23.11c).
Such a spectrum is indicative of a two-phase morphology and probe partition
into different environments. The basic parameters providing information on
the examined system are: Ta and Td temperatures which correspond to

Figure 23.11 EPR spectra of the nitroxide radical derived from TINUVIN770 in a medium of a

low (a) and high (b) viscosity, and the superposition of both signals (c). Estimation of correlation
time is based on Ref. [7].
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appearance of the fast motion and disappearance of the slow motion, respectively; T5mT (or T50G), the temperature at which the extreme line separation
(2A0zz ) is equal to 5 mT; tR, the rotational correlation time of the probe; and
the relative contributions of the two components. The parameter T5mT is
related to the polymer glass transition temperature (Tg); however, its value is
higher than the Tg determined with differential scanning calorimetry (DSC)
because of the much shorter time scale of molecular motions monitored by
EPR. The relationship between T5mT determined from EPR and Tg measured
with DSC depends on the spin probe used and on the type of its interaction
with the polymer matrix. The tR values can be obtained from the line shape
simulations, but often these are estimated via approximate formulae from
A0zz =Azz data in the slow-motion regime, or from the width of the central line
and relative amplitudes of the motionally averaged triplet [6,53,59].
The intensity of EPR signals (double integral of the EPR line) is correlated with
the quantity of paramagnetic species. Determination of the absolute amount of
that species (Nx) typically involves comparing the sample signal intensity Ax (area
under the absorption curve) with that of the reference signal (Aref ) of the known
spin content (Nref):
Nx ¼

Ax
N ref
Aref

ð23:25Þ

23.2.2
EPR Applications in Studies of Polymer Blends

In this section the potential of EPR techniques as applied to binary polymer
blends will be illustrated by examples of selected reports concerning the three
issues on three issues: (i) spin probe studies; (ii) radicals generated by ionizing radiation; and (iii) paramagnetic species in conductive materials. All of the
experiments described in the following subsections were performed using Xband EPR.
23.2.2.1 Spin Probing of the Structure and Dynamics
Nitroxide radicals are especially useful for probing heterogeneous and microheterogeneous systems; indeed, with a correct selection of probes (or labeling sites)
valuable information can be obtained from their EPR spectra on the local properties of various structural domains within the host material. The method is particularly advantageous if used in tandem with other spectroscopic methods, such as
infra-red (IR), Raman or ﬂuorescence spectroscopy, and with DSC. It must be
emphasized that EPR spectroscopy allows to gain insights on structural and
dynamical heterogeneities on a length scale <5 nm, which is too small to be
observed using DSC, dynamic mechanical analysis (DMA), or electron microscopy. The application of spin probe techniques in studies of multiphase polymer
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Figure 23.12 Chemical structures of piperidine nitroxide spin probes.

systems has recently been reviewed, but polymer blends were not discussed extensively in these reports [6,72].
The group of Chen et al. successfully examined various polymer blends by
using 2,2,6,6-tetramethylpiperidine-1-oxyl (Tempo) or its oxo-, hydroxyl-, and
amino- derivatives (Tempone, Tempol, and Tempamine, respectively; see Figure 23.12) [73–76]. Poly(acrylic acid)/poly(ethylene oxide) (PAA/PEO) blends of
different compositions were probed with Tempo. The EPR data indicated that
the two polymers were not miscible at the molecular level, although DSC
experiments revealed only one Tg-value. The observed fast- and slow-motional
spectral components (relative contribution of the former increasing with temperature) were assigned to probe molecules in more ﬂexible PEO-rich domains
and more rigid PAA-rich domains, respectively. The probe mobility, characterized by 2A0zz and tR, was found to diminish with increasing content of PAA in
the blend; accordingly, the activation energy for probe rotation, as obtained
from the Arrhenius dependence of tR data, increased. The PAA/POE system,
with composition 1 : 1 by weight, was also probed with Tempone (a proton
acceptor), Tempol, and Tempamine (both proton donors). The experimental
data on T5mT, Ta and Td indicated clearly that the molecular motion of a probe
is determined by not only the probe size but also its capability of hydrogen
bonding to functional groups in the polymer matrix [73].
A similar study using Tempol was performed for blends of poly(propylene carbonate) (PPC) with the copolymer poly(styrene-co-4-vinyl phenol) of various mole
fractions, x, of hydroxyl groups (STVPh-x) [74]. In this case, the fast- and slowmotional signals in two-component spectra corresponded to the probe molecules
located in PPC-rich and STVPh-rich micro domains, respectively. It was found
that the fraction of the fast signal (at a given temperature) decreased on increasing
the x-value, while the corresponding tR increased. At the same time, the activation
energy of fast motion increased and the T5mT shifted to higher temperatures.
Taken together, these results reﬂected a progressive enhancement of the hydrogen-bonding interaction between the hydroxyl groups in STVPh and the carboxyl
groups and ether oxygen in PPC, which led to an improved miscibility of the two
polymers.
Other studies have involved poly(styrene-co-p-(hexaﬂuoro-2-hydroxyisopropyl)a-methyl-styrene) copolymers (PS(OH)-x with the mol.% of hydroxyl groups
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x 2–27) blended in a 1 : 1 ratio by weight with PPC [75]. Tempo, Tempol and
Tempamine were each used as spin probes, but only the functionalized radicals
could provide information on microphase separation or miscibility in these
blends. The EPR spectra of Tempo in all examined samples did not disclose two
components through the temperature range 100 to 400 K (Figure 23.13).
From the analysis of Tempol and Tempamine spectra, with the fast- and slowmotional components corresponding to the probes in PPC-rich and PS(OH)-rich
environments, respectively, the authors again inferred that heterogeneity of the
blend decreased with an increasing hydrogen bonding interaction between its constituents – that is, at higher contents of OH groups in the copolymer. This interaction led to the formation of a physical network of the PS(OH) and PPC chains.
The results of this study also corroborated with the previous conclusion [73], that
the stronger the probe–polymer H-bonds the higher would be the temperature
necessary for a thermally activated rapid motion of the probe (Ta). However, the
temperature range required to obtain a complete motional averaging of the spectra
(DT ¼ Td  Ta, at a given blend composition) was the same for both probes; that is,
it was determined by the polymer matrix rigidity rather than by speciﬁc probe–
polymer interactions. The enhancement in miscibility due to hydrogen-bonding
interactions was fully conﬁrmed by studies of STVPh-x and PS(OH)-x copolymers
blended in a weight ratio of 3 : 1 with poly(ethylene oxide) spin labeled at the endgroup with the Tempo moiety (SLPEO) [77,78].
Chen and coworkers also examined the systems containing poly(styrene-comethacrylic acid) (STMAA-x, with the mol.% of MAA units x 12–38) as a
more rigid component and poly(butyl methacrylate) (PBMA) as a more ﬂexible
component (1 : 1 by weight) [76]. For these studies a Tempol spin probe was
selected, and the behavior of linear polymer blends (LBs) was compared with
that of semi-interpenetrating polymer networks (s-IPNs) obtained by the crosslinking of STMAA-x via diamines. For all mixtures, and also for pure STMAAx samples, the bimodal EPR spectra were observed in a certain temperature
region (Figure 23.14). For blends, as for the above-described cases, the spectral
parameters Td, T5mT and tc (in both fast- and slow-motion regions) increased
as a function of the molar fraction of proton-donating groups, x. For s-IPNs,
however, these parameters exhibited an opposite trend, reaching their minimum values at x ¼ 29%, followed by higher values at x ¼ 38% (cf. T5mT data in
Figure 23.15). The authors concluded that the best polymer miscibility
occurred in the sample containing STMAA-29, and the lowest matrix rigidity
in this case was due to a predominant plasticizing effect of soft PBMA chains
on the hard copolymer network. With further increases in MAA content, the
hydrogen-bonding interactions became so intensive that they acted as a crosslinking agent in the formation of point-like and possibly physical crosslinks,
and therefore hindered the segmental motion of STMAA.
Miscibility in s-IPNs was also examined for systems consisting of STMAA and
the spin-labeled poly(e-caprolactone) (PCL) [79]. The results of this study led to the
conclusion that, in the case of polymers interacting via hydrogen-bonding, the
intracomponent crosslinking is not in favor of miscibility. The microphase
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Figure 23.13 Selected EPR spectra of (a,b)

Tempo, (c,d) Tempol, and (e,f) Tempamine in
PS(OH)-8/PPC (left column) and PS(OH)-27/
PPC (right column) blends. Arrows indicate

low-field lines corresponding to slow- and fastmotional component signals (s and f, respectively). Reprinted with permission from
Ref. [75]; Ó 2004, Elsevier.
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Figure 23.14 Selected EPR spectra of Tempol
spin probe in pure STMAA-12 copolymer (a),
its linear blend with PBMA (b), and the respective s-IPN at the copolymer crosslinking density
2% (c). Arrows indicate low-field lines

corresponding to slow- and fast-motional
component signals (s and f, respectively).
Reprinted with permission from Ref. [76];
Ó 2005, John Wiley & Sons.

separation is more pronounced with increasing crosslink density of STMAA, as
manifested by higher values of Td and tR.
An opposite effect has been reported recently for s-IPNs of polyisoprene (PI,
elastic component) and poly(methyl methacrylate) (PMMA, rigid component)
probed with Tempol [67]. The EPR spectral features, as well as DMA, SEM and
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Figure 23.15 The extreme line separation in

Tempol spectra as a function of temperature
for (a) linear blends, LBx, and (b) semiinterpenetrating polymer networks, SIPNy-x, of
STMAA and PBMA. In the symbols of the

samples x and y denote mol.% of MAA units
and STMAA crosslinking density, respectively.
Reprinted with permission from Ref. [76];
Ó 2005, John Wiley & Sons.

TEM data, consistently indicated that in this system heavy crosslinking enforced
miscibility, leading to smaller PMMA domains within the PI matrix.
9
et al. used Tempamine as a spin probe of the mixtures of segmented polyCulin
ether–polyurethane (PU) with carboxylic groups in hard segments and methacrylic
copolymer (polymethacrylate; PM) with tertiary amine groups (1 : 1 by weight at a
given concentration of functional groups) [80]. It has been shown that PU itself
(unlike PM) exists in two dynamically different phases, and the segmental mobility of both soft and hard segments decreases with increasing content of carboxylic
groups, due to intermolecular interactions. For mixtures, the temperature range at
which dynamical phase separation occurs is higher than for PU, the fast motional
signal appears at a lower temperature (compared to that for pure PU soft
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segments), and its contribution increases while tR (at a given temperature)
decreases with respect to the PU data (at the same concentration of functional
groups). All of these ﬁndings reﬂect an increased free volume in blends. Taking
also into account that the T5mT of the mixture is between the value for pure PU
hard segments and that of PM, the authors suggested a plasticizing effect of PU
soft segments on PM chains. In order to acquire information on the molecular
dynamics of the PM component, Tempamine was covalently attached to PM
chains (via the amide–ester interchange reaction) prior to mixing with (unlabeled)
PU. While the spin-labeled PM itself exhibited only slow-motional EPR signals
over a wide temperature range (253–393 K), two spectral components were
detected in the mixture, and this conﬁrmed the above-mentioned plasticizing
effect. Both, the spin probe and spin label experiments consistently indicated that
increasing the concentration of the functional groups would lead to a more
restricted segmental motion of the blend components (Ta and T5mT values shifted
to higher temperatures, lower fraction of the fast signal, and longer correlation
times).
9
et al. [81] employed the spin-labeled PM copolymer
In subsequent studies, Culin
(with tertiary amine groups) to examine its blends and s-IPNs (1 : 1 by weight)
with segmented polyester–PU (with carboxylic groups), which exhibits an
improved miscibility of hard and soft segments as compared to the polyether–PU
analog. Here also, two-component spectra reﬂected the effect of PU chains on the
segmental motion of the PM component below the macroscopic Tg. An increasing
concentration of functional groups restricted this motion, but above a certain concentration (0.25 mmol g1) the dynamics of PM segments in the network became
faster, which suggested a change in the domain structure that led to a lower local
packing density. The PU/PM mixtures revealed similar motional behavior as sIPNs of the same composition; however, the differences in the fractional amounts
of fast and slow motions indicated a better interpenetration and interaction of the
two polymers in s-IPNs. The same was inferred from the EPR study on systems
consisting of an unlabeled PM component and a PU component spin-labeled at
the end of hard segments [82]. In this case, the maximal restriction of segmental
motion of PU chains was observed at the critical concentration of functional
groups equal to 0.35 mmol g1.
Miwa et al. applied the spin-label technique to study local segmental dynamics
in miscible blends of poly(cyclohexyl methacrylate) (PCHMA) and poly(cyclohexyl
acrylate) (PCHA) which, at any composition, exhibited a single Tg-value (the
higher the PCHA content, the lower Tg), as shown with DSC measurements
[83,84]. The research group examined the samples containing one component
(either PCHMA or PCHA) that had been spin-labeled either inside or at the end
of the chain. The EPR spectra recorded for these blends over a wide temperature
range represented one signal only, but a comparison of the extreme line separations for individual labeled components clearly indicated that, at a given blend
composition, the segmental mobilities of the PCHMA and PCHA chains were different. The experimental data on T5mT have been analyzed in terms of the selfconcentration model suggested by Lodge and McLeish (L–M model) [85] (c.f.
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Figure 23.16 Plots of experimental T5mT, PCHMA curves correspond to PCHMA and PCHA data,

(open symbols) and T5mT, PCHA (solid symbols)
values against the PCHA weight fraction in
PCHMA/PCHA blends with the one component (as indicated in the subscript) spin
labeled at inside sites. Broken and dotted

respectively, calculated by the L–M model. The
solid curve represents the fit to PCHA data
according to Gordon–Taylor equation with
K ¼ 0.4. Reprinted with permission from
Ref. [83]; Ó 2004, American Chemical Society.

Figure 23.15 for results obtained with the inside labeled polymers). The model
provided an excellent prediction of the segmental dynamics of the PCHMA, while
the experimental values for PCHA were somewhat higher than the predicted
values. Nevertheless, these results implied that the region explored by the spinlabel was comparable to the cube of the Kuhn length, as suggested by Lodge and
McLeish.
The experiments with end-labeled polymers revealed that, in blends, the mobility of the PCHMA chain ends is higher than that of the inside segments; this
behavior is caused by an increased chain ﬂexibility around the ends, and it was
also observed for both homopolymers. For PCHA chains, however, the mobility
difference was less pronounced, and at low weight fractions of this component
the chain ends were even more mobile than inside segments. This ﬁnding has
been explained by the locally higher PCHMA content around the PCHA chain
ends. An analysis of experimental data within the frames of the L–M model indicated that the self-concentration effect was smaller in the chain end regions, most
likely due to the discontinuity of repeat units [84].
Another system examined by Miwa et al. is that of binary blends of the AB-type
copolymer, polystyrene-block-poly(methyl acrylate) (PS–PMA), with homopolymers
miscible only with the A (PS) block, including PCHA of different molecular
weights (Mn ¼ 1000 and Mn ¼ 17 300, comparable to that of the PS block in the
copolymer) and the low-molecular-weight PS homopolymer (PS-1, Mn ¼ 900) [65].
The copolymer was spin-labeled (using Tempamine) at chemical junction points

23.2 Electron Paramagnetic Spectroscopy

between PS and PMA blocks; hence, the respective EPR spectra reﬂected molecular mobility in the interfacial region of the microphase-separated system. The EPR
results, when combined with those of modulated-temperature DSC and smallangle X-ray spectroscopy (SAXS) measurements, indicated that the effects of
homopolymers on the dynamics at the interface were related to their spatial distribution in the PS host phase. The most uniformly distributed PS-1 penetrates into
the interfacial region and activates the mobility, although – as suggested by T5mT
values of the blends – the interfacial PS-1 concentration remains constant with an
increase of the homopolymer content (up to 20 wt%).
Before concluding this subsection, it must be added that the spin probe
technique is also widely used in studies of polymeric composites and nanocomposites with inorganic materials, such as silica, clay minerals or organoclays
[5,6,86].
23.2.2.2 Radical Processes Induced by Ionizing Radiation
Ionizing radiation is widely used for structural modiﬁcations of polymeric materials in order to change their utility properties. Radiation processing inherently
involves the generation of macroradicals, and these can be followed using EPR
spectroscopy. The primary species formed in ionization spurs undergo secondary
reactions leading to chain scissions, crosslinking and oxidative degradation, and
the relative contributions of these processes largely depend on the chemical structure and morphology of the polymer as well as on the irradiation conditions. In a
polymer mixture, a combination of radicals derived from individual components
results in compatibilization of the blend.
Przybytniak et al. [87] examined the EPR spectra of blends of high-density polyethylene(PE) with the block copolymer styrene–butadiene–styrene (SBS), irradiated with a beam of 10 MeV electrons from a linear accelerator (e-beam). The aim
of these studies was to gain insight into the radical processes occurring in blends,
as compared to those in the constituent polymers. The results shown in Figure 23.17 revealed that the spectra of irradiated blends, recorded at one day after
irradiation, represented a superposition of the signals of neat PE and SBS. However, their contributions did not correspond to the weight fraction of the blend
components, in spite of a phase separation of the two polymers at the microscopic
level. Furthermore, based on an analysis of the spectra recorded at shorter postirradiation periods, the authors suggested that the radiation-induced unsaturation
of PE chains was inhibited in the presence of SBS (no conversion of alkyl into allyl
macroradicals was found).
In a more recent study, blends of different PEs – including high-density (HD),
low-density (LD) and linear low-density (LLD) PE – with polyamide 6 (PA6;
20 wt%) were c-irradiated with doses of up to 1000 kGy [88]. As seen from Figure 23.18, the EPR spectra of the three examined blends were similar multiplets,
the resolution of which decreased in the order HDPE > LLDPE > LDPE. These
_ CH2),
were interpreted as a superposition of the signals of alkyl (CH2CH
_
_
allyl (CH2CHCH
CHCH2) and polyenyl (CH2CH(CH

CH)nCH2) radicals.

755

756

23 Electron Paramagnetic Resonance Spectroscopy and Forward Recoil Spectrometry

Figure 23.17 Deconvolution of EPR spectra of PE/SBS blends e-beam-irradiated to 60 kGy;

measured at room temperature, 24 h after exposure. (A) and (B) are spectra of neat PE and SBS,
respectively. Reprinted with permission from Ref. [87]; Ó 1999, Elsevier.

When the total radical concentration was determined as a function of the radiation dose, the results showed a clear inhibitory effect of PA6 on radical trapping in
the matrix. Moreover, it was noted that the amount of trapped species was signiﬁcantly higher in the more crystalline HDPE samples as compared to LLDPE and
LDPE samples (Figure 23.19).
From the trend of concentration–dose dependence, conclusions can be drawn
regarding the relative rates of radical generation and disappearance due to
recombination. If the two rates are comparable, a linear dependence would be
expected (cf. PA6 and LLDPE data), whereas in the case of recombination being
faster than generation, a downward deviation from linearity would occur (cf.
HDPE and LDPE data). For all examined blends, however, an upward deviation
from linearity was observed, which meant that the process of radical formation
(chain scission) was predominant. Based on quantitative determinations for aged
samples, it has been concluded that radicals decay more rapidly in blends than in
pure polymers, and this can be attributed to a higher chain mobility and facilitated
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Figure 23.18 EPR spectra of HDPE/PA6, LDPE/PA6 and LLDPE/PA6 blends irradiated at
930 kGy. Inset: Spectrum of pure PA6 (mainly radicals centered at a-C with respect to the amide
nitrogen). Reprinted with permission from Ref. [88]; Ó 2006, Springer-Verlag.

Figure 23.19 Free radical concentration as a function of the radiation dose for the indicated
samples analyzed immediately after exposure. Reprinted with permission from Ref. [88]; Ó 2006,
Springer-Verlag.
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recombination in amorphous zones introduced by PA6. At one month after
irradiation, the radical concentration had decreased by an order of magnitude.
Ali [89] reported the results of a study on a LDPE blend with an ionomer resin
based on ethylene–methacrylic acid copolymer (Surlyn 1857; 10 wt%), which also
contained citric acid (1 wt%) as a blowing agent. The blend, as well as the reference samples of pure LDPE and LDPE/citric acid, were e-beam-irradiated at room
temperature with a dose of 40 kGy, and the EPR spectra were recorded at different
time intervals after irradiation. The septet corresponding to allyl radicals was a
dominant spectral component in the initial spectra, the total radical concentration
being about 10% higher in the presence of the ionomer due to a contribution of
Surlyn-derived radicals. The latter were more stable, such that in the blend the
EPR signal was still observed three days after irradiation, whereas in the reference
samples the radicals had decayed completely within 3.5 h.
More attention was paid to blends based on isotactic polypropylene (PP), a commonly used commercial polymer that has good mechanical and thermal properties
but is prone to degradation upon exposure to ionizing radiation. Zuchowska et al.
examined e-beam-irradiated mixtures of PP and SBS in various proportions [90]. In
this study EPR spectra were recorded as a function of time elapsed after exposure. It
was found that radiation generates alkyl radicals from PP (CH2C (CH3)CH2)
which subsequently, in the presence of oxygen, change into peroxyl radicals; as a consequence, at three days after irradiation mainly peroxyl species were detectable in all
samples. In this case, unlike the PE/SBS system (vide supra), no signal characteristic
for SBS was observed, even at a copolymer content of 75%. The authors deduced that,
in the blends, the rate of peroxyl radical formation was increased and the transfer of
paramagnetic centers SBS ! PP took place at higher SBS concentrations.
The effect of c-irradiation on PP/SBS blends was investigated by Perera et al.
[91]. The EPR spectra recorded for samples irradiated with 100 kGy (the time interval between exposure and measurement was not speciﬁed) (Figure 23.20) were
similar to those reported previously [90] that were recorded at three days after ebeam irradiation to 60 kGy. The main signal corresponded to peroxyl radicals of
PP, and a minor contribution of alkyl radicals tended to disappear with increasing
SBS concentration. The authors also presented the total concentration of radicals
as a function of the irradiation dose, and inferred from these data that the blend
containing 20% SBS exhibited an atypical behavior. At this composition, the relative rate of radical recombination with respect to the rate of radical formation (during irradiation) was similar to that in pure PP, and higher than in other examined
blends (10, 30, and 40% SBS).
Another study involved e-beam-irradiated blends of PP with two types of poly
(ethylene-co-vinyl acetate) (EVA, 5–13 wt%) differing in weight percentages of vinyl
acetate [92]. Here again, two signals were identiﬁed in the room-temperature EPR
spectra, corresponding to alkyl and peroxyl radicals generated in PP regions of the
blend. No signal could be assigned to EVA-derived radicals which apparently disappeared during irradiation. In these studies the authors were able to isolate peroxyl
radical signals from the two-component spectra and follow their growth during
post-irradiation storage of the samples. The results shown in Figure 23.21 led to
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Figure 23.20 EPR spectra of PP/SBS samples c-irradiated to 100 kGy. SBS wt%: 0 (a), 10 (b),
20 (c), 30 (d), and 40 (e). Reprinted with permission from Ref. [91]; Ó 2004, Elsevier.

Figure 23.21 Growth of peroxyl radicals during copolymers of vinyl acetate content 18% and
storage of PP and PP/EVA blends e-beam28%, respectively. Reprinted with permission
irradiated with a dose of 25 kGy. PPE1(13) and from Ref. [92]; Ó 2007, Elsevier.
PPE2(13) are blends with 13 wt% EVA
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Figure 23.22 Free radical concentration as a function of e-beam-irradiation dose for PP and PP/

ENR blends of the indicated compositions. Reprinted with permission from Ref. [93]; Ó 2008,
Elsevier.

the conclusion that the oxidation of alkyl radical was faster in the original PP than
in blends – that is, oxygen diffusion to the blends was restricted. However, it is
important to mention that, according to Fourier transform infrared (FTIR) data
acquired in the same study, the long-term effect of oxidative degradation (at six
months after irradiation) was higher in blends than in PP.
Carbon-centered radicals and peroxyl radicals were also observed in the e-beamirradiated blends of PP with epoxidized natural rubber (ENR, 5–30 wt%) [93]. The
former decayed within a few hours after exposure, while the latter survived for
more than 20 days. The post-irradiation decrease in total radical concentration
proceeded according to a two-step second-order kinetics, with the lifetimes almost
independent of the ENR percentage in the blend. Interestingly, the dependence of
the initial radical yield versus %ENR was nonmonotonic (Figure 23.22). Hence,
the authors suggested that such behavior reﬂects two effects: (i) the presence of
epoxy rings and double bonds of ENR favors radical formation; and (ii) the ENR
as an amorphous polymer facilitates recombination processes.
Sonnier et al. [94] employed EPR to examine a c-irradiated PP/HDPE blend
(80/20 wt%, obtained via melt extrusion followed by injection-molding). One of
important ﬁndings here was that radicals were still present in samples stored for
43 days in air at ambient temperature. They can react if a new processing step
involving melting of the blend is performed, thereby enhancing the degradation
of PP. This would explain why the mechanical properties of a material which
has been irradiated before injection-molding are worse than those of the same
material when irradiated after molding.
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Finally, mention must be made of a study on PS–PP blends in which PP was a
minority component (20 wt%). When the blends were c-irradiated at low doses
( 70 kGy) [95], EPR data relating to the concentration of trapped radicals indicated
that in these systems the PP was protected against a strong oxidative degradation
(chain scission).
23.2.2.3 Conductive Materials
During recent years, there has been an increasing research interest in the ﬁeld of
conductive and semi-conductive polymers, both of which are materials of major
importance for the development of optoelectronic devices and many other applications. EPR spectroscopy is an especially effective method for the investigation of
these materials, because it enables to observe the spin quasi-particles responsible
for charge transport. As the mechanical properties and chemical stability of conductive polymers are usually poor, their blends with elastomers or plastics have
been considered as alternative materials with improved processability and durability. The most extensively examined of these systems are those which contain polyaniline (PANI) that is brought to a conducting state by doping with an acid (i.e.,
transition from an emeraldine base form to an emeraldine salt).
Chipara et al. [96] used EPR spectroscopy, along with mechanical tests and direct
current (dc) electrical conductivity measurements, in studies of polyethylene (PE)
that had been blended by mechanical mixing with 5–40 wt% PANI (doped in
10% with HCl). The features of room temperature (RT) EPR spectra (single
lines located close to g ¼ 2.00) and the connection between spectral parameters
and dc conductivity reﬂected the major role of polaron hopping in electron transport, and ruled out the presence of spin bipolarons. The reduced asymmetry of
the resonance line, with respect to Dysonian shape being typical for a material
containing relatively large metallic islands, indicated a mesoscopic structure of
the conducting domains. Both, the amount of spins and conductivity have been
found to decrease by about 10% after storing the samples for one week. It has
been suggested that this effect is due to electron scavenging by macroradicals generated and trapped in the blend during its preparation (the process of “thermomechanical mastication”).
More recently, RT EPR signals attributable to polarons (narrow symmetric singlet, g ¼ 2.0030) have been reported for blends of LLDPE with 5–20 wt% nanorodpolyaniline (NR-PANI, synthesized via a “falling pH” route), prepared by melt
extrusion [97]. It should be mentioned here that these blends are good candidates
for application as antioxidant packaging materials, as their capability for free radical scavenging increases with NR-PANI content in an over-linear fashion.
Another study which employed RT EPR (complementary to other measurement
methods) involved water-soluble blends of sulfosalicylic acid protonated-PANI
with poly(vinyl alcohol) (PVA, 10–70 wt%), synthesized by inverted emulsion and
emulsion polymerization [98]. Although the mechanical properties and blend morphology were found to depend on the method of synthesis, the EPR spectral
parameters were similar for both preparations (symmetric lines of width 2–5 G,
with g in the range 2.0025–2.0046), typical for the PANI salt.
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Figure 23.23 x  T as a function of temperature (T) for a PANI–PEO fiber (closed circles), a

PANI–PEO film (open circles), and a PANI film (open diamonds). Reprinted with permission
from Ref. [99]; Ó 2004, Elsevier.

Kahol and Pinto described an EPR study of blends of PANI, fully doped with
camphorosulﬁnic acid (CSA), with polyethylene oxide (PEO, 28 wt%) [99]. The
aim of this study was to compare the behavior of electrospun nanoﬁbers (with
diameters in the range 200–600 nm) and the cast ﬁlm. The spectra were recorded
over a wide temperature range, down to 5 K, and analyzed in terms of the EPR
magnetic susceptibility (x, given as the integrated signal intensity), the line shape,
and width. From the data presented in Figure 23.23, the temperature-independent
Pauli susceptibility (xP, proportional to the density of states at the Fermi level) was
determined as the slope of the linear dependence observed in the range of higher
temperatures. For the blend ﬁbers the value of xP was higher, and at the same
time the EPR lines were narrower while their shape was more Lorentzian as compared to the blend ﬁlm. All of these results indicated the presence of a better
structural order in ﬁbers; evidently, the process of electrospinning brings about an
increased chain alignment in the polymer, such that the morphology of the PANI/
PEO blends is improved.
Several studies were performed on PANI–PMMA blends which, unlike the
PANI–PEO system described above, exhibit Pauli susceptibilities and dc conductivities higher than the respective values for the unblended polyaniline [100–103].
Kahol et al. examined the EPR spectra of PANI (doped with p-toluenesulfonic acid)
and its 40 wt% colloidal dispersion in PMMA for as-prepared samples and
for those subjected to overnight annealing at 170  C [102,103]. As seen from
Figure 23.24, before annealing the peak-to-peak line width of the EPR singlet was
up to one order of magnitude larger in the blend as compared to neat PANI and
the thermal treatment led to a dramatic line narrowing in the blend, but not in
PANI. Parallel measurements of the magnetic susceptibility (using a “force” magnetometer) showed, however, that the xP-values of the two systems (which differed
by a factor of ca. 7) remained unchanged. These results were explained in the
framework of the inhomogeneous disorder model, and the authors concluded
that the PANI and PANI/PMMA systems were structurally different.
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Figure 23.24 Temperature dependence of
peak-to-peak EPR linewidth for unblended
PANI (open circles) and PANI–PMMA blend
(solid circles), Upper panel, unannealed

samples. Lower panel, annealed samples.
Reprinted with permission from Ref. [102];
Ó 2001, Elsevier.

The group of Chang et al. prepared conductive PANI (doped with HCl) blends
with PMMA-co-glicydyl methacrylate iminodiacetic acid (PMGI) by in-situ dispersion polymerization [104]. The EPR spectra were recorded over the temperature
range 100–300 K for samples containing different amounts of PANI, and analyzed
in terms of g-factor, peak-to-peak line width (DHpp), line-shapes (Gaussian contribution) and symmetry, and spin concentrations. The data obtained suggested that
the spins were of the free electron type (g ¼ 2.0033–2.0034; the height ratio of positive to negative peaks of the singlet was close to unity). The increasing spin
mobility (at a given temperature) with decreasing PANI content, as indicated by
line narrowing, has been interpreted in terms of weaker PANI–PMGI interactions
via hydrogen bonding. A similar study performed at the same laboratory concerned PANI blends with the polyamidoamine dendrimer (PAMAM; G2.0) [105].
By using various blending procedures, four materials were produced which exhibited signiﬁcantly different EPR signals. The results were interpreted taking into
account the different intermolecular interactions between PAMAM and PANI
(electrostatic and H-bonding, or penetration of PANI inside the dendrimer host).
Souza et al. examined the inﬂuence of plasticizers, such as dioctyl phthalate
(DOP) and cashew nut shell liquid (CNSL), on the electrical properties of blends
based on PANI (doped with dodecylbenzene sulfonic acid) and SBS (styrene–
butadiene–styrene) copolymer [106,107]. EPR experiments revealed an increase in
polaron mobility (a decrease of DHpp) as the amount of plasticizer in the blend
was increased, with the effect being more pronounced for CNSL (Figure 23.25).
This phenomenon is known as a “second doping,” and is achieved without any
additional protonation of PANI; rather, it is due to an enhanced conformational
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Figure 23.25 Peak-to-peak line width of EPR signal of PANI–SBS samples plasticized with differ-

ent amounts of DOP (a) or NCSL (b). Reprinted with permission from Ref. [107]; Ó 2007,
Elsevier.

change of PANI chains from compact to expanded coil, imparted by the phenol
moiety of cardanol present in CNSL.
Kanemoto et al. investigated iodine-doped regiorandom (RRa) poly(3-octylthiophene) (P3OT) diluted (2 wt%) in a solid matrix of PS [108]. While the pure RRaP3OT ﬁlm exhibited isotropic (symmetric) EPR signals, the spectra of the blend
were broader and anisotropic (Figure 23.26). The EPR features of the blend were
quantitatively evaluated by an analysis of the correlation function, calculated from
the Fourier-transformed line shape, and by spectral simulations. The results indicated that the spin motion does not follow the pure one-dimensional model, and
this is considered to be due to the coexistence of aggregated and isolated P3OT
molecules in the blend which are responsible for isotropic and anisotropic spectral
components, respectively. As the latter component was less mobile (DHpp larger),
the authors concluded that the intrachain spin motion was less active than the
interchain motion. In addition, as seen from the data presented in Figure 23.27,
the spin dynamics in the pure ﬁlm was dominated by intrachain motion at low
temperature, and interchain motion at high temperature.
The EPR technique was also employed in the study of conductive ﬁbers produced by wet-spinning of poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) [109]. The aim of this study was to compare the
behavior of the as-spun ﬁbers with those post-treated with ethylene glycol, and
also with PEDOT:PSS–PEG ﬁbers obtained by a simpliﬁed one-step process of
spinning an aqueous blend of PEDOT:PSS and poly(ethylene glycol) (PEG, molecular weight 200 g mol1). The latter blend exhibited superior conductivity and
redox properties. The EPR data (line widths and spin concentrations), together
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Figure 23.26 EPR spectra of (a) the polystyrene (PS) blend and (b) a pure film of doped regiorandom (RRa) poly(3-octylthiophene) (P3OT) at indicated temperatures. Reprinted with permission from Ref. [108]; Ó 2010, Elsevier.

Figure 23.27 Temperature-dependence of the
Lorentzian peak-to-peak linewidth for the
anisotropic (Aniso.) and isotropic (Iso.) components in the PS blend determined from

spectral simulations, and the experimental
peak-to-peak linewidth in the pure RRA-P3OT
film. Reprinted with permission from
Ref. [108]; Ó 2010, Elsevier.
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with those of Raman spectroscopy, provided evidence that this was due to a better
molecular ordering of the PEDOT chains in the direction of the ﬁber axis (enrichment of linear or expanded-coil like conformation), which favored the spinless
bipolaron formation.

23.3
Forward Recoil Spectrometry

Forward recoil spectrometry (FRES, FReS or FRS), which is also referred to as
elastic recoil detection analysis (ERDA or ERD), is a member of a family of techniques collectively termed ion beam analysis (IBA). FRES is a powerful, standardfree absolute method for the measurement of atomic composition and impurity
concentrations in the near-surface region of solids, and is considered a fully noninvasive technique. However, in the case of polymeric materials this assumption is
not entirely true, since the projectile ions cause a breaking of covalent bonds (vide
infra). The method is based on scattering of an incident accelerated-ion beam by
the sample, due to nuclear and electrostatic interactions. The collision of the
ions with the specimen results – in addition to scattered incident ions – in the
ejection of photons, ions, or nuclear decay products, as shown schematically in
Figure 23.28 [110].
An analysis of the energy of these particles allows depth proﬁling with a resolution of a few nanometers for low-energy forward recoil spectrometry (LE-FRES),
and a maximum range of up to a few micrometers for nonresonant nuclear
reaction (NRA). However, an increasing depth leads to a decreasing resolution,
and it becomes necessary to take into account the fact that both parameters
depend heavily on the nature of the sample being investigated and the ions used.
Detailed descriptions of IBA theory, its applications, limitations and possible

Figure 23.28 Schematic representation of some of the more common interactions used in ion

beam analysis of polymers. Reprinted with permission from Ref. [110]; Ó 2012, Elsevier.
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prospects, are available in numerous books and comprehensive reviews [110–116].
Only a brief description of the technique is provided in the following subsections.
23.3.1
FRES Fundamentals

A method for the determination of depth proﬁling of light elements in heavy
materials, based on the detection of the former elements recoiling under projectile
ions, was ﬁrst proposed [117] and developed during the 1970s [118]. The method
was applied for the ﬁrst time to a polymer system by Mills et al., who named the
technique “forward recoil spectrometry” [119]. Regardless of later discussions and
controversy [120], this name and the acronym FRES is commonly used by polymer
scientists, and will also be used for the purpose of this section. The set-up for a
classical FRES experiment is shown in Figure 23.29, where the incident beam of
4
Heþ or 4 He2þ with energy in the range 1–4 MeV (typically 3 MeV) collides with
the sample at an angle a (usually 15 ). When the projectiles collide with nuclei in
a polymer ﬁlm, some of the protons and deuterons recoil out of the sample and
are detected by a silicon surface barrier detector positioned at an angle q (typically
30 ) to the incident beam direction [121]. The lighter elements recoil with the
energy:
E rec ¼ ki E inc

ð23:26Þ

where E rec is the energy of the recoiled particle just after collision; E inc is the
energy of the incident particle just before collision; and ki is the kinematic factor.
The kinematic factor depends on the mass of the particles and the scattering
angle:
ki ¼

4minc mrec
ðminc þ mrec Þ2

cos2 q

ð23:27Þ

where minc is the mass of the incident ion, and mrec is the mass of the recoiled
ion.
However, not only will these nuclei exit the sample but also the forwardscattered 4 He (or heavier nuclei) will be present in the ion beam leaving the sample. Since an energy-sensitive detector cannot distinguish the type of ions, a

Figure 23.29 Schematic representation of (a) the typical experimental geometry used in FRES
experiments; (b) An elastic scattering.
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stopper ﬁlter must be applied. This is usually MylarTM foil (polyethylene terephthalate, PET), or sometimes a metal foil made of aluminum or nickel [122,123].
The foil is capable of stopping (low-energy) or slowing down (high-energy) the forward-scattered 4 He nuclei, which therefore do not interfere with hydrogen or deuterium species. However, the foil (in a standard experiment this is 10–12 mm thick)
also slows down 1 H and 2 H, leading to a signal broadening and thus decreasing
the depth proﬁling resolution. Additionally, although PET polymer exhibits a high
resistivity, forward-scattered 4 He may also recoil 1 H ions from this foil.
Determination of the concentration distributions is based on the energy losses
of the impinging and recoiling ions in a sample material. The total energy loss is
due to inelastic collisions of the particles with the electrons (electronic energy loss)
and the nuclei (nuclear energy loss) in the polymer [124]:
 
 
dE
dE
dE
ð23:28Þ
SðE Þ ¼ 
þ
¼
dx
dx nuclear
dx electronic
Therefore, the energy of recoiled 1 H and 2 H nuclei depends on the distance
traveled in the sample (i.e., the distance from surface) and kinematic factors.
Recoiled particles are detected at a higher energy (high channel numbers) when
ejected from the near-surface region compared to those recoiled from the deeper
layers within the polymer ﬁlm. As the number of recoiled nuclei is proportional to
the corresponding atom density in the sample, it is possible from the energy spectrum to calculate 1 H and 2 H distribution. The 1 H and 2 H can be distinguished by
different kinematic factors, since the factor for deuterium is larger than that for
hydrogen, and therefore the 2 H signal is shifted to a higher energy. It should be
mentioned here that for the energy range used in FRES experiments (namely, few
MeV), the electronic energy loss is three orders of magnitude higher than the
nuclear energy loss. A typical FRES technique allows depth proﬁling up to
750 nm with a maximum of 80 nm resolution [125,126]. The depth resolution in
the case of FRES and other IBA methods is deﬁned as [126]:
dx ¼

DE tot
dE det =dx

ð23:29Þ

where DE is the total energy resolution, and dEdet/dx is the effective stopping
power of the recoiled particles.
The following phenomena contribute to the total energy resolution: the detector
energy resolution; the energy broadening due to multiple scattering; the energy
straggling in the sample; the energy straggling in the stopper foil; the geometric
broadening due to a beam footprint size and the detector acceptance angle, both
causing differences in path lengths; and the kinematic shift induced by the beam
energy divergence [116,121,126,127]. The total energy loss can be approximated as
a square-root of the sum of squared factors listed above. Additional complications
might be introduced by the fact that the surface of the sample thin layer deposited
on silica or glass substrates is not always very smooth, whereas FRES is very sensitive to surface roughness due to oblique scattering geometry [128]. For these
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reasons, several modiﬁcations to the standard FRES set-up have been introduced.
A short description of the most important improvements is provided in the following section.
23.3.2
Technique Developments

In order to achieve the optimum resolution accompanied with a reasonable analyzed depth, the type of incident ions and their energy, the geometry of the experiment, and the detection system must each be optimized. Composto et al.
demonstrated the effect of ﬁnite instrumental resolution by the comparison of
calculated volume fraction proﬁles with the ideal proﬁles (Figure 23.30) [116].
A poor depth resolution of the conventional FRES is mainly caused by energy
straggling in a stopper ﬁlter (10.5 mm at 3.0 MeV), which decreases the resolution to at the best 80 nm. Therefore, complete stopper ﬁlter elimination – or at
least a foil thickness reduction – are the possible ways to improve an achievable
resolution. The ﬁrst approach has been used in time-of-ﬂight FRES (TOF-FRES),
and the second approach – in low-energy FRES (LE-FRES). The depth resolution
can be also improved by using heavy-ion FRES (HI–FRES), although when using
heavy-ion beams the polymer sample may be extensively damaged by large

Figure 23.30 Volume fraction profile (dotted
line) for surface segregation in polymer blend
having surface and bulk concentrations of 0.8
and 0.1, and the surface excess of 6 nm. The
solid lines are obtained by convolution of the

dotted line with a Gaussian instrumental resolution function having FWHM (Full Width at



Half Maximum): (a) 800 A; (b) 300 A; (c) 140 A;

(d) 50 A. Reprinted with permission from Ref.
[116]; Ó2002, Elsevier.
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amounts of energy delivered to the sample due to inelastic energy loss processes.
Forward recoil spectrometry (including LE- or HI-FRES) may also beneﬁt from
optimization of the scattering geometry, see also large (recoil) angle FRES (LAFRES) [129]. Several other modiﬁcations of FRES have been described, including
maximum-scattering-angle [130], gas telescope systems [131,132], Bragg ionization
chambers [133], the use of a E × B ﬁlter (crossed electric and magnetic ﬁelds)
[134,135], coincidence detection [136], and ion-induced electron emission [137],
but these have not been used frequently for polymer system investigations and
therefore will not be discussed at this point.
It should be added, that several programs have been developed to simulate the
ion beam energy spectra, and these can be divided into either analytical (SIMNRA,
RUMP, NDF) or Monte-Carlo (TRIM.SP, SRIM, SDTrimSP, MCERD CORTEO)
codes [138].
23.3.2.1 Time-of-Flight FRES
In this technique, which was introduced during the early 1980s [139,140], the
stopper ﬁtter is replaced by a time-of-ﬂight detector (Figure 23.31). Depth resolutions below 10 nm were reported for oxygen and carbon in titanium, with detection limits of the order of 1015 atoms cm2 [140]. This set-up was used by Sokolov
et al. to investigate surface enrichment of the deuterated component in a blend of
high-molecular-weight polystyrene/deuterated polystyrene [141].
The beam of accelerated and collimated 4 Heþ ions collides with the polymer
sample, then the recoiled and forward-scattered particles pass through a thin
carbon foil and enter a silicon surface barrier detector located at a distance of

Figure 23.31 Time-of-flight detector system. Adapted with permission from Ref. [141]; Ó 1989,

AIP Publishing LLC.
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several (15–90) centimeters. The secondary electrons generated in the carbon foil
by traversing ions produce the start signal for measurements. The particles’ ﬂight
time is determined by measuring the delay between the detection of electrons,
and charged particles at the surface barrier detector. The ﬂight time, tR, of particles recoiling from the polymer surface can be estimated with the formula [141]:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mi
tR ¼ Dx
ð23:30Þ
2ki E o
where Dx is the ﬂight path, mi is the particle mass, ki is the kinematic factor, E 0 is
the incident energy.
Because 1 H, 2 H, and 4 He differ in their masses – and therefore in their kinematic factors – they can be discriminated by using TOF-FRES. In the experiment
performed by Sokolov et al. (E0 ¼ 2 MeV), the minimum ﬂight times for recoiling
1
H, 2 H and scattered He were 10.3, 12.4, and 14.2 ns respectively. By using this
technique to investigate polymer systems, it is possible to achieve depth resolutions in the range of 30 nm. Unfortunately, the wide use of TOF-FRES is hindered
by its relatively complicated and demanding detection system; moreover, its sensitivity for detecting 1 H and 2 H is lower in comparison to standard FRES, because
the efﬁciency in generating the secondary electrons decreases with the decreasing
mass of particles [141]. Nonetheless, if a high spatial resolution is required then
TOF-FRES is the method to be considered.
23.3.2.2 Low-Energy FRES
Another approach to the resolution problem of FRES was presented by Genzer,
Rothman and Composto, who proposed using an incident beam of 1.3 MeV. This
approach beneﬁts from two factors: (i) a thinner stopper ﬁlter foil; and (ii) a higher
stopper power of forward-scattered (4 He) and recoiled (1 H and 2 H) ions [126].
When a lower energy is used, a ﬁlter of only 3.0–4.5 mm thickness (rather than the
usual 10–12 mm thickness) is sufﬁcient to stop forward-scattered helium ions. Due
to the energy straggling of 1 H and 2 H within the foil, the energy resolutions are
limited by the foil thickness, and lowering the thickness from 10 mm to 4 mm
improves the resolution by factor of 1.5. In the case of polystyrene, the stopping
power for ions of interest is doubled and, in consequence, the resolution is
increased approximately threefold [see Eq. (23.29)]; consequently, for such a setup a resolution of about 25–30 nm was achieved [126]. Further increases in resolution can be obtained by optimization of the system geometry, for example by varying the incident beam and scattering angles [121,126]. By using a glancing
incident or exit geometry, the depth resolution can be improved so as to achieve a
value of 20 nm. As the geometry has direct inﬂuences both on resolution and
probing depth, the correct selection of these angles is crucial. As discussed in
detail elsewhere [126], the maximum depth proﬁling for LE-FRES can be obtained
by using a 71 incidence for projectiles, 30 scattering angles, and a 4.5 mm
MylarTM foil (Figure 23.32).
The main disadvantage of LE-FRES is a much smaller probing depth (300–
400 nm) in comparison to standard FRES (800 nm).
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Figure 23.32 Deuterium depth resolution map for 1.3 MeV 4 Heþ in polystyrene for (a) 3.0 mm-

and (b) 4.5 mm-thick Mylar stopper foils. The contour values represent the depth resolution in
Angstr€
oms. Adapted with permission from Ref. [126]; # 1994, Elsevier.

23.3.2.3 Heavy Ion FRES
Another way to improve the depth resolution of FRES is to use heavier projectile
ions, as such ions (due to their high masses) exhibit much larger stopping powers
[see Eqs (23.27) and (23.29)]. A resolution of 1 nm was reported for a 129 MeV
197
Au beam with 12 C recoil ions from 12 C=11 B multilayers [142]. Although such
an incident beam is not suitable for polymer investigations, if special care is taken
then ions heavier than 4 He can be used. For example, during the mid-1980s,
Green and Doyle applied 28 Si4þ ions with an energy of 20 MeV to study tracer
diffusion in polystyrene. Due to the large increase in stopping power, from 120 eV
nm1 for 4 He to 2210 eV nm1 for 28 Si, a resolution of 20 nm was obtained [143].
However, heavy projectiles in particular – though not exclusively, as Abdesselam
et al. reported the degradation of a very stable PET ﬁlm irradiated with a 3.7 MeV
4
Heþ beam [144] – cause the crosslinking (predominantly in polystyrene) and
scission of polymer chains that lead to dramatic changes in polymers’ properties.
Green et al. noted that the tracer diffusion coefﬁcient in polystyrene, determined
using 28 Si FRES, was 1.6-fold smaller than that measured by 4 He FRES. These
authors attributed these phenomena to the fact that the silicon beam releases not
only hydrogen but also carbon nuclei (due to breaking covalent bonds), which in
turn alters the polymer density [143]. Able et al. investigated changes in the atomic
composition (C, H, and D) of thin polystyrene ﬁlms under 4 He and 12 C
irradiations and showed that, during irradiation by both ions, the loss of 1 H
was faster than that of 2 H, although the isotopic effect was less pronounced for
12
C [145].
The polymer composition changes with deposited energy density even for a
very low dose of radiation (Figure 23.33) [145]. Despite this, several applications of
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Figure 23.33 Real-time variation of deuterium

content in a 360 A-thick d-PS film irradiated
12
with a 2.45 MeV C ion beam (beam current
i ¼ 0.3 nA, beam diameter f ¼ 4 mm). Insert:

Schematic diagram of ERDA measurements.
Adapted with permission from Ref. [145];
# 1995, Elsevier.

HE-FRES with the use of 12 Cþ [143,146,147], 20 Ne2þ [147], and 40 Ar2þ [127]
beams for studying polymers have been reported and suggestions are given how
to prevent polymer degradation (e.g., by cooling the sample [143]). It seems that
with safety precautions being applied, HE-FRES is an acceptable method of investigating relatively stable polymers such as polystyrene.
23.3.3
Applications to Polymer Blend Studies

The potential of the FRES technique is highlighted in this section, based
mainly on papers published in the year 2000 and thereafter. However, as the
recent FRES investigations of polymer blends are rather scarce, some examples
are also included from earlier studies, many of which were comprehensively
reviewed elsewhere [116]. Whilst attention has been focused here on polymer
blends, relevant studies of homopolymers, copolymers and polymeric composites will also be presented. The case study examples are divided (to some
extent arbitrarily) into four subsections according to the major point of interest, namely diffusion coefﬁcient, interphase behavior, reaction kinetics, and
phase separation.
23.3.3.1 Tracer Diffusion
As noted above, the FRES technique was ﬁrst used to investigate polymers by
Mills et al. [119], who measured the concentration proﬁles and tracer diffusion
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Figure 23.34 Volume fraction d-PS versus depth x for (a) the bilayer film before diffusion and (b)
the bilayer film after diffusion for 3600 s at 170  C, D ¼ 8  1014 cm2 s1. Adapted with permission from Ref. [119]; Ó 1984, AIP Publishing LLC.
1)

coefﬁcients, D, of a deuterated polystyrene (d-PS) diffusing into its hydrogenated
analog (h-PS). For this purpose, a standard geometry was used (that is, a ¼ 15 ,
q ¼ 30 ), 4 He2þ ion beam of energy Eo ¼ 3.0 MeV, and 10.6 mm MylarTM foil
shielding the silicon surface barrier detector. In this experiment, a thick (4 mm)
layer of h-PS was covered by a thin ﬁlm (10–20 nm) of d-PS (tracer) and diffusion
was observed at 170  C in a vacuum. The measured proﬁles of the tracer before
and after 1 h sample annealing are shown in Figure 23.34.
In order to calculate D, the equation based on the solution of Fick’s second law
for the model of very thin ﬁlm (tracer) diffusing into semi-inﬁnite layer was used:




1
hx
hþx
ð23:31Þ
wðx Þ ¼ erf pﬃﬃﬃﬃﬃﬃﬃﬃ þ erf pﬃﬃﬃﬃﬃﬃﬃﬃ
2
4Dt
4Dt
where wðxÞ is the volume fraction of tracer at depth x, h is the thickness of the
tracer ﬁlm; t is the diffusion time, D is the diffusion coefﬁcient, and erf is the
error function.
The authors concluded that the determined value of D, and its dependence on
molecular weight (D decreases as M 2
w ), were in agreement with the reptation theory of polymers [148,149]. This theory predicts that for times t > trep, where trep is
the reptation relaxation time, the reptation diffusion coefﬁcient is given by the
following equation [150]:
D¼

4M 0 M e kB T
15j0 M 2w

ð23:32Þ

where M 0 is the monomer molecular weight, Me is the entanglement molecular
weight, and j is the monomer friction coefﬁcient.
The same authors used FRES to determine the concentration proﬁles of d-PS in
h-PS with a depth resolution of 80 nm and a sensitivity of 0.1 vol.% d-polymer in
1) Throughout this chapter, deuterated polymers will be marked as d-, while hydrogenated polymers
will be marked as h-, followed by an abbreviation of the polymer name.
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Figure 23.35 Polymer tracer diffusion in
SWCNT/PS nanocomposites measured using
ERD. (a) 140 k d-PS distribution in 1.60 vol.%
SWCNT/480 k PS nanocomposites as prepared
and after annealing at 150  C for different
times. The solid lines are fits of the diffusion
equation to obtain the diffusion coefficients.
Tracer diffusion in these nanocomposites is
independent of annealing time; (b) d-PS tracer
diffusion coefficients in SWCNT/480 k PS
nanocomposites as a function of SWCNT

concentration for three d-PS molecular
weights. For all d-PS tracers the minimum diffusion coefficient occurs at a SWCNT concentration of 0.4 (0.1 vol.%; (c) 140 k d-PS tracer
diffusion coefficients at 150  C as a function of
SWCNT concentration in 125 k PS and 480 k PS
nanocomposites. The minimum diffusion
coefficient appears at 0.8 vol.% SWCNTs in the
125 k PS composites. Adapted with permission
from Ref. [154]; Ó 2009, American Chemical
Society.

h-polymer. The value of D was determined as equal to 1016 cm2 s1. The results
presented again conﬁrmed the applicability of a reptation model for macromolecules diffusion [151]. A few years later, Composto et al. measured diffusion of the
tracer (d-PS and deuterated poly(xylenyl ether), d-PXE) into blends of h-PS and
h-PXE [152,153].
Lately, Composto et al. investigated the diffusion of polymers in the presence
of nanoparticles, and determined the tracer diffusion coefﬁcient of d-PS in single-walled carbon nanotubes/PS nanocomposites (SWCNT/PS) by means of a
FRES technique, using classical experimental conditions (see Section 23.3.1)
(Figure 23.35) [154]. These authors found that the dependence of D versus
SWCNT loading exhibited a minimum, and explained this phenomenon by
assuming the anisotropy of local diffusion near the SWCNT. The assumption
was conﬁrmed by a computer simulation using a three-dimensional trap
model [154]. In a subsequent report, the same group investigated the diffusion
of three tracers that varied in molecular weight, and found that anisotropic
diffusion requires the tracer polymer to be larger than the nanotube radius
[155]. This group have subsequently published several papers of tracer diffusion (d-PS), in this system [156,157] and other nanocomposite materials such
as polystyrene/silica nanoparticles [158,159].
23.3.3.2 Reaction Kinetics
Shulze et al. applied FRES to follow the extent of reactions at interfaces between
perdeuterated, end-functionalized with an aliphatic amine group, polystyrenes
(d-PS-NH2), and PMMA end-functionalized with anhydride (h-PMMA-anh) [160].
A standard set-up was used for the FRES experiment which allowed a proﬁling
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Figure 23.36 Two sample geometries were

used in experiments of Shulze et al. (a) Bilayer
samples were prepared by floating films containing dPS-NH2 (8.4 wt%) and PS onto
PMMA-anh layers that had been spun from
solution onto a Si wafer; (b) Trilayer samples

were prepared by first floating a PS film onto a
PMMA-anh layer, followed by floating a thinner
dPS-NH2 film on top of the PS. Adapted with
permission from Ref. [160]; Ó 2000, American
Chemical Society.

depth of 700 nm and a depth resolution of about 90 nm. Diffusion might play a
key role in reaction kinetics, and in the case of polymers a model of diffusioncontrolled reactions is often assumed. Schulze et al. measured the diffusion of a
d-PS-NH2 polymer throughout the h-PS matrix by using trilayer sample geometry
(as shown in Figure 23.36b). The sample conﬁguration to monitor the extent
of the reaction is shown in Figure 23.36a. To calculate D, the authors used a solution of Fick’s law for a thin ﬁlm diffusing to a reﬂecting boundary. The results
(D ¼ 3.0  1013 cm2 s1 at 174  C) indicated that the d-PS-NH2 dispersed itself
over 550 nm in about 1 h, whereas reaction products were observed after 24 h.
This observation, conﬁrmed by the data obtained using size-exclusion chromatography with ﬂuorescence detection, led the authors to conclude that diffusion in the
bulk of the polymer did not limit the rate of reaction, and that a model assuming
polymer chain reactivity ﬁtted the data far better [160,161].
23.3.3.3 Surface and Interfaces
In general, the properties of surfaces and interfaces differ from those of the bulk.
In particular, this phenomenon is important for polymer blends, as they consist of
at least two constituents with different surface energies. To obtain materials which
combine good mechanical properties of the bulk polymer with speciﬁc surface
properties, such as hydrophobicity, wettability, adhesion, or biocompatibility, is a
challenging issue.
The FRES technique might be applied to investigate real systems as well as model
samples used to test theoretical predictions. However, a degree of caution is essential as the technique requires polymer labeling that may affect the interfacial properties. Even typically used deuterium markers can lead to a surface excess of the
d-polymer, which increases with the bulk volume fraction of deuterated polymers
[162]. (This problem is discussed and described in Chapter 3, and in many books
and reviews [163–165]). In this subsection, examples are given of recent FRES-based
investigations of polymer blend regions of interest, including: polymer surface
(polymer–gaseous phase, usually air, interfaces); interfaces between the phase rich
in polymer I and phase rich in polymer II; and polymer–substrate interface.
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Kimani et al. investigated the surface activity of a polybutadiene blend with
chain-end-functionalized polybutadiene with multiple ﬂuorocarbon (h-2CF-PBd)
or hydroxyl groups (h-4OH-PBd). In this case, LE-FRES (4 Heþ , 1.512 MeV, 78 to
the sample normal, detection at 31 to the incident beam, 5 mm Mylar foil) was
used to determine the depth distribution of the functionalized polymers within
the blend ﬁlm [166]. For FRES experiments, polybutadiene blend ﬁlms (150 nm
thickness) were prepared by codissolution of the 15 wt% end-functionalized
polymer with deuterated polybutadiene. The FRES results indicated that h-4OHPBd-functionalized chains were located close to the polymer–silicon oxide interface, whereas the h-2CF-PBd macromolecules segregated strongly to the polymer–
air interface. These phenomena occurred due to the fact that ﬂuoroalkyl additives
exhibit a low surface energy, whereas hydroxyl-functionalized additives exhibit a
high surface energy.
An excellent example of the capabilities of this technique was provided by
Mokarian-Tabari et al. [167], who investigated the phase separation of immiscible
polymers during spin coating from a common solvent. The FRES technique, combined with NRA, was used for a quantitative analysis of the polymer blend ﬁlms
prepared from a solution of polystyrene (d-PS) and poly(methylmethacrylate) (hPMMA). The data obtained showed an evident stratiﬁcation in the ﬁlm, with a
segregation of d-PS to the surface and an increase in PMMA content with distance
from the surface (see Figure 23.37).
Unfortunately, due to the low energy used (1.5 MeV beam of 4 Heþ ions), the
accessible depth was insufﬁcient to analyze a full thickness of the ﬁlm, despite
the conﬁguration of the experiment which maximized the investigated depth (the
beam for the FRES experiment was incident at an angle of 19 , and the scattering
angle was 30 [167]).

Figure 23.37 4He2þ FReS data for a film prepared in a toluene environment with a partial
toluene pressure of 3.8 kPa. The solid line is a
fit to the data, whereas the broken line is the
d-PS component of that fit. The resulting volume fraction–depth profile is shown in the

inset, in which the broken line indicates the
simulated d-PS volume fraction and the solid
line the simulated h-PMMA volume fraction.
Reprinted with permission from Ref. [167];
Ó 2010, Springer.
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Low-energy FRES was also used to investigate so-called “solvent annealing”
(cyclohexane) processes in a 150 nm-thick deuterated polystyrene ﬁlm blended
with ﬂuorocarbon end-capped polystyrene (h-PSF) and poly(styrene-b-dimethylsiloxane) (h-PS-PDMS) [168]. The best resolution, 14 nm at the air surface and
20 nm at a depth of 150 nm, was achieved with a 1.82 MeV 4 Heþ beam with a 66
incident angle, 86 grazing exit angle, 28 scattering angle, and 5 mm PET
absorber foil. The conﬁguration of these experiments allowed depth proﬁling up
to 150 nm. The measurements revealed that both, solvent and temperature annealing, allowed the h-PSF polymer to diffuse throughout the full thickness of the
ﬁlm. However, only in the case of temperature treatment a surface excess of
the hydrocarbon polymer was detected. This observation was rationalized by the
assumption that cyclohexane lowers the surface energy of the swollen ﬁlm, and
therefore eliminates the thermodynamic driving force for h-PSF adsorption. Additionally, FRES studies on the annealed d-PS-hPS-PDMS bilayer ﬁlms showed that
the PS-PDMS was only partially miscible with the homopolymer matrix [168].
An interesting study of polymer–substrate interaction was performed by Oslanec et al. [169,170], and the results were provided in two papers. In the ﬁrst report,
the authors described an investigation of the adsorption of an asymmetric d-PS-bPMMA block copolymer blended with poly(styrene-ran-bromostyrene)(PBrxS)
matrix by LE-FRES (2.0 MeV 4 Heþ ion beam at 15 incident and exit angles, and a
7.5 mm Mylar foil). A depth resolution of 45 nm was achieved at the surface
region, and about 70 nm at 220 nm beneath the surface. The deuterated polystyrene block did not adsorb onto the substrate, in contrast to methyl methacrylate. By varying x in the PBrxS polymer it was possible to control the
unfavorable segmental interaction energy between PBrxS and dPS (xBM). The
most interesting part of this study was the ﬁnding that the experimental data were
in opposition to intuitive (as well as a self-consistent mean-ﬁeld model) expectation; namely, the interfacial excess, z, of the d-PS block was decreased slightly as
xBM increased. In order to explain these observations, the authors speculated that
a competitive adsorption of matrix chains was the reason for a lower than expected
d-PS-b-PMMA adsorption [169].
In the second report, Oslanec et al. investigated the interaction between brominated polystyrene and an inorganic substrate, using LE-FRES with a 1.7 MeV
4
Heþ ion beam at 15 incident and exit angles, and 6 mm-thick Mylar stopper foil.
The achieved depth resolution was 55 nm at the surface, and 65 nm at 200 nm
beneath the surface. As a polymer model system, blends of d-PBr0.06S with PS
(miscible at 190  C) were used, with SiOx and SiH as substrates [170]. An interfacial excess of d-PBr0.06S was observed on both investigated surfaces, in contradiction to previous reports (Figure 23.38) [171–173]. Unfortunately, to the best of our
knowledge, this discrepancy was not further discussed in literature and remains
unexplained.
23.3.3.4 Phase Separation
The phase behaviors of miscible, partially miscible, and immiscible polymers
were investigated in the case of sulfonated poly(styrene-ran-styrenesulfonate)

23.3 Forward Recoil Spectrometry

Figure 23.38 LE-FRES volume fraction profile
of d-PBr0.06S in a PS:d-PBr0.06S blend annealed
at 190  C for 3 days (open circles). The substrate is a SiH-functionalized surface. The volume fraction of PBr0.06S in the as-cast sample
is f1 ¼ 0:092. The shaded area represents the
d-PBr0.06S interfacial excess, z, and the arrow

indicates the position of the sample surface.
The solid line depicts an expected dPBr0.06S
volume fraction profile if no segregation has
occurred in the film. Reprinted with permission
from Ref. [170]; # 2001, American Chemical
Society.

[h-P(S-SS)] with deuterated polystyrene (d-PS) by Zhou et al. [174,175]. By annealing samples composed of two layers of d-PS and h-P(S-SS) with 0.02 to 2.6 mol.%
sulfonation at 150, 170, and 190  C, these two polymers were found to be fully
miscible when sulfonation was less than 0.2, but became immiscible when the
sulfonation reached 2.6 mol.%. This effect was established by detecting the diffusion of d-PS into a layer of P(S-SS) by standard FRES with depth proﬁling up to
750 nm, although the achieved resolution was not discussed in detail.
After annealing the bilayer sample at an elevated temperature for 72 h, a completely homogeneous deuterated polymer distribution was observed within the
sample of a very low degree of sulfonation, whereas for a highly sulfonated d-PS a
bimodal concentration proﬁle was observed. As can be seen in Figure 23.39, for a
medium degree of sulfonation only a partial diffusion of d-PS was detected [174].
It was also noted that neutralization of the sulfonic acid groups, particularly by
divalent cations, reduced the blend miscibility [175]. It was shown in both cases
(for blends consisting of acidic and neutralized ionomers) that a standard FRES
technique represented an adequate method for creating phase diagrams for these
polymer blends.
Using FRES and others techniques, Wang and Composto investigated wetting
and phase separation in polymer blend ﬁlms composed of deuterated poly(methyl
methacrylate) (d-PMMA) and poly(styrene-ran-acrylonitrile) (h-SAN) at the critical
concentration [176–180]. This blend is characterized by a lower critical solution
temperature (LCST) behavior with TLCST  160  C and wd-PMMA  0.5 [180]. In this
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Figure 23.39 Concentration of deuterated poly- compositions are the averages of the plateaus.

styrene as a function of depth in d-PS:P(SSS0.01) bilayer samples prior to annealing (&)
and after annealing for 72 h at 170  C (o) and
190  C (D). The annealed bilayers indicate partial miscibility, as evidenced by d-PS-rich and P
(S-SS0.010)-rich layers, and the coexistence

At 170  C, wdPS0 ¼ 0.92  0.03 and wdPS00 ¼ 0.10
 0.02. At 190  C, wdPS0 ¼ 0.84  0.05 and
wdPS00 ¼ 0.20  0.01. Reprinted with permission
from Ref. [174]; Ó 2006, American Chemical
Society.

series of reports, the authors provided results of detailed studies of thin ﬁlms,
with thickness, d, ranging from 5.7 to 8000 nm. In this case, the He ion beam
energy was optimized (0.8–3.0 MeV), and in the best case scenario a depth resolution at the surface (deﬁned as the full width at half maximum; FWHM) was as low
as 14 nm [180], which is the best value among all reports cited in this chapter for
FRES techniques. The phase segregation was monitored when the homogeneous
polymer blend was annealed at a temperature above the LCST. In this case four
“thickness regimes” were identiﬁed with speciﬁc evolution pathways as the ﬁlm
thickness changed (Table 23.2).
Regime I is approximately the monolayer of the polymer, and since its thickness
is less than the best reported depth resolution it cannot be investigated using
FRES. The ﬁlm evolution in regimes II and III are qualitatively similar, and three
stages can be identiﬁed. However, due to a thinner polymer layer the process for
regime II is more rapid. At the early stage the wetting layers grow by hydrodynamic ﬂow-driven wetting, and at the end of this stage an excess of d-PMMA is
observed at the air–polymer and polymer–oxide interfaces (Figure 23.40).

Table 23.2

Thickness regimes [180].
Thickness regime

a)

Thickness/Rg
Approx. thickness

Regime I

Regime II

Regime III

Regime IV

d < 1 Rg
A few nm

1 < d < 10 Rg
10–100 nm

10 < d < 150 Rg
100–1500 nm

d>> Rg
A few mm

a) Rg ¼ radius of gyration.
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Figure 23.40 Depth profiles of dPMMA after
various annealing times at 185  C as measured
by FRES (regime III). (a) Before annealing, the
sample is homogeneous; (b) After 120 min, a
trilayer lamella structure of dPMMA-rich/SANrich/dPMMA-rich forms; After (c) 480 min and
(d) 2880 min, the wetting layers decay and the
overall volume fraction profile appears

homogeneous; (e) After 4320 min, a d-PMMArich layer reappears at the surface, whereas the
volume fraction beneath the surface layer is relatively constant; (f) After 8160 min, the surface

layer grows to a thickness of about 2200 A, and
is followed by a d-PMMA-poor region.
Reprinted with permission from Ref. [177];
Ó 2000, AIP Publishing LLC.

The process leads to a trilayer geometry with external surfaces of the ﬁlm
enriched in d-PMMA, while the interior is h-SAN rich. At the ﬁnal stage, an
excess of the component with lower surface energy, d-PMAA, is observed on the
sample edge neighboring the air. As can be seen in Figure 23.40, all of the
described processes can be monitored using the FRES technique. In the case of a
semi-inﬁnite sample (regime IV), the oscillatory depth proﬁles are observed
(Figure 23.41) which are characteristic of surface-directed spinodal decomposition
(SDSD). The phenomenon of SDSD was ﬁrst observed experimentally by Jones
et al. in poly(ethylene propylene) and perdeuterated poly(ethylene propylene)
blends studied using FRES [181].
In a subsequent report from the Composto’o group, the effect of two parameters –
ﬁlm thickness (50–1000 nm) and blend composition (wPMMA ¼ 0:30:8) – were discussed [182]. Variations of these factors led to as many as six pattern development
mechanisms.
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Figure 23.41 The dPMMA depth profile of a

regime IV blend at 185  C, using 3.0 MeV FRES,
where the air–polymer interface is at 0 nm. (a)
Before annealing, the composition is uniform.
The solid line is a fit with an experimental
depth resolution of 100 nm FWHM; (b) After
60 min, compositional oscillations are
observed. The dashed line is a cell dynamic

simulation, and the solid line is simulation
convoluted with the depth resolution (c.f. the
solid line in panel (a)); (c) After 120 min, the
wavelength and amplitude of the oscillations
increase. The solid line is a cell dynamic simulation convoluted with the depth resolution.
Reprinted with permission from Ref. [180];
Ó 2003, Springer.

In summarizing this subsection, it should be conﬁrmed that FRES is a valuable
tool for investigating polymer diffusion, wetting and phase separation in polymer
blends, either within thin ﬁlms or in near-surface regions. However, due to the
technique characteristics, the best results can be obtained for polymers, blends, or
nanocomposites of polystyrene.
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Characterization of Polymer Blends Using UV-Visible
Spectroscopy
Mamdouh H. Abou-Taleb

24.1
Introduction

Polymers are constructed from monomers (molecules capable of bonding in long
chains) that are linked by chemical bonds; they are produced by the process of
polymerization (the linking up of monomers) and may occur either naturally or
synthetically.
A polymer blend is a macroscopically homogeneous mixture of two or more different species of polymer [1]. The number of polymeric components that comprise
a blend is often designated by an adjective such as binary, ternary or quaternary.
The manufacture of polymer blends has opened an exciting new direction for
modiﬁcation of the structure and physical properties of these materials, while
extensive academic research and commercial interest have together led to the
development of many applications for these materials.
The process of blending of different polymers provide the ability to adapt new
types of polymers varying in order to obtain products with physical and chemical
properties of various essential and optimally for use in applications required [2–6].
Molecular structure and the way in which the overlap of the molecules in the solid
state are the most important factors that affects the characteristics of the macroscopic and microscopic blending of these polymers. Method of blending polymers
is one of the reasons that lie mainly to the different physical and chemical behavior of polymers formed. For example, polymers exhibit two morphological types in
the solid state: amorphous and semi crystalline. Inside the amorphous polymer
the molecules are oriented arbitrarily and are tangled, and the polymer has a glasslike, transparent appearance. In semi crystalline polymers, the molecules pack
together in ordered regions called crystallites. As expected, the linear polymers,
having a structure very regular, and perhaps more to be semi-crystalline [7,8].
Morphologically, most polymer blends are semi-crystalline [9,10] as they are
mixtures of small crystals and amorphous materials. Semi-crystalline polymers
are composed of both amorphous and crystalline regions; the amorphous structure is mainly characterized by entanglements, which are physical nodal points
between molecular chains. Semi-crystalline polymers are characterized (beside the
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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entanglements in the amorphous fraction) by so-called crystalline lamellae.
The degree of polymerization, the cooling rate, and the size and shape of the
monomer substituent groups are all factors that affect the presence of the semicrystalline polymer blends. In most polymer blends, the combination of crystalline
and amorphous polymer structures leads to the formation of new material structures with more valuable chemical and physical properties [11,12].
The commercial application of polymer blend technology has grown signiﬁcantly such that, today, compositions are available with properties that once were
substantially unattainable with homopolymers. To date, polymer blends have been
applied in optical ﬁbers [13,14], microlenses [15], liquid crystal display components [16,17], solar cells [18–20], nonionizing radiation detection [21] and polymer
light-emitting diodes [22–24]. In particular, the use of developed polymer blends
in optoelectronics applications appears unlimited. Polymer blends may also provide model systems in statistical physics when studying the fundamental aspects
of equilibrium and nonequilibrium properties [3], optical properties [25], and
mechanical and electrical properties [26].
Currently, research activity in the ﬁeld of polymer blends – from both theoretical
and experimental points of view – is extensive, as is apparent from the many
reviews and books available on the subject [27–29]. However, many challenging
conceptual problems involving phase separation, phase transition, glass transition,
miscibility and immiscibility [30] and optical properties have yet to be resolved for
polymer blends [31–34].
Until now, numerous experiments have been conducted to investigate the relationship between the energy of electromagnetic radiation and matter, the aim
being to characterize the properties of polymers and their blends. The techniques
applied have included nuclear magnetic resonance (NMR) spectroscopy, ultraviolet/visible (UV/VIS) spectroscopy, mass spectroscopy, Raman spectroscopy, and
infrared (IR) spectroscopy [35]. Accordingly, spectroscopy is considered as one of
the most popular techniques in modern laboratories. In particular, UV/VIS spectroscopy, as pioneered by Beckman in 1940, is one of the oldest and still widely
used instrumental techniques. Recently, however, there has been somewhat of a
revival in UV spectroscopy, with many new techniques, instruments and data
processing methods having been developed [36]. Today, UV spectroscopy is the
method of choice in most laboratories involved in the measurement, identiﬁcation
and characterization of polymers and polymer blends, either in the form of solutions or as transparent, colored, or opaque solids.
Spectrophotometry is used to measure light intensity as a function of the
light source wavelength or frequency, or the wavenumber. The instrument has
been designed to measure the diffusivity on any of the listed light ranges that
extend from about 200 nm to 1000 nm. Most advanced spectrophotometers are
quick to operate, accurate and reliable, and make only small demands on the
time and skills of the operator. This technique has been widely used in many
applications, including extraction monitoring, polymer impregnation in the
analysis of polymers and their blends, monitoring the miscibility/immiscibility
of polymer blends, and in purity determinations. It is important that when

24.2 Electromagnetic Radiation

optimizing the functions of the instrument, the operator is able to monitor its
performance in critical areas, and has an understanding of the elementary
physics of the absorption process, as well as the basic elements of spectrophotometer design. Whilst UV spectrophotometry has certain advantages such
as high sensitivity, simplicity, low cost and fast analysis times, it also has some
disadvantages in that it has a lack of speciﬁcity (for mixtures), it provides only
limited qualitative information, and it may be affected by interference (by
highly UV-absorbing species).
In this chapter, attention is focused on measuring the optical properties of polymer blends over the ultraviolet and visible ranges of light, notably when investigating the miscibility of polymers and polymer blends. The aim is provide a
background for researchers working in different ﬁelds who wish to use these analytical (quantitative or qualitative) procedures and who may wish to know more
than the “basics.” In fact, almost any scientist whose discipline involves materials
analysis, whether molecular biologist, biochemist, geologist, pathologist, pharmacist or metallurgist, may beneﬁt from knowledge of the mechanism of UV/VIS
absorption spectrophotometry.

24.2
Electromagnetic Radiation

The term electromagnetic radiation applies to the emission and propagation of
energy through space or a material. All radiation possesses energy, either inherently (electromagnetic radiation) or as kinetic energy of motion (particulate radiations). The general characteristics of electromagnetic radiation are:
 Radiation has no mass or physical form.
 It travels at the speed of light c in a vacuum (or in air).
 It travels in a linear path (until any interaction occurs).
The dominant mechanism of radiation interacting with matter is either absorption or scattering. The absorption of radiation involves the process of transferring
the energy of electromagnetic radiation to atoms or molecules of the medium
through which the radiation passes [37–39].
Electromagnetic radiation can be described according to the following physical
properties: the frequency f, wavelength l, wave number n (inverse of wavelength),
or photon energy E. The electromagnetic radiation extends from gamma radiation
at the short-wavelength (high-frequency) to long wavelength (low frequencies)
used for modern radiocommunications, as shown in Figure 24.1. However, it also
covers wavelengths from a fraction of the size of an atom to upwards of thousands
of kilometers. For this reason, electromagnetic radiation has been investigated
intensively for spectroscopic purposes in the characterization of matter. Whilst
the limit for a long wavelength is the size of the universe itself, it is thought that
the short wavelength limit is in the vicinity of the Planck length, although in
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Figure 24.1 The electromagnetic spectrum. Visible light (400–700 nm) constitutes only a small
portion of the spectrum that ranges from gamma rays (<1 pm long) to radiowaves that are
thousands of meters long.

principle the radiation is inﬁnite and continuous. The Bohr–Einstein relationship
is illustrated by the following:
c
f ¼ ;
l

or

f ¼

E
;
h

or

E¼

hc
l

where h is Plank’s constant, l is the wavelength, E is the photon energy, and c is
the velocity of light.
The main aim is to study polymer blends within the spectral range of UV/VIS
radiation, which involves wavelengths of 180–380 nm (UV) and 380–780 nm (VIS)
of the electromagnetic spectrum. Natural UV light is usually subdivided into
three classes: near UV-A (315–380 nm); middle UV-B (280–315 nm) and far UV-C
(180–280 nm).

24.3
Interaction of Radiation (UV/VIS) with Matter

The different regions of electromagnetic radiation exert very different effects upon
their interaction with matter. It is a well-known result of quantum mechanics that
some aspects of electromagnetic radiation must be described as the behavior of
waves, while others can only be understood by describing radiation as a shower of
particles, the photons (quanta). The absorption of UV/VIS radiation in the solid
phase differs from UV/VIS absorption in the liquid or gaseous phase with respect
to the photophysical processes that take place in the crystal lattice, and to the
metallic, semiconductor or insulator properties of the absorbing solid [40]. In crystals, multiple atomic or molecular orbitals are combined to form broad energy
bands; that is, a valence band fully which is occupied by electrons and a conduction band which is either unoccupied or partially occupied by electrons. Conduction bands and valence bands have different energetic positions relative to one

24.4 The Nature of Electronic Excitations in Matter (Polymer Blends)

another, depending on the speciﬁc substrate. In a semiconductor cluster, electronic transitions between the valence band and the conduction band require at
least UV/VIS radiation with an energy equivalent to the band-gap energy (Eg).
Band-gap excitation initiates several physical and chemical processes within the
semiconductor (SC) particle and on its surface, respectively. Following the absorption of a photon with energy greater than or equal to Eg, an electron is promoted
from the valence band to the empty conduction band of the SC particle, thus creating an electron deﬁciency in the valence band; this is termed a “defect electron”
or a “positive hole.” The electron/hole pair thus formed is called an exciton [41].
The charge carriers (photoelectron and hole) can recombine by different mechanisms and decay channels [42].
The interaction of UV/VIS radiation with atoms or molecules will lead to a
reconﬁguration of the outer electron shell, due to the absorption of that quantum;
this process is frequently called “electronic excitation.” The latter is any process that
adds enough energy to an electron of an atom or molecule so that it occupies a
higher energy state (i.e., a lower binding energy). The electron remains bound to
the atom or molecule but, depending on its role in the bonds of the molecule,
molecular break-up may occur. Subsequently, no ions are produced and the atom
remains electrically neutral. However, atoms and molecules can exist in many
states that are different with respect to the electron conﬁguration, angular momentum, parity, and energy levels. Excited atoms or molecules can return to the ground
state as a result of collisions with other molecules, eventually converting the energy
of the absorbed photon into heat, or by re-emitting the photons. The re-emitted
photons can be detected as a function of wavelength. UV/VIS absorption spectroscopic data is employed to obtain information regarding the nature of the matter,
the presence of a particular substance in a sample, qualitative analysis and, in
many cases, to quantify the amount of the substance which exists. It also can provide data to explain theoretical models (principally quantum mechanical models),
and allow for the absorption spectra of atoms and molecules to be related to other
physical properties such as electronic structure, optical properties, band gap energy,
miscibility and immiscibility of polymer blends and molecular geometry [43].
A wide range of experimental approaches exist for measuring absorption spectra. The most common arrangement is to generate a beam of radiation at a sample
and to detect the intensity of the radiation that passes through that sample. The
transmitted and reﬂected energies can then be used to calculate information about
the absorption. The source of radiation, the sample arrangement and detection
technique vary signiﬁcantly depending on the frequency range and the purpose of
the experiments.

24.4
The Nature of Electronic Excitations in Matter (Polymer Blends)

A polymer blend is a component of a group of materials in which at least two
polymers are blended (i.e., mixed together) to construct a new material with
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different physical properties. In order to understand the nature of electronic excitation within the polymer blends, it may be beneﬁcial to return to the principles of
the excitation process in atoms and/or molecules in matter [44]. In electromagnetic radiation, either the particle (photons) or the wavelike character is more
noticeable; in the UV/VIS wavelength region the latter is the case. The electric
ﬁeld vector of the radiation induces charge separation (polarization) within the
molecules. In the UV/VIS region, the sign of the electric ﬁeld vector changes at
ca. 1014 Hz, causing the electron density to be polarized at this frequency. The
extent of this polarization depends on the dielectric properties of the molecules,
their environment, and the wavelength of the radiation [45,46]. Relying on Bohr
model and beyond, electrons in the atom can be considered as occupying groups
of approximately similar energy levels. Furthermore, sharing the electrons of two
or more atoms will construct a molecule, and the sharing of two electrons by two
atoms in a molecule is regarded as establishing a chemical bond. These bonds can
be classiﬁed according to the number of electrons shared: atoms can share one,
two or three electrons to form single, double and triple bonds, respectively. These
bond designations can be described according to the molecular orbitals (MO)
model [47,48].
In this case, MO represent regions in a molecule where an electron is likely to
be found, which are obtained from the overlapping atomic orbitals, and can summarize the following aspects:
 Predicts the location of an electron in an atom.
 Speciﬁes the electron conﬁguration of a molecule: the spatial distribution and
energy of one (or one pair of) electron(s).
 Describes the behavior of one electron in the electric ﬁeld generated by the
nuclei and some average distribution of the other electrons.
Chemical bonds are formed by overlapping atomic orbitals that result in molecular orbitals of one of three types: bonding (low energy); antibonding (high
energy); or nonbonding. Energy absorption is most typically associated with transitions induced in electrons involved in bonding orbitals, and the atoms involved
are, for the most part, those containing sþp electron. Two types of bond must be
mentioned:
 Single, or s, bonding orbital; with its related antibonding designed s .
 Double or triple bonds (p-bonding orbital) with the corresponding p antibonding orbital.
Nonbonding orbitals (n) have no antibonding (lone-pair electrons). The full
series of permitted electronic transitions (by UV/V is absorption) are shown in
Figure 24.2. The Figure 24.2 shows that s ! s and n ! s  transitions require
relatively high energy and are therefore associated with shorter wavelength radiation (UV). Lower energy n ! p and p ! p are UV or visible induced transitions.
The absorption of UV or visible radiation by an atomic or molecule can be
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Figure 24.2 Schematic illustration of six transitions between three types of occupied and two

types of unoccupied molecular orbit.

considered as a two-step process:
M ðneutral molecule in ground stateÞ þ hn ! M ðmolecule in excited stateÞ
M ðmolecule in excited stateÞ ! M ðneutral moleculeÞ þ heat

ð24:1Þ
ð24:2Þ

Figure 24.2 depicts this excitation process, which is quantized. The electromagnetic radiation that is absorbed has energy exactly equal to the energy difference
between the excited and ground states. For most molecules, the energy necessary
to bring about transitions from the highest occupied energy level (HOMO) in the
ground state to the lowest unoccupied energy level (LUMO) is less than the energy
required to bring about a transition from a lower occupied energy level [49,50].
Thus, in Figure 24.2 an n ! p transition would have a lower energy than p !

p transition. For many purposes, the transition of lowest energy is the most
important. Not all of the transitions that at ﬁrst sight appear possible are observed,
and certain restrictions – called selection rules – must be considered. One important selection rule states that transitions which involve a change in the spin quantum number of an electron during the transition are not allowed to take place;
these are called “forbidden” transitions. Other selection rules deal with the numbers of electrons that may be excited at one time, with symmetry properties of the
molecule and of the electronic states, and with other factors that need not be discussed here. Transitions that are formally forbidden by the selection rules are
often not observed. However, theoretical treatments are rather approximate, and
in certain cases forbidden transitions are observed, although the intensity of the
absorption tends to be much lower than for transitions that are allowed by the
selection rules. The n ! p transition is the most common type of forbidden
transition. The energy differences between electronic levels in most molecules
vary from 125 to 650 kJ mol1; this corresponds to a high-frequency (i.e., lowwavelength) absorption band which is observed at 200800 nm in the UV and
visible ranges of detection.
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Figure 24.3 Energy regions corresponding to each type of molecular transition of the interaction
between the UV/Vis range with matter.

24.5
Relationship of Structure of Matter to the Electronic Absorption Spectrum

Several structural features are notable for generating light absorption in the visible
region (750–400 nm). Many molecules with double bonds – particularly those in
which one of the double-bonded atoms has at least one lone pair – absorb radiation in the near-UV region. Molecules containing strong s-bonds and no lone
pairs tend to absorb in the far-UV region. The only promotable electrons are those
which form single bonds, and these must receive a large amount of energy in
order to undergo a transition to the lowest energy empty orbital of the molecule.
Strongly single-bonded molecules with lone pairs on electronegative atoms
also tend to absorb only at very short wavelengths (high energy), as shown in
Figure 24.3.

24.6
The Correspondence of Color and Transparent Spectrum

Some materials are classiﬁed as colored materials, due to the absorption of electromagnetic radiation. Color is an important physical property because it stands as
a ﬁngerprint regarding the structure of a material, and is also used with other
physical quantities such as density and melting point to describe materials. It is
important to have a qualitative understanding of the relationship between the
color of light absorbed by a material and the color of light that is perceived when
looking through the material. These perspective colors can be considered as a
complementary colors, while the perceived colors through the transparent materials give different spectra. These spectra contain the attenuation of the light which
passes through this transparent medium, and also provide information as to what
occurs among speciﬁc species of materials, as shown in Figure 24.4.

24.6 The Correspondence of Color and Transparent Spectrum

Figure 24.4 Electronic spectra of pectin (PEC), poly(vinylpyrrolidone) (PVP) and their blends

with different compositions in the range of 230–500 nm. In this region, PEC and blends in which
its content is dominant exhibit two maxima at about 283 nm and 350 nm [51].

Figure 24.5 shows the designation of pectin (PEC) and the poly(vinylpyrrolidone) (PVP) molecules, while Figure 24.4 represents the electronic spectra (the
relationship between wavelength and absorbance) of PEC, PVP and their blends
with different weight ratios in the range of 230–500 nm. The data in Figure 24.4

Figure 24.5 Structures of (a) pectin (PEC) and (b) poly(vinylpyrrolidone) (PVP) polymers.
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reveal that the spectrum of PEC is colored, while the PVP spectrum is a transparent medium. The speciﬁed information from those types of spectrum is sometimes different. The spectrum from the colored medium provides direct
information regarding the type of chromophore and the possible types of transition between different electronic states that characterize the type of material. In
contrast, data from the transparent medium provides information about the type
of electronic transition, the energy of the band gap, Urbach band tail, and some
optical constants [51].
A chromophore is the part (atom or group of atoms) of a molecular entity
responsible for the electronic transition in which given spectral band falls within
the range of the visible regime. There are two known types of chromophore: one
form of the conjugated p system (also known as a resonating system), and the
other is the metal complexes. Chromophores which can be detected by UV/Vis

N)
C, C
O or C
spectrophotometry always occupy a multiple bond (such as C

and may be conjugated with other groups to form complex chromophores.
Most UV/Vis absorption spectroscopy of polymers and their blends is based on

the transitions of n or p electrons to the p excited state. This is because the
absorption peaks for these transitions fall into an experimentally convenient
region of the spectrum (200–700 nm). These transitions need an unsaturated
group in the molecule to provide the p electrons. The solvent in which the absorbing species is dissolved also has an effect on the spectrum of the species. Peaks

resulting from n ! p transitions are shifted to shorter wavelengths (blue shift)
with increasing solvent polarity. This arises from the solvent, which increases the
number of the lone pair, which in turn lowers the energy of the n orbital. Often

(but not always), the reverse (i.e., red shift) is seen for p ! p transitions. This is
caused by attractive polarization forces between the solvent and the absorber,
which lower the energy levels of both the excited and unexcited states. As this
effect is greater for the excited state the energy difference between the excited and
unexcited states will be slightly reduced, and this will result in a small red shift.

This effect also inﬂuences n ! p transitions, but is overshadowed by the blue
shift resulting from the solvent of lone pairs.

24.7
Relationship of Polymer Blends to Material Characterization

Polymers and their blends can be classiﬁed generally as insulators, conductors,
and semiconductors. Some of these polymers and their blends have semiconductor characterization due to the presence of special structural behavior such
as conjugation, which is described as the formation of alternating single and double bonds between the neighboring backbone carbon atoms (conjugation). The
p-conjugated polymers and their blends can be considered as good examples of
the validation of these electrical conducting properties. Semiconducting polymers
and their blends have attracted considerable interest due to their broad range of
applications. However, the semiconducting behavior can be explained based on

24.7 Relationship of Polymer Blends to Material Characterization

the following approach. The carbon (C) atom is the core building block of most
polymers and their blends; the type of bonds that the C-atom’s valence electrons
construct with other C-atoms or other elements determines the overall electronic
characterization of the respective polymer. Polymers and their blends can, in general, be classiﬁed as either saturated and unsaturated, based on the number and
type of carbon valence electrons involved in the chemical bonding between consecutive C-atoms along the main chain of the polymers and their blends. Saturated polymers are insulators, as all four valence electrons of C-atom used up in
covalent bonds, whereas most conductive polymers and their blends have an
unsaturated conjugated structure [52]. The p-conjugated polymers and their
blends are excellent examples of unsaturated polymers whose electronic conﬁguration branches from their alternate single and double CC bonds. The fundamental source of the semiconducting property of conjugated polymers and their
blends originates from the overlap of the MO formed by the valence electrons of
chemically bonded C-atoms. A neutral C-atom has six electrons, which have the
electronic structure 1s2, 2s2 and 2p2 orbitals. The atomic orbitals (AO) of C-atoms
are modiﬁed into hybrid orbitals as they form covalent bonds. When two C-atoms
combine to form a molecule (bond), one electron from the 2s-state is promoted to
the vacant 2p state. These electronic orbitals do not bond separately but hybridize
and then mix in linear combinations to produce a set of orbitals oriented towards
the corners of a regular tetrahedron. The hybrid orbitals expressed by one s orbital
and three p orbitals are known as sp3 hybrid orbitals. The sp3 hybrids allow a
strong degree of overlap in bond formation with another atom, and this produces
high bond strength and stability in the molecules. The arrangement of bonds
resulting from overlap with sp3 hybrid orbitals on adjacent atoms gives rise to the
tetrahedral structure. In these structures all of the available electrons are tied up
in strong covalent bonds, named s-bonds. Carbon compounds containing s-bonds
formed from sp3 hybrid orbitals are termed saturated molecules. The saturated
hydrocarbons, in general, have high band gaps and, hence, are classiﬁed as insulators [53].
As conjugated (alternating bonds) polymers and their blends are composed of
alternating single and double bonds, sp3-hybridized orbitals cannot account for
their electronic structure. The alternating single and double bonds are formed
also from sp2 hybrid orbitals. The mixing of one s orbital with two of the p orbitals
of the C-atom forms three sp2 hybrid orbitals, leaving one p orbital unhybridized.
The sp2 carbon hybrid orbitals are known to form a different bond length,
strength and geometry when compared to those of the sp3-hybridized molecular
orbitals. The sp2 hybridization has one unpaired electron (p-electron) per C-atom.
The three sp2 hybrid orbitals of a C-atom arrange themselves in three-dimensional
space to attain a stable conﬁguration, as shown in Figure 24.6. The geometry that
achieves this is termed trigonal planar geometry, where the bond angle between
the sp2 hybrid orbitals is 120 . The unmixed pure pz orbital lies perpendicular to
the plane of the three sp2 hybrid orbitals. The sp2 orbitals give s-bonds, while the
pz orbitals form a different type of bond known as p-bonds. The pz orbitals of a
polymer exhibit p-overlap, which results in the delocalization of an electron along
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Figure 24.6 Bonding in conducting conjugated polymers. The sp2 hybrid orbitals are shown in

gray, and the unhybridized pz orbitals in white. Electrons are represented by black dots. The two
thin sp2 hybrid orbitals on the side extend in and out of the plane of the paper.

the polymer chain, as shown in Figure 24.6. The p-bonds are, therefore, considered as the basic source of transport band in conjugated systems [54,55].
In terms of an energy-band description, the s-bonds form completely ﬁlled
bands, while p-bonds would correspond to a half-ﬁlled energy band. The molecular orbitals of a polymer blend form a continuous energy band that lies within a
certain energy range. The antibonding orbitals located higher in energy (p ) form
a conduction band, whereas the lower energy lying bonding orbitals form the valance band. The two bands are separated by a material speciﬁc energy gap known
as a band gap (Eg) (see Figure 24.7). The two separate bands are characterized by
two quite important energy levels, namely electron afﬁnity and ionization potentialionization potential. The electron afﬁnity of a semiconducting polymer
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Figure 24.7 Energy level splitting of orbitals in unoccupied molecular orbital, respectively.
a conjugated polymer according to a molecular Collection of molecular orbitals from bands is
orbital theory (a) HOMO, and LUMO refer to
separated by an energy gap shown in (b).
highest occupied molecular orbital and lowest
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Figure 24.8 The delocalized cloud of p electrons. The electronic probability density is
represented by gray ovals above and below the polymer chain. They are restricted within a
conjugation length of the polymer.

corresponds to the lowest state of the conduction band (p state) or the lowest
unoccupied molecular orbital (LUMO). Likewise, the ionization potential refers to
the upper state of the valence band (p state), and corresponds to the highest occupied molecular orbital (HOMO). The band gap of conjugated polymers determined from optical, electrochemical and other spectroscopic measurements is
within the semiconductor range of 1 to 4 eV, which covers the whole range from
the IR to the UV region.Conjugated polymers and their blends are often considered as quasi-one-dimensional metals due to the fact that the strong intrachain
interaction (strong covalent bonding along the chain) and the weak van der Waalstype interchain coupling interactions lead to a delocalization of p-electrons along
the polymer chain [54–56]. Every conjugated polymer and its blends have a
unique chemical structure that determines their optical and electrical behavior
(Figure 24.8).

24.8
Optical Properties of Semiconductors (Polymers and Polymer Blends)

One of the speciﬁc objectives of studying UV/VIS optical absorption spectra is to
obtain data regarding the physical properties of materials. The spectra obtained
include the relationship between the light (transmitted, reﬂected, or refracted)
intensity as a function of photon energy E or wavelength l. The information
obtained is important for basic science and its applications, and includes many
valuable constants that can be calculated to present the optical properties of the
medium under investigation. This spectrum can also be evaluated to characterize
the polymer blends.
The optical constants (refractive index n and extinction coefﬁcient k) of any
medium can be illustrated by the complex index of refraction, N ¼ n  ik, or the
complex dielectric function, e ¼ e1  ie2 , where e is related to N by the relation
e ¼ N 2 , so that e1 ¼ n2  k2 and e2 ¼ 2nk. Such nondestructive measurements as
supplied by the UV/VIS spectra of a material reveal valuable information about the
optical constants, optical band gap, Urbach band tail, band structure, optically
active defects, as well as the ﬁlm thickness. Several reviews are available describing measurements of the optical properties of polymer blends.
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Figure 24.9 (a) Sketch summarizing the
extended and localized states in amorphous
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24.9
Optical Absorption Spectra of Materials

When continuous radiation passes through a transparent material (semi crystalline), as in the case of a polymer and/or a polymer blend (solution, bulk, and
ﬁlm), a portion of the radiation may be absorbed. The residual radiation – after
passing through a dispersion system – will yield an absorption pattern. The
absorption coefﬁcient is deﬁned as the ability of a material to attenuate light of a
given wavelength per unit length [57,58]. Figure 24.9a shows the limits of electronic densities cases in the inside crystalline material and semi-crystalline which
divided into extended and localized states. Figure 24.9a indicates the possible optical transitions between these densities and will be discussed in the following sections. While Figure 24.9b refers to the transition between the valence and
conduction bands in a pure semiconductor crystalline materials represented as
parabolic bands (without tail states).

24.9 Optical Absorption Spectra of Materials

24.9.1
Extended-to-Extended State Transitions

The probabilities of transitions from extended to the extended states are very
identical to those identiﬁed states for crystalline materials. As can be seen from
Figure 24.9a, they determine the absorption of light at high energies (above the
gap energy) or recognized by the short wavelength.
This leads to an absorption coefﬁcient of the form:
aðvÞ 

1
h v  E 0 Þ2
ð
v

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Hence, a plot of the following relationship vaðvÞ  
hv  E 0 versus energy hn
should produce a straight line, the intersection of which with the y-axis gives the
gap energy E0, the so-called “Tauc gap.” The Tauc gap is quite often used to characterize the optical properties of amorphous materials [59]. From the considerations given above, it is clear that the Tauc gap provides information on the energy
separation of the extended states of valence and conduction bands.
24.9.2
Extended-to-Localized and Localized-to-Extended State Transitions

The absorption of ideal crystalline materials is not observed when compared to
amorphous materials, where below the energy gap a transition from occupied
extended states of the valence band to empty tail states of the conduction band
may occur. In a similar way, transitions from occupied valence band tail states to
empty extended states of the conduction band are possible. Both types of transition should have similar matrix elements. For transitions from localized to
extended states (and for extended to localized transitions) with an exponential
decay of the density of states of the localized states into the gap, an exponential
relationship is found between the absorption coefﬁcient and frequency:


v
h
aðvÞ  exp
EU



where EU is called “Urbach energy.” Since
ln aðvÞ ¼ C þ
EU ¼

hv

EU

h

d
ln aðvÞ
dv

it is possible to determine the Urbach energy by plotting the logarithm of the
absorption coefﬁcient and taking the inverse of the slope of the linear part of the
graph.
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Figure 24.10 Schematic representation of absorption coefficient versus photon energy.

24.9.3
Localized-to-Localized State Transitions

These transitions usually are not very important as the number of states involved
is low and the transition matrix elements are signiﬁcantly smaller compared to
those of the transitions mentioned above. This is due to the fact that the matrix
elements are integrals over all space over the product of two functions (the initial
and the derivative of the ﬁnal state) which are separated in space and hence do
exhibit almost no overlap. Transitions from localized to localized states would lead
to absorption in the low-energy regions of the spectrum which, in most cases, is
the near-IR to the mid-IR region.
The data obtained from the spectrum can be classiﬁed as three major regions
of interest for the absorption coefﬁcient, namely A, B and C, as shown in
Figure 24.10. Region A describes an absorption area in which there are two types
of optical transition for the crystalline or semicrystalline materials; these can occur
at the fundamental absorption edge, both directly and indirectly.
Direct band gap transition is transition in which the bottom of the conduction
band and the top of the valance band occur at the momentum k ¼ 0; energy
released during band-to-band electron recombination (exciton) with a hole is converted primarily into radiation (radiant recombination), the wavelength of which is
determined by the energy gap, as shown in Figure 24.11.
By using the parabolic valley model, an expression of a (h n) for each type of
transition (allowed or forbidden, depending on the selection rules) has been
obtained [60–63]. The absorption coefﬁcient, a (h n), depends on the density of
states for bands containing the initial and ﬁnal states. The direct energy gap is a
prominent feature of the experimental absorption data, due to its rapid variation
with energy. The forbidden energy gap of the semiconductor is readily deduced
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Figure 24.11 Direct and indirect band gaps for semiconductors.

from the energy of the direct edge and the exciton energy, and can be directly
compared to the results of the band structure calculations. For direct transition,
the absorption coefﬁcient ad is given by:

S
ad ðhnÞ ¼ A hn  E dg

ð24:3Þ

where s ¼ 1/2 or 3/2 depending on whether the transition is quantum mechanically allowed direct or forbidden direct transition respectively, E dg is the direct optical energy band gap, and A is a constant involving the properties of the bands.
There are also indirect-gap transitions, in which the bottom of the conduction
band does not lie at the origin. In this case, the electron cannot make a direct
transition from the top of the valance band to the bottom of the conduction band
because this would violate the momentum selection rule. Such a transition may
still take place, but as a two-step process. The electron absorbs both a photon and
phonon simultaneously; the photon supplies the energy needed while the phonon
supplies the required momentum. The indirect absorption coefﬁcient ai is
given by:

S
ai ðhnÞ ¼ B hn  E ig  E ph

ð24:4Þ

where s ¼ 2 or 3 depending on whether the transition is quantum mechanically
allowed indirect and forbidden indirect transition respectively. E ig is the indirect
energy gap and B is a constant containing parameters pertaining to the bands
and the temperature (the latter due to the phonon contribution to the process)
and E ph is the energy of the phonons assisted. ai increases as a second power of
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Figure 24.12 Calculation of: (a) Absorption edge from the relation between a versus hn;

(b) Direct band gap; (c) Indirect band gap.



hn  E ig , much faster than the half-power of this energy difference, as in the
direct transition. Hence, the optical method can be used to discriminate between
the direct and indirect energy gap transitions. Consequently, direct band gap transitions are sometimes referred to as “optically active,” and indirect as “optically
inactive.”
The dependence of (ahn) 1/s versus hn was plotted for different values of s; the
best ﬁt was obtained for s ¼ 2, as shown in Figure 24.12, and this result indicates
that the indirect transition is the most plausible mechanism. The values of E g of
the indirect transitions for different compositions can be obtained from the intercept with the abscissa of the (ahu)1/2 versus hn plots, as shown in Figure 24.12.
To determine the nature and width of the band gaps a, (ahn) 2 and (ahn) 1/2 were
plotted as a function of incident photon energy E ¼ hn, as shown in Figure 24.12a.
The absorption edge values were obtained by extrapolating the linear portions of
a versus hn curves to zero absorption value. The direct band gap values were
obtained from the plots of (ahn)2 versus hn (Figure 24.12b), as the absorption
coefﬁcient of direct electron transitions depends on the energy of incident photon,
according to Eq. (24.3). The intercept on the energy axis, on extrapolating the linear portion of the curves to zero absorption value, gives the value of direct band
gap. For indirect electron transitions that require phonon assistance, the absorption coefﬁcient depends on the incident photon energy, according to Eq. (24.4).
Hence, the indirect band gap values were obtained from the plots of (ahn)1/2 versus hn at the intercepts of the energy axis on extrapolating the linear portion of the
curves to zero absorption value in Figure 24.12c.

24.9 Optical Absorption Spectra of Materials

The B region in Figure 24.10 referred to what is called the “Urbach band tail,”
which has been interpreted through suggestions for several mechanisms [62,64],
such as band gap variation due to density ﬂuctuations, broadening of the band
edge, or the presence of excitonic states induced by internal electronic ﬁelds. In
addition, other explanations related to have been derived from electronic transitions between (localized) states coming up in the band edge tails, the density of
which is assumed to fall off exponentially with energy [65–67]. If this were to
occur, as the slopes of the observed exponential absorption edges are the same in
a variety of materials, then it would seem unlikely that the tailing would be similar. Rather, it was suggests the existence of a correlation between the slope of the
Urbach tail and the coordination number and the valence of the state. It is easy to
speculate that materials with a lower coordination (i.e., a higher valence) are more
easily from an ideal amorphous network which has fewer defects and voids, and
perhaps exhibit less departure from optimum covalent band angles and length
than do those materials with higher coordination numbers [68].
Region C of Figure 24.10 can be related to intraband transitions and to the density of states (DOS). The procedure for determining the DOS has been to measure
the absorption in excess of that identiﬁed with an extrapolated Urbach tail.
24.9.4
Exciton Absorption

In some semiconductor polymer blends the excited electron becomes a free particle in the conduction band and, similarly, the hole left in the valance band also
becomes free [69]. This leaves behind a localized positively charged hole. The electron and hole attract each other by electrostatic coulombic forces, however, and
may possibly form a bound state in which the two particles revolve together
around their center of mass; such a state is referred to as an exciton. The exciton
level is in the same neighborhood as the donor level. The energy of the photon
involved in exciton absorption is given by:
hn ¼ E g  E ex

ð24:5Þ

where Eex is the exciton binding energy. The electron and hole may have either
parallel or antiparallel spins. The spins are coupled by the exchange interaction,
giving rise to an exciton ﬁne structure.
24.9.5
Free Carrier Absorption

Free carriers – both electrons and holes – absorb radiation without becoming
excited into the other band. In the case of absorbing a photon, the electron
(or hole) makes a transition to another state in the same bands, as shown in
Figure 24.13; this is called an intraband transition [70]. Of course, free carrier
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Figure 24.13 Free carrier absorption.

absorption takes place even when hn > E g , with both types of absorption fundamental and free carriers occurring simultaneously.
The optical constants are very important because they describe the optical
behavior of the materials. The absorption coefﬁcient of the material is a very
strong function of photon energy and band gap energy.
Absorbance (A) is deﬁned as the ratio between absorbed light intensity (IA) by
material and the incident intensity of light (Io) [71,72].
IA
A¼
ð24:6Þ
I0
The transmittance (T) is given by reference to the intensity of the transmitting
I
light from the ﬁlm (I) to the intensity of the incident light on it (Io) T ¼ , and
I0
can be calculated by:
T ¼ expð2:303AÞ

ð24:7Þ

and the reﬂectance (R) can be obtained from absorption and transmission spectra,
in accordance with the law of conservation of energy by the relation:
RþT þA¼1

ð24:8Þ

The absorption coefﬁcient (a) is deﬁned as the ability of a material to absorb the
light of a given wavelength
a¼

2:303A
t

ð24:9Þ

where A is the absorption of the material and t is the thickness of the sample
(in m).

24.10 Instrumentation

The refractive index (n) of a material is the ratio of the velocity of the light in
vacuum to that in the specimen:


ðn  1Þ2 þ K 2

R¼
ð24:10Þ
ðn þ 1Þ2 þ K 2
when K  0
R¼
n¼

ðn  1Þ2
ðn þ 1Þ2
ð1 þ RÞ1=2
ð1  RÞ1=2

ð24:11Þ
ð24:12Þ

The extinction coefﬁcient (K) was calculated using the following equation:
K¼

al
4p

ð24:13Þ

24.10
Instrumentation

The four main requirements for a UV/VIS spectrophotometer involve: (i) the production of a continuous electromagnetic radiation source; (ii) the creation of a
monochromatic wavelength with a dispersive medium, a sample compartment
and an optical system; (iii) an optical path whereby a monochromatic light beam
is introduced into the material under investigation; and (iv) a detection and measuring system, and the ability to collect and analyze the data acquired. Although
spectrophotometers are available in a variety of sizes, shapes, geometries and conﬁgurations, two major classes can be identiﬁed depending on whether their optical geometry (conﬁguration) is single beam or double beam [36].
Most commercial UV/VIS absorption spectrometers employ one of three overall
optical designs: (i) a ﬁxed or scanning spectrometer with a single light beam and
sample holder; (ii) a scanning spectrometer with dual light beams and dual sample holders for the simultaneous measurement of I and Io and (iii) a non scanning
spectrometer with an array detector for simultaneous measurements at multiple
wavelengths. In both single-beam and double-beam spectrometers the light from
a lamp is dispersed before it reaches the sample cell. In an array-detector instrument, all wavelengths pass through the sample, while the dispersing element is
located between the sample and the array detector.
24.10.1
Single-Beam Spectrophotometry

In the single-beam conﬁguration, a single beam of light is emitted from the
source. Reference data are acquired to standardize the instrument and are then
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removed; a neutral “gray” standard is also measured during the standardization
process and a mathematical correction made based on the reﬂectance of the gray
standard, to compensate for the changes. In order for a single-beam conﬁguration
to perform well the light source, detector and electronics must be reasonably stable over time. Recent advances in electronics and the stability of the light sources
have made reliable single-beam instruments possible. In addition, rapid developments in microprocessor technology has made it possible to achieve excellent
results using a single-beam conﬁguration when compared to a double-beam conﬁguration. Comparisons between the reference and sample cells are possible with
single-beam instrumentation by feeding the post-detector signal to a microprocessor, which stores the reference data for subtraction from the sample signal
prior to printing and/or displaying the reference-corrected result (termed the
“baseline”). Signal levels can be compared between different samples at one wavelength, at a series of predetermined wavelengths or, if a wavelength driver is provided, a complete absorption spectrum can be obtained [73].
24.10.2
Double-Beam Spectrophotometry

In the double-beam conﬁguration, the beam from the light source is split in two
by using a beam splitter. The ﬁrst beam is used to illuminate the reference standard [R], while the second beam illuminates the material under investigation [S].
All absorption measurements are expressed as the ratio between the incident light
intensity I0 and the transmitted light intensity I. The beams may be recombined
before they reach a single monochromator, but in some cases two monochromators may be used. Splitting of the light beam is normally accomplished either statically, with a partially transmitting mirror or similar device, or by attenuating the
beams by using moving optical and mechanical devices. The basic set-up of a double-beam spectrophotometer is shown in Figure 24.14.

Double Beam
Spectrophotometer
Chopper

White
light

Monochromator
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Detector
BS

BS
S

Electronics

R
M

M
Sample chamber

Figure 24.14 Schematic diagram of the double-beam spectrophotometer.

24.12 Monochromator

24.11
Radiation Sources

Stability during the measurement period and the maintenance of an adequate
intensity over a wide wavelength region are the main requirements for providing a
continuous source of electromagnetic radiation. The various UV radiation sources
can include deuterium, hydrogen, tungsten, xenon and mercury arc lamps, while
visible radiation sources include tungsten, mercury vapor and carbonone lamps.
Many spectrophotometers employ a deuterium discharge lamp for UV measurements, and a tungsten-halogen lamp for visible and near-infrared (NIR) measurements. The instruments automatically switch lamps when scanning between the
UV and visible regions. Most modern spectrophotometers use a xenon lamp as a
continuous electromagnetic radiation source with very high brightness, as this will
emit a continuous spectrum from UV to the IR range [74].
24.11.1
Xenon Lamp (Xenon Arc Lamp)

Xenon lamps are the most frequently used light sources in spectrophotometry
when high light intensities are required. The lamp includes a discharge light
source in which xenon gas is sealed in a bulb. Xenon lamps are classiﬁed as either
direct current or alternating current types, according to the lighting method, and
exhibit a similar spectral distribution to sunlight, producing a continuous spectrum from UV to NIR.
24.11.2
Deuterium Lamp

The deuterium lamp is a discharge light source in which deuterium is sealed in a
bulb. These lamps require a large and complex power supply, which makes them
more expensive than halogen lamps. However, deuterium lamps represent one of
the few continuous-spectrum light sources that are stable in the UV range. Typically, a deuterium lamp will have a short emission wavelength of 400 nm, or less.
The window material limits use of the lamp at the short wavelength end of the
spectrum.

24.12
Monochromator

The main objective of a monochromator is to divide and transmit a narrow portion of the optical signal that has been selected from a wider range of wavelengths
available at the input. In its simplest form, the monochromator is composed of
two slits (entrance and exit) and a dispersion element (prism or diffraction grating). The main purpose of the entrance slit is to deﬁne the geometric properties
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of the investigated radiation. Dispersion or diffraction can only be controlled if the
light is collimated – that is, if all the light rays are parallel.
The presence of a prism in the spectrophotometer causes the light to be dispersed into a rainbow. At the exit slit, the different colors of visible light are
intense as each arrives at a separate point in the exit slit plane; in this way a series
of images of the entrance slit becomes focused on the plane. Rotation of the dispersion element then causes the band of colors to move relative to the exit slit, so
that the desired entrance slit image becomes centered on the exit slit (Horiba;
http://www.horiba.com/us/en/scientiﬁc/products/optics-tutorial/monochromators-spectrographs/#c3752).
Most monochromators that are based on diffraction gratings provide a uniform
spectral dispersion, with the incoming beam from the entrance slit containing
multiple wavelengths that are dispersed to other wavelengths that are no longer
parallel but instead leave the grating at slightly different angles. As the light beam
passes off the grating at angles depending on its wavelength, it will also be
reﬂected from the mirror “downstream,” at different angles. Consequently, at the
second mirror the individual wavelengths will be some distance apart and, after
reﬂecting from this mirror, the beams will diverge even further. In fact, on arriving at the exit slit the beams will be so substantially separated in space that they
appear as a “rainbow” across the plane of the exit slit.
24.12.1
Wavelength Selection

To isolate a wavelength of choice, and to emit it from the monochromator, the
position of the “rainbow” must be adjusted so that the desired wavelength passes
through the slit but undesired wavelengths strike the edges of the slit and the
inside wall of the monochromator close to the slit, and are blocked. This ﬁne-tuning stage, to determine which wavelengths fall where in the exit plane, is accomplished by (very) slightly adjusting the position of the dispersing elements.

24.13
Detection Area and Detectors

The ﬁnal optical conﬁguration section is the detection area, which may involve
various types of detection. The two factors which affect photodetector choice are
wavelength response and sensitivity. The most frequently used detectors are the
photomultiplier tube, the silicon diode, and the diode array.
24.13.1
Photomultiplier

The photomultiplier is a very versatile and sensitive detector of radiant energy in
the UV, visible and NIR regions of electromagnetic radiation. The basic radiation

24.13 Detection Area and Detectors

Dynodes
100 V

300 V

Window
0V
Light

Photocathode

200 V

400 V

Figure 24.15 Side view of photomultiplier tube.

sensor is the photocathode, which is located inside a vacuum envelope. During
operation, photoelectrons are emitted and directed by an appropriate electric ﬁeld
to an electrode or dynode within the envelope. A number of secondary electrons
are emitted at the dynode for each impinging primary photoelectron; these secondary electrons are in turn directed to a second dynode, and so on, until a ﬁnal
gain of perhaps 103–108 is achieved [75]. The electrons from the last dynode
are collected by an anode, which provides the signal current that is read out (see
Figure 24.15).
24.13.2
Silicon Photodiode

Silicon photodiodes are solid-state transducers that are used to convert light
energy into an electronic signal [76,77]. These devices can be used to detect light
in the UV, visible and IR spectral ranges. Photodiodes function by absorbing photons or charged particles and generating a ﬂow of electrons that produces a current in an external circuit, proportional to the incident power. Photodiodes can be
used to detect the presence or absence of minute quantities of light, and can be
calibrated for extremely accurate measurements from intensities below 1 pW cm2
to above 100 mW cm2. Because of their small size, low noise, high speed and
good spectral response, silicon photodiodes are currently used for photodetection
applications in the most detection systems.
24.13.3
Photodiode Array

Photodiode arrays (PDAs) are used especially in single-beam spectrophotometer
mode, as the spectra are acquired very quickly. The diode is a solid-state semiconductor device that exhibits a nonlinear current voltage characteristic. PDAs,
which were ﬁrst introduced in 1979, incorporate an integrated circuit with an
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array of photosensitive spots, or pixels (typically 1024), arranged in linear fashion
on a silicon chip. When a PDA is placed along the focal plane of a diffraction
grating, each pixel on the array acts as a slit and detector for a given wavelength of
dispersed radiation. The PDA detector (optical resolution ca. 1 nm) allows entire
spectra to be collected very quickly because all wavelengths of the dispersed radiation are measured simultaneously. However, whereas the sensitivity of UV detectors is normally linear from a few milliabsorbance units (MAU) to 1 or 2
absorbance units (AU), that of PDAs is linear from 0.0001 to 2.0 AU over the
entire wavelength range. This allows the purity assessment and accurate quantitation of both major and minor compounds [78].

24.14
Data Acquisition

The basic function of a spectrophotometer ends with the collection of a signal
(normally an electrical voltage) that is proportional to the absorption of a sample
at a given wavelength. The signal handling and measuring systems may be as
simple as data acquisition, which is the procedure of sampling signals that measure real-world physical properties and converting the resultant signal(s) into digital numeric values that can be manipulated using a computer. The required
components of a data acquisition system will include:
 detectors that convert physical property parameters to electrical signals; and
 analog-to-digital converters, which convert conditioned detector signals to digital values.
Data acquisition applications are typically controlled by software programs that
have been developed using various general-purpose programming languages.

24.15
Classification of Errors in Spectrophotometry

Experimental measurements are never perfect, even with the most advanced
instruments. One of the most well-known problems with spectroscopy measurements is random error, in which unpredictable variations occur in the measured
signal from moment to moment or from measurement to measurement; this
effect is often referred to as “noise.” There are many sources of noise in physical
measurements, including instrument performance criteria in the case of spectrophotometry. These errors derive from the spectral bandwidth and slit width, stray
light, wavelength accuracy and slit height, and it is therefore important to check
such potential sources of error periodically. Although the fundamental problem in
signal measurement is very often to distinguish the signal from the noise, this is
not always easy. The signal is the “important” part of the data that needs to be

24.15 Classification of Errors in Spectrophotometry

measured, whether it is the average of signals over a certain period of time or the
height of a peak or area under a peak that occurs in the data. These types of error
are discussed in the following sections. Problems may also be associated with
electronic noise in the detector, while random ﬂuctuations of the photon beam
reaching the detector may be apparent in the ampliﬁer output, especially when
the beam energy is low. These noise problems may be reduced by integration
with respect to time or by storage and enhancement, both of which are techniques
to which microprocessors are particularly well suited [79,80].
24.15.1
Spectral Band Width and Slit Width

Once a monochromator has been set to a certain wavelength, a beam with a Gaussian
intensity distribution of wavelengths emerges from the exit slit. This intensity distribution is depicted in Figure 24.16, where l and the dotted vertical line represent
the wavelength selected on the instrument, and the thick black line represents the
distribution of light that reaches the sample. The spectral bandwidth is deﬁned as the
width of the triangle at the points where the beam has reached half the maximum
value; thus, spectral bandwidth is deﬁned as full width at half-maximum (FWHM)
and is represented by the two vertical lines between lSB1 and lSB2 on the wavelength
axis. The spectral slit width is deﬁned as the total spread of wavelengths represented
by the lines between lSSW1 and lSSW2 in Figure 24.16. The spectral bandwidth of the

Figure 24.16 Gaussian intensity distribution of wavelength emerging from the monochromator.
The spectral bandwidth is defined by the red boundaries and lSB. The spectral slit width is
depicted by the blue boundaries and lSSW.
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spectrophotometer will always be narrower than the spectral slit width, and is related
to the physical slit-width of the monochromator and, therefore, to the resolution capabilities of the instrument.
The resolution of a spectrophotometer is deﬁned as the ability of the instrument
to divide a light beam into limited, separate wavelength regions and to distinguish
these limited regions one from another. Resolution is mainly ruled by the physical
slit width of the instrument, in combination with the inherent optical dispersion
of light beam from the exit of the monochromator to the detector of the instrument. Decreasing the slit width will reduce the spectral bandwidth and improve
the ability of the instrument to resolve closely spaced peaks. Most instruments
use diffraction gratings to obtain advantages of a linear dispersion, and provide
ﬁxed slit widths to organize the band width at the exit slit of the monochromator.
Today, many advanced spectrophotometers will have more than one slit width
available, providing the users with the opportunity of improved operating photon
energy against spectral sensitivity.
24.15.2
Slit Height

The most common optical systems employ a spherical collimation which most
likely will introduce optical aberrations that cause ﬁeld curvature when the slit
images are brought into focus. Occasionally, the slits may be made in a curved
shape instead of straight, in order to avoid curvature of the perceived image. This
allows the use of taller slits which can gather more light while still achieving a
high spectral resolution. An alternative approach would be to use toroidal collimating mirrors to correct the curvature, as this allows higher straight slits without
sacriﬁcing the resolution.
24.15.3
Stray Light

One of the most signiﬁcant sources of instrument error is stray light, which can
be classiﬁed as either monochromator stray light or instrumental stray light.
Although, in all spectrophotometers, light with a wide range of wavelengths enters
the monochromator from the source, only a very narrow band of wavelengths will
emerge through the exit slit. Stray light may originate from imperfections in the
dispersing element or in other optical surfaces, from diffraction effects, and possibly also from other optical aberrations or from damaged components. The ideal
transfer function of such a monochromator is a triangular shape, where the peak
of the triangle is at the supposed wavelength chosen. The intensity of the nearby
colors will then decrease linearly on either side of this peak until a cut-off value is
reached, when the intensity stops decreasing; this is called the “stray light level.”
The stray light level is one of the most critical speciﬁcations of the spectrophotometer. For example, intense, narrow absorption bands can easily appear to
have a peak absorption which is less than the true absorption of the sample,
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because the instrument is limited by the stray light level. Many methods have
been developed to measure and compensate for stray light in spectrophotometers.
24.15.4
Solvents

The choice of a good solvent for use in UV spectroscopy is important, the ﬁrst
criterion being that it should not absorb UV radiation in the same region as the
material whose spectrum is being determined. Usually, solvents that do not contain conjugated systems are best-suited for this purpose, although they vary with
regards to the shortest wavelength at which they remain transparent to UV radiation. A second criterion applies to the solvent’s effect on the ﬁne structure of an
absorption band, as both polar and nonpolar solvents can have adverse effects in
this respect.
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25.1
Introduction

Polymer blends have found widespread technological use over the past century [1].
In general, polymers have limited miscibility owing to the relatively small contribution of the entropy of mixing to the reduction of the total Gibbs free energy of
the system. The physical properties of polymer blends depend crucially on their
phase behavior – that is, the properties of phase-separated blends differ substantially from those of homogeneous mixtures. Although the phase behavior of polymer blends and their structure–property relationships have been a subject of
research for many decades, earlier studies were mostly focused on the mechanical
properties. Only more recently has the blending of polymers moved into focus,
aimed at improving the electronic and optoelectronic properties of the ﬁnal product, [2,3]. In this context, ﬂuorescence spectroscopy plays a crucial role in the characterization of polymer blends.
The most important characteristic of ﬂuorescence is that it can provide information on the nanometer length scale with very high sensitivity, allowing the system
under study to be characterized with high spatial resolution and with time resolutions of a few tens of picoseconds, or even lower. Two-dimensional (2D) plots, in
terms of ﬂuorescence intensity dependence on time and wavelength, can be
obtained, which can provide valuable information on the photophysical behavior
of the system and its relation to the structural/morphological characteristics.
Although ﬂuorescence spectroscopy has been used in polymer science for several decades [4], it has received special attention in recent years, in large part due
to its application in the study of a class of newly synthesized ﬂuorescent conjugated polymers, which have important applications in the emerging areas of
organic electronics and optoelectronics. Nonconjugated polymeric materials are
usually nonﬂuorescent, but can also be studied using ﬂuorescence spectroscopy
upon labeling with ﬂuorescent probes (ﬂuorophores). Emission spectra can be
recorded at extremely low ﬂuorophore concentrations and, therefore, a

Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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nonﬂuorescent polymer may be labeled with such a small amount of a ﬂuorophore that the labeling has only a marginal effect on the properties of the system.
The combination of various ﬂuorescence techniques, such as steady-state and
time-resolved ﬂuorescence spectroscopy and ﬂuorescence microscopy, can provide
extremely important information on the structure and dynamics of polymer
blends. Many relevant examples will be presented in this chapter, with particular
emphasis being placed on the most recent investigations.
First, some fundamental aspects of ﬂuorescence spectroscopy will be brieﬂy presented and typical ﬂuorescence experiments discussed. Their use in studies of
intrinsically ﬂuorescent polymers and in ﬂuorescent labeled-polymer systems will
then be illustrated.

25.2
Fundamentals of Fluorescence Spectroscopy
25.2.1
Theory

The energy diagram – known as the Jablonskii diagram – of the states involved
in the photoexcitation and luminescence of a molecular system is shown in
Figure 25.1 [5,6]. After excitation from a ground state S0 to an higher-lying Sn
state, the system either relaxes to the vibrational ground state of S1 or crosses, via

Figure 25.1 Simplified processes involved in the electronic photoexcitation and fluorescence of
a molecular system. Reproduced with permission from Ref. [5]; Ó 2001, John Wiley & Sons, Inc.
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spin–orbit coupling, to the excited triplet manifold, relaxing then to the vibrational
ground sate of T1. It should be noted that the intersystem crossing process
(S1 ! T1) is spin-forbidden, being only partially allowed by the spin–orbit coupling, which is more relevant for systems based on heavier atoms. The radiative
decay takes place from S1 to the ground state (the Kasha rule), a process termed
ﬂuorescence, being symmetry allowed, while the radiative decay of T1 (strictly
spin-forbidden) is termed phosphorescence. The ﬂuorescence-based techniques
used to characterize polymer blends will be addressed in this chapter.
Under continuous-wave excitation of a ﬂuorescent molecular system, typically in
solution or in solid samples, it is possible to record absorption, ﬂuorescence (both
emission and excitation spectra) and phosphorescence spectra.
The ﬂuorescence properties of a given molecular system, namely the intensity
(or efﬁciency) and the spectral shape, recorded under continuous-wave excitation,
are sensitive to the medium in which they are embedded (namely solution versus
solid state) and the neighboring molecules (chromophores and/or ﬂuorophores). It
is this sensitivity that allows information to be obtained on the sample’s morphology.
25.2.2
Steady-State Fluorescence

Steady-state ﬂuorescence is the simplest and the most common type of ﬂuorescence spectroscopy. Measurements are performed with continuous illumination
and detection; that is, the sample is illuminated with a continuous beam of light
(usually of a speciﬁc wavelength) and the emission spectrum (intensity versus
wavelength) is recorded.
In a typical steady-state ﬂuorescence spectrometer a continuous beam of light is
directed at the sample, where it excites ﬂuorescence. The ﬂuorescence emission is
collected at 90 or at a lower angle (known as right-angle and front-face conﬁgurations, respectively) from the excitation, to prevent the interference of the excitation
light with the detection of the ﬂuorescence emission. The collected ﬂuorescence
emission enters a monochromator and a detector (such as a photomultiplier tube) to
record the emission spectrum. Alternatively, the ﬂuorescence spectrum detection can
be made by a charge-coupled device (CCD) spectrograph coupled to a grating.
25.2.3
Time-Resolved Fluorescence

A new era of research in ﬂuorescence spectroscopy has emerged with the advent
of powerful lasers capable of generating short-lived pulses and with the simultaneous development of sophisticated detection methods. While research groups
were previously limited to the study of processes on the microsecond and nanosecond time scale, these developments have expanded the accessible time scale to
the pico- and femtosecond. Time-resolved ﬂuorescent measurements are being
used, for example, to unravel the dynamics of excited states (excitons) generated
in conjugated polymer ﬁlms (such as stimulated emission) and the processes that
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occur in organic photovoltaic systems combining electron-donor and electronacceptor materials.
Time-resolved measurements provide much more information than is available
from the steady-state data [7]. For instance, in blends containing two ﬂuorophores,
each with a distinct lifetime, it is not always possible to resolve the emission from
the two ﬂuorophores using steady-state measurements (if they emit in the same
spectral region) and the nature of the processes that occur following photoexcitation. However, the time-resolved data may reveal the individual decay times
and the dynamics of generated excited states.
Two methods of measuring ﬂuorescence lifetime are in widespread use: the
time-domain (or pulse-ﬂuorometry) and the frequency-domain (or phase-modulation ﬂuorometry) methods. Here, reference will be made only to the ﬁrst method.
In pulse-ﬂuorometry the sample is excited with a pulse of light (Figure 25.2).
The width of the pulse is made as short as possible, and is preferably much
shorter than the excited state decay time t of the sample. The time-dependent
intensity is measured following the excitation pulse, and the decay time t is calculated from the slope of a plot of log I(t) versus t, or from the time at which the
intensity decreases to 1/e of the intensity at t ¼ 0.
The instrumentation for time-resolved ﬂuorescence spectroscopy shares some
similarities with that used for steady-state measurements, in the sense that an
excitation source and a detection systems are used. The nature of these components may, and usually does, vary signiﬁcantly. Namely, a pulsed light source is
used in time-resolved spectroscopy, which is at variance with the continuous light
source used in steady-state ﬂuorescence.
A related experimental method is Time-Correlated Single Photon Counting
(TCSPC), which generates a histogram representing the ﬂuorescence intensity
over time. This is an efﬁcient method because it counts photons and records their
arrival time, which directly represents the ﬂuorescence decay.
Ideally, the recorded ﬂuorescence decay as function of time, I(t), would correspond to the intrinsic decay if the excitation pulse would be a d-function. As the

Figure 25.2 Pulse- or time-domain lifetime measurements. Reproduced with permission from
Ref. [8]; Ó 2006, Springer.
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width of the excitation pulse (excitation function) is in fact not zero, there are situations where that width is not negligible with respect to the ﬂuorescence decay
data. In such cases, the obtained ﬂuorescence decay (system response) is the
result of the convolution of both signals (the d-pulse response and the excitation
function). To determine the ﬂuorescence lifetime, that is, based on the d-pulse
response of the system, the decay data (actual response of the system) is ﬁtted by
taking into account the deconvolution procedure. It is often the case that the
measured time-dependent ﬂuorescence is not ﬁtted by a simple exponential function. The d-pulse response can be ﬁtted by a sum of exponential components,
each one having an associated decay time, ti,
X
t
IðtÞ ¼
ai e=ti
ð25:1Þ
i

where ai are the fractional amplitudes, with
X
ai ¼ 1

ð25:2Þ

i

This type of analysis may lead to the identiﬁcation of different processes, if they
have sufﬁciently distinct decay times. Alternatively, the response may be ﬁtted
using stretched exponential functions.
IðtÞ ¼ a eð =t Þ
t

b

ð25:3Þ

In the ﬁrst case, an average decay time (or lifetime) can be calculated by taking
P
ai t2i
ð25:4Þ
htif ¼ Pi
i ai ti
known as an intensity-average decay time, or, alternatively,
X
ai ti
h t ia ¼

ð25:5Þ

i

known as an amplitude-average decay time.
Figure 25.3 shows a simpliﬁed diagram (of that shown above in Figure 25.1),
specifying the rate constants involved in the various de-excitation channels of an
excited M molecular species. In this ﬁgure, the rate constant of the radiative

Figure 25.3 Simplified energy diagram showing the competing processes that follow the photo-

excitation of a molecular system. Modified from Ref. [5].

825

826

25 Fluorescence Spectroscopy

deactivation of M singlet excited state with ﬂuorescence emission ðkSr Þ competes
with the non-radiative decay ðkSnr Þ. This has, in turn, two components: the rate of
internal conversion ðkSIC Þ and rate of intersystem crossing ðkSISC Þ, meaning that
kSnr ¼ kSIC þ kSISC . In addition, the deactivation of the triplet state T1 has also two
components, the radiative deactivation with phosphorescence emission ðkTr Þ and
the non-radiative deactivation by intersystem crossing T1 ! S0ðkTnr Þ.
Consider a population of molecules M that are excited by a d-pulse from the
ground state (S0) to an upper lying energy state (Sn). There is an initial decay of
the system from Sn to S1 by internal conversion. Starting from S1, the following
processes occur, with the corresponding rates (r):
Absorption :

þ

M

Fluorescence :

1

hni

M !
1

Intersystem crossing :
Internal conversion :

1

M
M

M

!
þ
!
!

1

M

hnf
3

M

M

þ

r abs ¼ Iabs


r f ¼ kr 1 M 


r ISC ¼ kISC 1 M


heat
r IC ¼ kIC 1 M 

The molecule can then undergo an internal conversion process down to the lowest excited state, S1. The rate of disappearance of these M excited molecules is
given by





d 1 M

ð25:6Þ
¼ kSr þ kSnr 1 M 
dt
Integration of the above differential equation between time zero and t, leads to
1   1   ðkS þkS Þt 1   k t
M ¼ M 0 e r nr ¼ M 0 e
ð25:7Þ
or
1

 
 t
M  ¼ 1 M  0 et

ð25:8Þ

where ½1 M  0 is the concentration of excited molecules at time zero upon incidence of the d-pulse excitation and t is the lifetime of the excited state S1,
given by
t¼

1
kSr þ kSIC þ kISC

ð25:9Þ

A radiative lifetime, tr, is also deﬁned by
tr ¼

1
kSr

ð25:10Þ

Considering the steady-state approximation for ½1 M , the following is obtained:








d 1M
¼ Iabs  kr 1 M   kISC 1 M   kIC 1 M ¼ 0
dt

ð25:11Þ
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from which is obtained


I abs ¼ ðkr þ kISC þ kIC Þ 1 M 

ð25:12Þ

A ﬂuorescence quantum yield, wFL, can also be deﬁned as


kr 1 M
rate of fluorescence
kr

¼
wFL ¼
¼
kr þ kISC þ kIC
I abs
ðkr þ kISC þ kIC Þ 1 M 
¼ kr tS
ð25:13Þ

This quantum yield can be deﬁned as fraction of excited molecules that return
to the ground state with ﬂuorescence emission. It can be determined by comparing the ﬂuorescence emission intensity with that of a standard (ideally absorbing
and emitting in the same spectral region) in solution, or by using an integrating
sphere [5].
25.2.4
Fluorescence Quenching

The intensity of ﬂuorescence can be decreased (quenched) by several processes,
such as collisions (in solution), excimer or exciplex formation, and energy, electron or proton transfer [5]. In the context of polymer blends studies, the process
of collisional ﬂuorescence quenching, either static or dynamic (as described by
the Stern–Volmer quenching), is not particularly relevant.
Blending components, or having a single component combining different
ﬂuorophores, can lead to ground-state interactions, namely charge transfer,
which affects both absorption and ﬂuorescence signatures of the individual
components or units. Also relevant is the situation when such interactions only
occur after photoexcitation, leading to the formation of excimers and exciplexes.
In this case, these states are not directly probed from the ground state, being
excited state-based spectroscopies, such as ﬂuorescence or pump-probe, the
adequate methods for their characterization. Excited-state charge transfer can
also quench ﬂuorescence, which occurs when materials with different energy
gaps and different LUMO (lowest unoccupied molecular orbital) energies are
combined. This is the key process behind organic photovoltaics. This situation
is usually identiﬁed by a strong ﬂuorescence quenching and a strong reduction
in excited states lifetimes.
Additionally, excited-state energy transfer between ﬂuorophores of different
energy gaps can take place. This is a quite widely used process when characterizing polymer blends, and in an ideal case it should be possible to excite ﬂuorophores of one of the blend components and to determine the ﬂuorescence
coming from a lower-energy gap ﬂuorophore in the second component. Energy
donor and acceptor ﬂuorophores may even reside at different locations of a single
component. The aim is to use this process to gain insight into the spatial relative
distribution of donor and acceptor ﬂuorophores.
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It is important to identify the situation where the energy transfer process takes
place via a trivial (or radiative) mechanism, in a sequential mode; that is, when the
excitation of the accepting ﬂuorophore occurs after the photon has been emitted
by the donor ﬂuorophore. Alternatively, energy transfer can take place if there is a
coupling between the two ﬂuorophores. The presence of a direct coupling implies
that the efﬁciency of the energy transfer will depend not only on the optical properties of the two ﬂuorophores (namely absorption and ﬂuorescence spectra) but
also on the spectral overlap between the donor’s ﬂuorescence and the acceptor’s
absorption spectra, on ﬂuorophores separation, and even relative orientation. This
is why ﬂuorescence quenching is a much more valuable tool for characterizing a
material’s morphology.
The interaction between donor and acceptor ﬂuorophores can be simply divided
into dipolar interaction and intermolecular orbital overlap [5]. The dipolar interaction, which is associated with resonance energy transfer (RET) or F€
orster resonance energy transfer (FRET) [9], is effective at longer distances than the orbital
overlap, which is also known as Dexter exchange energy transfer [10]. How these
processes occur is shown in Figure 25.4. It is worth mentioning that FRET can
only occur by singlet energy transfer, whereas the Dexter mechanism is effective
for both singlet and triplet energy transfer. FRET has been widely used to characterize polymer blends [11,12].
In order for FRET to occur, there must be a spectral overlap between the donor
emission and the acceptor absorption. In its simplest form, the rate constant for
transfer between a donor and an acceptor at a distance r is:
 
1 R0 6
kT ¼ 0
ð25:14Þ
tD r
where t0D is the excited-state lifetime of the donor in the absence of transfer. R0 is
the F€
orster radius, which is deﬁned as the average intermolecular distance

Figure 25.4 (a) F€
orster dipole-coupling and (b) Dexter electron-exchange models for energy
transfer (from D to A).
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between donor and acceptor at which the energy transfer rate is equal to the sum
of all other spontaneous relaxation decay rates of the excited donor. R0 is proportional to the spectral overlap of the donor’s emission and acceptor’s absorption,
and can therefore be calculated based on the following expressions [5].
2
31=6
1
ð

4
R0 A ¼ 0:21084k2 W0D n4 ID ðlÞeA ðlÞl dl5

ð25:15Þ

0

W0D

where k is the orientational factor,
is the ﬂuorescence quantum yield of the
donor in the absence of transfer, n is the refractive index of the medium, eA(l) is
the molar absorption coefﬁcient of the acceptor, and ID(l) is ﬂuorescence spectrum of the pure donor, so that
2

1
ð

ID ðlÞdl ¼ 1

ð25:16Þ

0

Due to its dependence on r6, the F€orster transfer rate (Eq. (25.14)) depends
heavily on the separation between the donor and acceptor ﬂuorophores/molecules, and efﬁcient transfer only occurs if this separation is less than the F€
orster
transfer radius (R0). Typical values of R0 are on the order of only a few nanometers, and therefore FRET is very sensitive to distances of this magnitude.
Polymer interfaces are usually much broader than inorganic interfaces because,
even in the case of immiscible polymers, some segment interpenetration occurs at
the interface between the individual domains, being the interfacial width (w) prop
portional to 1/ (x), where x is the Flory–Huggins chi-parameter [13]. Therefore,
even in immiscible polymer blends, polymer interfaces with widths in the range
from 1 to 10 nm are typical, and this range matches the typical length scale of
FRET. Although the use of FRET in polymers was pioneered by Morawetz during
the 1980s, the technique has only recently been extended to acquire quantitative
information on polymer interfaces.
In FRET experiments, the time-dependent ﬂuorescence intensity decay (as
described in Section 25.2.3) of the donor is usually measured. By ﬁtting the experimental results with a theoretical decay that takes into account the energy transfer
process, it is possible to obtain morphological information on the interface, such
as the width of the interface between two polymers.
With the development of suitable models for the analysis of the ﬂuorescence
decays in restricted geometry with arbitrary distributions of donors and acceptors,
it is possible to characterize the density proﬁle of the interfacial region between
two polymers. A more detailed description is beyond the scope of this chapter, but
other excellent reference sources are available [4,5,8,14].
In general terms, ﬂuorescence quenching can be described by the interaction of
a ﬂuorophore with a quencher (Q) entity. The analysis of the mechanisms
involved can be made using the Stern–Volmer equation, which relates the steadystate ﬂuorescence intensity of the ﬂuorophore in the presence (I) and absence (I0)
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of the quencher with the quencher concentration ([Q]):
I0
¼ 1 þ K SV ½Q 
I

ð25:17Þ

where KSV is the Stern–Volmer quenching constant. This equation describes the
collisional quenching mechanism, where the excited-state ﬂuorophore returns to
the ground state upon collision with a quencher molecule. Deviations from the
linear relationship can be observed when the quenching efﬁciencies are very
high, namely when there is some static component (corresponding to an association/interaction between the ﬂuorophore and the quencher) [5].
25.2.5
Fluorescence Microscopy

Optical microscopy, both ﬂuorescence [15] and confocal [16], is widely used to
characterize materials down to the micrometer or sub-micrometer scale. The resolution is diffraction-limited. Depending on the wavelength used for the observation, the Rayleigh criterion establishes that the resolution is roughly half the light
wavelength. To circumvent this limit, scanning near-ﬁeld optical microscopy
(SNOM) [17], which operates in the near-ﬁeld regime, was developed. Laser light
is coupled into a single-mode optical ﬁber and is passed through an aperture at
the end of the ﬁber that is very close to the material’s surface. Both dimensions –
the aperture of the ﬁber end and its distance to the material’s surface – are in the
subwavelength region. The tip of the ﬁber is scanned across the material’s surface, using a piezo-electric-based scanning mechanism similar to that used in
atomic force microscopy (AFM). The imaging can be made either in transmission
or in ﬂuorescence, and spatial resolution down to about 30 nm can be achieved.
25.3
Intrinsically Fluorescent Polymer Blends

Conjugated polymers, named in view of the single–double bond alternation along
the main chain, are at the origin of the new area of organic electronics and optoelectronics, sharing the arena with small conjugated molecules that are used to
prepare thin ﬁlms showing similar properties. Since the report in 1977 on electrical conductivity in polyacetylene [18], a discovery awarded with the Nobel Prize in
Chemistry in 2000 (to Alan Heeger, Alan G. MacDiarmid and Hideki Shirakawa),
followed by the report on electroluminescence on poly(p-phenylene vinylene)
(PPV) by Friend et al. in 1990 [19], a huge library of conjugated polymers has
been prepared. These combine semiconducting properties, when in the pristine
form, with high conductivity, upon charge-transfer doping. Some of the polymers
exhibit ﬂuorescence, which has led to the development of polymer-based lightemitting diodes (LEDs). The range of applications varies from thin-ﬁlm transistors, light-emitting devices, diodes, photodiodes and photovoltaic cells; these materials are also being investigated for applications in bioelectronics [20–24].

25.3 Intrinsically Fluorescent Polymer Blends

In the operation of optoelectronics devices, such as light-emitting devices
(diodes, electrochemical cells and transistors), photovoltaic cells (organic photovoltaics; OPVs) and photodiodes, several processes are involved. Depending on the
devices, there may occur excitation energy transfer, excited state charge transfer,
charge transport, and luminescence quenching. It is often the case that devices
based on polymer blends perform better than those based on single polymers, as
has been particularly explored in LEDs and OPVs [2]. In the case of LEDs, the
selection of polymers to be blended may be determined by their relative hole and
electron mobilities (to achieve a balanced charge injection and transport), by the
relative ﬂuorescence quantum efﬁciency, or by the relative energy gaps (for
instance, in cases where white light emission is aimed at). In the case of OPVs,
the critical process is a splitting of the exciton in separated electrons and holes, a
process that is made efﬁcient upon combination of polymers with an offset in
their LUMOs and/or HOMOs (highest occupied molecular orbitals), forming a
type II heterojunction. The polymer accepting the hole (the polymer with a higher
HOMO) should also be a good hole conductor, while the other (with a lower
LUMO) should be a good electron conductor so as to allow a rapid charge
removal, avoiding recombination. In these two types of device the spatial distribution of both components is of key importance.
Some of the most relevant applications of ﬂuorescence spectroscopy to the characterization of intrinsically ﬂuorescent polymer blends are discussed in the following subsections.
Light-emitting diodes were the ﬁrst devices based on conjugated polymers to
attract a wider attention from the scientiﬁc community. The initial studies were
mainly focused on poly(p-phenylene vinylene)s, but these were later overturned by
the polyﬂuorenes. Among these series of polymers, poly(9,9-dioctylﬂuorene)
(PFO, also known as F8), and a derived copolymer, poly(9,9-dioctylﬂuorene-altbenzothiadiazole) (F8BT), are certainly among the most well-studied. In terms of
device performance, blends based on PFO and F8BT were quite successful; this
derives from the fact that PFO and F8BT are complementary in terms of their
charge mobilities (PFO is a better conductor of holes, F8BT a better conductor of
electrons). Additionally, there is a strong overlap between the PFO emission (photoluminescence) and F8BT absorption spectra, as shown in Figure 25.5. Quite frequently, blends of these two polymers show a green emission (which is ascribed to
F8BT) as a result of an efﬁcient energy transfer from PFO to F8BT.
In view of the signiﬁcant interest directed at this system, a signiﬁcant number
of studies were carried out. In 2001, Bradley and coworkers [25] reported their
results on F€
orster energy transfer in blends of PFO and F8BT using picosecond
time-resolved photoluminescence. When blends with compositions ranging from
50% to 0.01% F8BT were investigated, the PFO luminescence was seen to decay
faster as the F8BT content increased, a variation that was attributed to an increase
in the efﬁciency of the energy transfer process from PFO to F8BT. The luminescence decay curves, at 440 nm (PFO emission), from the blends with concentrations of F8BT >0.5%, could be ﬁtted to a double-component exponential decay
(t1 ¼ 12 ps and t2 ¼ 35 ps). The ﬂuorescence decay of samples with a 0.5% content
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Figure 25.5 Chemical structures of the conjugated polymers PFO and F8BT, and absorption and
photoluminescence spectrum recorded for films of both polymers.

of F8BT were also ﬁtted by two components with lifetimes of 35 ps and 120 ps.
Samples with lower F8BT contents (F8BT fraction <0.5%) needed only a single
exponential to adequately ﬁt the ﬂuorescence decay, the lifetime of which
increased as the F8BT content decreased, approaching a lifetime of 400 ps, as
found in glassy neat PFO ﬁlms (see Figure 25.6).
The existence of two lifetime components in the PFO luminescence decay (at
440 nm) was interpreted as being due to: (i) an energy transfer between nearneighbor sites (12 ps); and (ii) a two-step process, involving exciton migration
along the PFO chains plus energy transfer to F8BT (35 ps component). The
authors have tried to rationalize the lifetime of the energy transfer of 12 ps according to Eq. (25.14). Assuming that the donor–acceptor separation is similar to the
interchain separation in pure PFO (0.44 nm), Eq. (25.14) gives a F€
orster radius of
0. 8 nm. The use of Eq. (25.15) to calculate this radius in the case of conjugated
polymers faces a question about the calculation of the molar absorption
coefﬁcient, as either the average molecular weight of the energy-accepting polymer or the molecular weight of a deﬁned segment (which the authors considered
to be ﬁve repeat units) could be considered that would correspond to the spatial
extent of the exciton, created upon photon absorption. In both cases, the R0 value
calculated by Bradley et al. was found to be much larger than 0.8 nm. This points
to the fact that the application of F€orster formalism to conjugated polymers is not
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Figure 25.6 Photoluminescence decay at 440 nm for various PFO/F8BT blends as a function of

F8BT content. An increase in F8BT content resulted in a faster decay of PFO fluorescence.
Reproduced with permission from Ref. [25]; Ó 2001, Elsevier.

straightforward as it cannot be considered that the point dipole description is adequate in view of the delocalized nature of the excited states.
Similar PFO/F8BT blends, with F8BT contents of 1, 5 and 50 wt%, spun-cast
from two different solvents (chloroform and toluene), were studied by Lidzey and
coworkers [26]. Scanning force microscopy showed that the characteristic lengthscale of phase-separation was signiﬁcantly greater when the blend was spin-coated
from toluene compared to when a more volatile solvent (e.g., chloroform) was
used, in which case a more ﬁnely mixed system was obtained. Due to the abovementioned spectral overlap of the photoluminescence emission of PFO with the
absorption of F8BT, which allows for an efﬁcient F€
orster (dipole–dipole coupling)
exciton transfer to occur from PFO to F8BT, Lidzey et al. used the residual PFO
emission to assess the blend de-mixing (Figure 25.7).
Based on the above-described study, Lidzey et al. concluded that in ﬁlms with a
better mixing of the two components there is a more effective energy transfer. In
ﬁlms deposited from chloroform solutions, a content of only 5 wt% F8BT was sufﬁcient to allow a virtually complete energy transfer from PFO to F8BT.
In a subsequent study, the same group used SNOM [27] to map the local efﬁciency of energy transfer between PFO and F8BT in a ternary blend with the optically transparent polymer poly(methyl methacrylate) (PMMA) in a weight ratio of
80 : 18 : 2 (PMMA : PFO : F8BT). When mixed together in solution or cast into a
thin ﬁlm, an efﬁcient energy transfer occurred from PFO to F8BT. However, spectroscopic mapping of the ternary blend using SNOM indicated that energy transfer from PFO to F8BT was hindered, and this effect appeared to be particularly
pronounced within the PMMA-rich phase. The authors concluded that the presence of PMMA effectively “diluted” the PFO and F8BT molecules, and thus limited exciton transfer and diffusion (Figure 25.8).
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Figure 25.7 Fractional PFO residual emission
(defined as the ratio between PFO emission
and the total emission of the blend) as a
function of F8BT content. Data are shown for
blends cast from both toluene and chloroform.

Note that the fluorescence was generated
following laser excitation into the PFO component of the blend. Reproduced with permission
from Ref. [26]; Ó 2005, Elsevier.

Figure 25.8 The relative emission ratio of PFO
(or F8) to F8BT plotted as a function of PMMA
concentration for various F8BT/F8 concentrations (shown next to each data set). The PFO/
F8BT emission ratio was determined from farfield measurements of photoluminescence

intensity, by integrating the relative PFO emission between 400 and 480 nm (IF8), and comparing this with F8BT emission between 490
and 860 nm (IF8BT). Reproduced with permission from Ref. [27]; Ó 2006, Wiley-VCH.

25.3 Intrinsically Fluorescent Polymer Blends

Cadby et al. [28] have used time-resolved SNOM to study the ﬂuorescence emission lifetime of the polymers PFO and F8BT in a phase-separated blend. It was
shown that the ﬂuorescence lifetime and quantum efﬁciency of F8BT varied signiﬁcantly between the different phase-separated domains, an effect which resulted
from the relative efﬁciency of exciton diffusion to non-radiative defects. Measurements of the PFO emission lifetime indicated that both the PFO- and the F8BTrich phases contained nanoscale volumes that approximated pure PFO. The PFO
decay-lifetime measurements also conﬁrmed the concentration of F8BT to be
lower at the interface region between the PFO- and F8BT-rich phases.
Bilayer architectures with well-controlled interfacial roughness were used by
Higgins et al. [29] to investigate the effect of mixing at a conjugated polymer heterojunction on photoluminescence. It was shown that increased roughness at the
PFO/F8BT interfaces would lead to a greatly enhanced F€
orster transfer from PFO
to F8BT chains, and it was concluded that the interfacial roughness is dominated
by mixing at the molecular level between the PFO and F8BT chains.
The effect of a poor solvent on the characteristics of the same PFO/F8BT blend
ﬁlms was studied by Cacialli et al. [30] using steady-state photoluminescence measurements. In particular, three blends with 25, 15 and 5 wt% of F8BT in PFO,
were studied. The photoluminescence of such ﬁlms was completely dominated by
the green-emitting component (F8BT), as the blue-emitting component (PFO) was
completely absent as a result of the above-mentioned efﬁcient energy transfer.
This was also taken as an indication of the intermixing at a very ﬁne scale of both
components. In order to test this hypothesis, the same group treated the ﬁlms
with acetone (which is a poor solvent for both polymers) to promote phase separation between the polymers by swelling. This resulted in a recovery of the PFO blue
emission, as shown in the photoluminescence spectra. Subsequent AFM measurements were unable to identify any clear morphological changes between the samples before and after acetone treatment. These ﬁndings conﬁrmed that
luminescence measurements are more sensitive probes of phase separation than
AFM.
Friend et al. [31] reported the use of inkjet printing (IJP) to produce thin polymer ﬁlms with a controlled phase separation of binary polymer blends. Photovoltaic devices comprising a blend of poly(9,9- dioctylﬂuorene-co-bis-N,N0 -(4butylphenyl)-bis-N,N0 -phenyl-1,4-phenylenediamine) (PFB) with F8BT and LEDs
using a blend of F8BT with poly(9,9-dioctylﬂuorene-co-N-(4-butylphenyl)diphenylamine) (TFB) were fabricated (Figure 25.9).
The phase separation in these polymer blends was analyzed using AFM and
photoluminescence optical microscopy. The morphology of the ﬁlms was observed
using ﬂuorescence microscopy, under excitations of wide-band ultraviolet or blue
illumination. Spin-coating a ﬁlm of TFB/F8BT blend from a p-xylene solution usually yields a lateral phase separation on the order of a few microns, and this can be
easily observed by selective absorption using ﬂuorescence microscopy
(Figure 25.10a). Whereas, under blue excitation the regions that emit a yellowishgreen light (light gray in Figure 25.10a) correspond to the F8BT phase, the areas
that remain dark correspond to the TFB phase. Subsequently, islands of TFB up to
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Figure 25.9 Chemical structures of TFB and PFB.

a few micrometers in size are dispersed in a matrix composed of F8BT. When the
blend ﬁlm is formed by IJP, however, the feature size of lateral phase separation is
reduced to around 1 mm (Figure 25.10b). Although the F8BT-rich regions are still
thicker, the ﬁlm smoothness is greatly improved, with the surface root-meansquare roughness (Rrms) reduced to approximately 4.3 nm. By increasing the temperature of the underlying substrates slightly during printing (to ca. 40  C), the
lateral phase separation is further reduced to about 300 nm, which is beyond the
resolution of the optical measurement (Figure 25.10c). The surface becomes very
smooth, with Rrms being reduced to about 1.7 nm; similar results were obtained
for the PFB/F8BT blend. It should be noted at this point that the phase separation
dimensions range from a few hundred nanometers to a few microns, which is
considerably larger than the molecular size. The results show that IJP allows a
ﬁner-scale phase separation to be attained than does spin-coating.
The TFB/F8BT blend was also studied by Xia et al. [32] using ﬂuorescence
microscopy (in combination with oxygen-plasma etching). These authors investigated the internal phase structures of TFB/F8BT blend ﬁlms and conﬁrmed the
presence of a TFB wetting layer close to the substrate. Due to the strong overlap
between the emission spectrum of TFB and the absorption spectrum of F8BT, the
photoluminescence of TFB was quenched when both phases were present, due to
the energy transfer from TFB to F8BT.

Figure 25.10 Fluorescence microscopy images

of TFB:F8BT blend films produced by (a) spincoating; (b) IJP at room temperature; (c) IJP at
40  C. The insets show AFM images

(10  10 mm) taken on such films. Blend films
were deposited onto indium tin oxide-coated
substrates. Reproduced with permission from
Ref. [31]; Ó 2005, American Chemical Society.
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Figure 25.11 Chemical structures of PF3T and PFTSO2.

Blends of PFO with polyﬂuorene derivatives of lower energy gap, poly(9,9-di(20 ethylhexyl)ﬂuorene-alt-trithiophene) (PF3T) and poly(9,9-di(20 -ethylhexyl)ﬂuorenealt-thiophene-S,S-dioxide) (PFTSO2) (see Figure 25.11), were tested in LEDs and
characterized by steady-state and picosecond time-resolved ﬂuorescence spectroscopy by Cacialli et al. [33]. The blends were prepared with 5 wt% of the lowerenergy gap polyﬂuorene copolymer. The photoluminescence spectrum of the ﬁlms
upon excitation at 400 nm (PFO absorption) was found to be essentially that of the
guest copolymer with a residual PFO emission. However, the emission of the
guest copolymer was closer to the photoluminescence spectrum in solution,
which was blue-shifted to the emission of the neat ﬁlms. This was interpreted as
being associated with exciton conﬁnement in the lower-energy gap polymer.
The picosecond time-resolved ﬂuorescence studies were carried out in the blend
ﬁlms, following excitation at 340 nm, where mainly PFO absorbs. However, when
the ﬂuorescence decay was recorded at PFO emission the authors found a much
faster decay in the blends than in the neat PFO ﬁlms, which they explained as
being due to energy transfer to the guest copolymer. When the reading was made
at the guest copolymer’s emission, the authors ﬁtted the ﬂuorescence decay by
multiexponential functions (as in Eq. (25.1)) and found that, in both cases, there
was a negative component (ai < 0) (rise time), which is a signature of the energy
transfer from PFO to each of the guests. The excited state dynamics of the guest
copolymers in the blends was found to be similar to that in dilute solutions, indicating exciton conﬁnement to the guest chains (within the blends).
Studies of the morphology of conjugated polymer blend nanoparticles, using
ﬂuorescence spectroscopy, have represented a major topic of research during
recent years [34–37]. For example, Scherf and coworkers [34] carried out photoluminescence measurements on dilute dispersions of PFB/F8BT nanospheres in
water, with the nanospheres having been prepared via a miniemulsion process.
This mixture, which consisted of an electron-donor (PFB) and an electron-acceptor
(F8BT) combination, was exploited in photovoltaic applications. In view of the relative energy level position (type II heterojunction), excited state charge transfer
occurred which, in turn, led to quenching of the PL emission when the second
blend component was added. In fact, and as shown in Figure 25.12a, the PFB
emission was severely quenched as soon F8BT became present in the particle; the
F8BT emission then showed a gradual increase in intensity as the F8BT content
was increased. Time-resolved spectra of the diluted nanoparticle dispersions were
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Figure 25.12 (a) Quenching of the photolumi-

nescence of the PFB phase (gray), excited at
380 nm, and the F8BT phase (black), excited at
460 nm, for different ratios of PFB:F8BT in
each particle; (b) Fluorescent decay times
obtained from time-resolved

photoluminescence spectra for the PFB emission (gray) and the F8BT emission (black)
(excitation 394 nm) in pure and blend particles
for different ratios. Reproduced with permission from Ref. [34]; Ó 2004, American Chemical Society.

also recorded. As shown in Figure 25.12b, the photoluminescent decay of the PFB
emission became much faster as soon as F8BT became present in the particle,
which was consistent with the ﬁndings of steady-state photoluminescence emission experiments. The results of these time-resolved experiments indicated that
the dissociation of a photogenerated exciton on a PFB chain occurred in less than
10 ps, whereas the dissociation of photogenerated excitons on F8BT was almost
one order of magnitude slower. The results obtained were consistent with a morphology that consisted of a phase containing almost exclusively F8BT and a ﬁne
scale phase-separated phase of PFB and F8BT.
Nanoparticles based on the same PFB/F8BT blends, prepared also via a miniemulsion process in water, were studied by Landfester and coworkers [36] using
photoluminescence measurements. Despite the excited state charge transfer that
occurred between these two polymers, a photoluminescence emission (resulting
from an interchain exciplex) was detected and used to study the intermixing of
the two polymers. The results showed that the PFB-rich phase contained F8BT at
a concentration of approximately 15%, while the concentration of PFB in the
F8BT-rich phase was in the range 5–10%. The results indicated also that the optical properties of the PFB/F8BT blend systems are mainly determined by the composition of the individual phases, and not by the phase morphology. The
photoluminescence which results as a function of blend composition can be easily
explained by assuming that the F8BT luminescence originates predominantly
from the F8BT-rich phase, while an exciplex emission stems from the PFB-rich
phase. This result is quite surprising if the small length scale of phase separation
in these particles (as deﬁned by the particle diameter) is borne in mind. Apparently, the minority components in the individual phases largely reduce the exciton
diffusion length, and most excitons decay or dissociate within the domains rather
than at the domain boundaries.

25.3 Intrinsically Fluorescent Polymer Blends

Figure 25.13 Chemical structures of MEH-PPV and PFPV.

More recently, Gao et al. [37] studied energy transfer also in nanoparticles of
PFB and F8BT (1 : 1, w/w) using scanning probe and single-particle spectroscopy
techniques. The photoluminescence spectra of 58 and 100 nm PFB/F8BT
nanoparticles showed an efﬁcient energy transfer from the PFB (donor) component to the F8BT (acceptor) component that was independent of particle size.
Based on energy transfer efﬁciency estimates, the authors proposed that nanoparticles are partially phase-segregated into discrete PFB/F8BT nanodomains on the
order of 20–40 nm for both particle sizes.
McNeill et al. [35] studied the energy transfer-mediated ﬂuorescence from conjugated polymer nanoparticles consisting of PFO (as host polymer) doped with three
different conjugated polymer acceptors, namely the copolymers poly[{9,9-dioctyl2,7-divinyleneﬂuorenylene}-alt-{2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene}]
(PFPV); F8BT and the polymer poly[2-methoxy-5-(20 -ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) (Figure 25.13). The ﬂuorescence of the host polymer
PFO in the 400–450 nm range possesses a good overlap with the absorption
spectra of the three dopant polymers, as would be required for an efﬁcient
energy transfer via the F€orster mechanism.
The evolution of ﬂuorescence spectra with increasing dopant concentration is
shown in Figure 25.14, where the occurrence of a highly efﬁcient energy transfer
is clearly evident. The left panels of Figure 25.14 show the ﬂuorescence emission
spectra of the three types of blend nanoparticles as a function of the dopant concentration. In the case of the PFO/PFPV nanoparticles, the ﬂuorescence from the
PFO host decreased with increasing PFPV content, while that from PFPV
increased and reached a maximum at about 6 wt%, after which a further increase
in dopant concentration caused a slight reduction in ﬂuorescence intensity. The
other two types of blend nanoparticles showed a similar trend in the host ﬂuorescence, but a lower dopant ﬂuorescence intensity that was consistent with the lower
ﬂuorescence quantum yields of F8BT and MEH-PPV as compared to PFPV. The
dependence of host polymer ﬂuorescence intensity on the concentration of dopant
(quencher) was modeled through use of the Stern–Volmer relationship. In the
case of PFO/PFPV and PFO/MEH-PPV nanoparticles, the dependence of nanoparticle ﬂuorescence on composition was found to deviate substantially from the
Stern–Volmer relationship. This analysis also indicated that approximately 65 PFO
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Figure 25.14 (a) Concentration-dependent flu-

orescence spectra of polymer blend nanoparticles under 375 nm excitation; (b) Variation of
the fluorescence intensity of PFO and dopant
polymers in each pair with the dopant

concentration in blend nanoparticles. All fluorescence emission intensities were normalized
to the 430 nm emission of pure PFO nanoparticles. Reproduced with permission from Ref.
[35]; Ó 2006, American Chemical Society.

molecules are quenched by a single F8BT molecule, while more than 500 PFO
molecules are quenched by a single molecule of either PFPV or MEH-PPV.

25.4
Systems Requiring Extrinsic Fluorescent Labels

As nonconjugated and nonaromatic polymers are nonﬂuorescent, studies of their
phase behavior using ﬂuorescence spectroscopy require the use of extrinsic ﬂuorescent labels [38–40]. These can be either selectively dissolved into the polymer phases
[41] or, most commonly, attached covalently to the polymer chains [42–47]. A criticism that is often made of using extrinsic ﬂuorescent probes is the possible local
perturbation induced by the probe itself on the nanoenvironment to be probed. In
order to minimize such perturbation, the size and shape of the probe should be
chosen so as to cause the minimum possible perturbation on the probed region.

25.4 Systems Requiring Extrinsic Fluorescent Labels

The use of ﬂuorescent probes to obtain information about materials distribution
in space is most effective when the labeling of both components (in blends) or of
different parts of a single component (as is the case for block copolymers) is such
that one is labeled with an energy donor ﬂuorophore (D) and the other with an
energy acceptor (A) ﬂuorophore. Time-resolved ﬂuorescence studies of the donor
can then be used as a tool to assess the relative spatial distribution of the donorand acceptor-carrying parts. Considering the FRET process that occurs between D
and A, and the distance at which this process is effective, an analysis of the
dynamics of the D excited states (D) will provide information on the interface
between the two components of a blend, or between the blocks in a copolymer.
When addressing the time-dependence of the donor, Eq. (25.1) can be modiﬁed to
Eq. (25.18), when in the presence of the acceptor,
ID ðtÞ ¼ e

t=
tD

 qðr; ½AÞ

ð25:18Þ

where the decay of the donor excited state is assumed to be, for the sake of simpliﬁcation, a single exponential function and q(r,[A]) is a quenching-like function due
to the energy transfer to A, that leads to a faster ﬂuorescence decay of D, and
which depends on the distance between donor and acceptor and on the acceptor
concentration. In order to obtain insight about the spatial distribution of D and A
in a blend or in a block copolymer, several models have been developed, depending on the geometry of the interface between the A- and D-containing phases. In
particular, developments were made for planar [48] and spherical [49,50] symmetries, and also for block copolymers ﬁlms [51].
Atvars et al. [41] performed steady-state ﬂuorescence and time-correlated singlephoton counting measurements on samples of poly(vinyl alcohol) (PVA), poly
(vinyl acetate) (PVAc) and their blends, labeled noncovalently with ﬂuorescein
and/or anthracene probes. The authors determined the interface thickness as
being approximately 2.8 nm, and also concluded that the surface-to-volume ratio
of PVAc domains was increased in blends with a larger PVAc content.
Roth et al. [42] used steady-state ﬂuorescence measurements to study the emission spectra of pyrene and anthracene dyes covalently bonded to polystyrene (PS)
upon phase separation from poly(vinyl methyl ether) (PVME). The total ﬂuorescent dye content in the samples was <0.02 mol%. As shown in Figure 25.15a,
before phase separation the ﬂuorescence intensity of the spectra decreased slowly
with increasing temperature. However, after phase separation (see Figure 25.15b)
a sharp increase in ﬂuorescence intensity was observed, which was attributed to
the removal of ﬂuorescence quenching of the dye by the local presence of the
more polar PVME component in the miscible state. These results showed clearly
that the PS/PVME blend displays a lower critical solubility temperature (LCST)
type of phase diagram.
Figure 25.15c and d show the temperature dependence of the intensity of 1-pyrenylmethyl methacrylate-labeled PS (short Py-PS) in a (45/5)/50 (PS/PS)/PVME
blend, where the sharp increase in intensity upon phase separation of the blend is
evident. Reproducibility of the measurements across multiple samples is demonstrated in Figure 25.15c, with several time-based measurements of the intensity at

841

842

25 Fluorescence Spectroscopy

Py-PS in a (45/5)/50 (PS/PS)/PVME blend as
spectra for short-Py-PS in a (45/5)/50 (PS/
a function of temperature. Reproduced with
PS)/PVME blend collected at different temper- permission from Ref. [42]; Ó 2012, John Wiley
atures; (c, d) Fluorescence intensity of short& Sons, Inc.
Figure 25.15 (a, b) Fluorescence emission


382 nm (the vertical dashed line in Figure 25.15a and b) and the integrated intensity from 376 to 416 nm of the emission spectra in Figure 25.15a and b. The
authors also found that the speciﬁc chemical structure of the ﬂuorescent labels
affects the measured phase separation temperature TS, with ﬂuorophores covalently attached in closer proximity to the PS backbone identifying phase separation
a few degrees earlier.
Steady-state ﬂuorescence spectroscopy has been used by Torkelson et al. [43,44]
to determine the components’ glass transition temperature (Tg) in various blends,
including blends of PS with poly(tert-butyl acrylate) (PtBA), PMMA, and poly(nbutyl methacrylate) (PnBMA) [43], as well as in miscible blends of pyrene-labeled
PMMA (MPy-labeled PMMA) with poly(ethylene oxide) (PEO) or poly(vinyl chloride) (PVC) over a broad composition range [44]. In the particular case of this latter study [44], the blend Tg-values were measured upon heating by increasing the

25.4 Systems Requiring Extrinsic Fluorescent Labels

Figure 25.16 (a) Extrinsic fluorescence spectra
of 75 wt% MPy-labeled PMMA in PEO at
150  C (lowest curve), 100  C (middle curve),
and 50  C (highest curve), normalized to the
first peak intensity at 50  C (after background
subtraction); (b) Intensity ratios as a function

of temperature used to determine Tg. The value
of Tg is taken from the intersection of the rubbery and glassy state temperature dependences
of intensity ratios. Reproduced with permission
from Ref. [44]; Ó 2012, Elsevier.

temperature in 5  C steps and holding it for 5 min prior to data collection. For
MPy-labeled PMMA (lex ¼ 324 nm), Tg was determined via the temperature
dependence of the intensity ratio of the third to ﬁrst vibronic peaks (I3/I1) of the
pyrene dye. The rubbery and glassy state data were ﬁtted with linear regressions,
and the intersection of linear regressions was taken as the blend Tg. Some example results are shown in Figure 25.16 for a 75 wt% MPy-labeled PMMA component blended with PEO.
Fluorescence-SNOM [45] was used for studying the phase behavior of a polymer
blend monolayer which consisted of dye-labeled poly(octadecyl methacrylate)
(PODMA) and poly(isobutyl methacrylate) (PiBMA), both of which formed stable
monolayers at the air–water interface. FRET was observed in the PODMA-rich
domain, indicating a mixing of both components at the molecular level. When the
temperature was raised to 40  C, however, phase separation occurred within several minutes and the domain size increased with annealing time. The 2D structure for the completely phase-separated monolayer was studied using timeresolved SNOM.
Atvars et al. [46] studied the phase behavior in blends of PS and poly(n-butyl
methacrylate-co-styrene) (nBMAS) labeled with anthryl groups, by non-radiative
energy transfer (NRET) using both steady-state ﬂuorescence and TCSPC measurements. Miscibility of the blends with several compositions, from 5 to 95% w/w,
was studied. For compositions with PS > 80% w/w, a full miscibility was observed,
but compositions with 20 < PS < 80% w/w presented a co-continuous morphology
with phase separation characteristic of a nucleation-growth mechanism. For
blends with PS < 20% w/w, a bicontinuous morphology was observed.
In a related study [47], the same group used steady-state ﬂuorescence spectroscopy coupled to epiﬂuorescence microscopy (ﬂuorescence microspectroscopy) for
studying the diffusion of the lower-Tg component during the heating of a binary
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blend of the anthracene-labeled poly(n-butyl methacrylate-co-styrene) (nBMAS)
with PS.
Extrinsic ﬂuorescent labels have also been used in ﬂuorescence studies of
diblock copolymers, as they tend to self-assemble into a diversity of microphaseseparated ordered structures such as lamellae, spheres, and cylinders [52–57].
Winnik et al. [53] used time-resolved ﬂuorescence spectroscopy (direct non-radiative energy transfer experiments) to determine the interface thickness in ﬁlms of
symmetric poly(styrene-b-methyl methacrylate) (PS-PMMA) block copolymers
labeled at their junctions with either a 9-phenanthryl or a 2-anthryl group. The
corrected donor ﬂuorescence decay proﬁles were ﬁtted to simulated ﬂuorescence
decay curves in which the interface thickness d was the only adjustable parameter.
The optimum value of the interface thickness obtained was d ¼ 4.8 nm. In similar
studies [54–57], the same authors determined the interface thickness value d ¼ 1.6
nm in mixtures of two symmetrical poly(isoprene-b-methyl methacrylate) (PIPMMA) block copolymers of similar molar mass and composition [54]; the interface thickness value d ¼ 1.1 nm for the lamellar structures formed in ﬁlms of symmetric PI-PMMA diblock copolymers bearing dyes at the junctions [55]; a
cylindrical interface thickness value of d slightly smaller than 1.0 nm in ﬁlms consisting of mixtures of donor- and acceptor-labeled PI-PMMA (29 vol% PI) that
form a hexagonal phase in the bulk state [56]; and the interface thickness d ¼ 5 nm
on the diblock copolymer poly(styrene-b-butyl methacrylate)(PS-b-PBMA) [57].

25.5
Conclusions

As exempliﬁed by the numerous examples provided in this chapter, the ﬂuorescent properties of polymer blends are closely related to their corresponding phase
behavior and morphology. Therefore, ﬂuorescence spectroscopy is a powerful
technique in studies of the phase behavior in polymer blends. The main advantages of the technique are its high spatial and temporal resolutions, whilst its
main limitation lays in the fact that it requires the systems under study to be
ﬂuorescent.

Nomenclature

AFM
BT
F8 or PFO
F8BT
FRET
IJP
LCST

Atomic force microscopy
Benzothiadiazole
Poly(9,9-dioctylﬂuorene)
Poly(9,9-dioctylﬂuorene-alt-benzothiadiazole)
F€orster (non-radiative) Resonance Energy Transfer
Ink Jet Printing
Lower Critical Solubility Temperature

25.5 Conclusions

LUMO
MEH-PPV
nBMAS
P3HT
PCBM
PEO
PF3T
PFB
PFBT
PFPV
PFTSO2
PiBMA
PI-PMMA
PL
PLEDs
PMMA
PnBMA
PODMA
PS
PS-b-PBMA
PS-PMMA
PtBA
PVA
PVAc
PVC
PVME
Rrms
SNOM
TCSPC
TFB
Tg
Tm

Lowest Unoccupied Molecular Orbital
Poly[2-methoxy-5-(20 -ethylhexyloxy)-1,4-phenylenevinylene]
Poly(n-butyl methacrylate-co-styrene)
Poly(3-hexyl thiophene)
[6,6]-phenyl-C61-butyric acid methyl ester
Poly(ethylene oxide)
Poly(9,9-di(20 -ethylhexyl)ﬂuorene-alt-trithiophene)
Poly(9,9- dioctyﬂuorene-co-bis-N,N0 -(4-butylphenyl)-bis-N,N0 -phenyl-1,4-phenylenediamine)
Poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-alt-(1,4-benzo-{2,10 ,3}thiadiazole)]
Poly[{9,9-dioctyl-2,7-divinyleneﬂuorenylene}-alt-{2-methoxy-5-(2ethylhexyloxy)-1,4-phenylene}]
Poly(9,9-di(20 -ethylhexyl)ﬂuorene-alt-thiophene-S,S-dioxide)
Poly(isobutyl methacrylate)
Poly(isoprene-b-methyl methacrylate)
Photoluminescence
Polymer Light-Emitting Diodes
Poly(methyl methacrylate)
Poly(n-butyl methacrylate)
Poly(octadecyl methacrylate)
Polystyrene
Poly(styrene-b-butyl methacrylate)
Poly(styrene-b-methyl methacrylate)
Poly(tert-butyl acrylate)
Poly(vinyl alcohol)
Poly(vinyl acetate)
Poly(vinyl chloride)
Poly(vinyl methyl ether)
Root-mean-square roughness
Scanning Near-ﬁeld Optical Microscopy
Time-Correlated Single Photon Counting
Poly(9,9-dioctylﬂuorene-alt-N-(4-butylphenyl)diphenylamine)
Glass transition temperature
Melting temperature
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26
Characterization of Polymer Blends by Dielectric Spectroscopy
and Thermally Simulated Depolarization Current
Samy A. Madbouly and Michael R. Kessler

26.1
Introduction
26.1.1
Dielectric Relaxation Spectroscopy and Thermally Stimulated Depolarization Current

Dielectric relaxation spectroscopy (DRS), also known as electrochemical impedance
spectroscopy, is a powerful tool that provides information about the molecular
dynamics and the nature of interactions in polymer blends by monitoring the
motion of dipolar groups attached to molecular chains. This technique measures
the dielectric relaxation properties of polymer materials as a function of frequency
and temperature, based on the interactions of an alternating external ﬁeld with the
electric dipole moment of the samples. DRS has been widely used to evaluate the
degree of miscibility in polymer blends [1–10]. It has also been used to study the
motions of mobile charges or ionic conductivity, data that could not be obtained
using dynamic mechanical analysis (DMA). The fact that DRS covers a much wider
frequency range than DMA constitutes another advantage. Because of the selective
ampliﬁcation of the dielectric relaxation processes related to the dynamic glass
transition of polymers, accurate relaxation data – even for the minor phases in
polymer blends – can be obtained. Peak shifting, broadening or changing in
dielectric relaxation strength (i.e., dielectric loss peak intensity) are commonly
observed in the main segmental a-relaxation processes of the pure components in
miscible or partially miscible polymer blends. DRS requires that at least one of the
polymer components has a permanent dipole moment; therefore, it can also be
used in blends in which one of the blend components is nonpolar and thus is
invisible to the dielectric technique. This permits the speciﬁc monitoring of various
relaxation processes of the polar component in blends of different compositions.
DRS is not only able to determine the degree of miscibility of polymer blends
but also provides an accurate technique to study the crystallization kinetics of
amorphous/crystalline polymer blends. The crystallization kinetics are identiﬁed
by the signiﬁcant changes in molecular dynamics of the amorphous phase during
the isothermal crystallization process [10–18]. It is assumed that the degree of
Characterization of Polymer Blends: Miscibility, Morphology, and Interfaces, First Edition.
Edited by S. Thomas, Y. Grohens, and P. Jyotishkumar.
Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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crystallinity at a certain crystallization time and temperature can be accurately
evaluated using the time dependence of the real part of the dielectric permittivity
during isothermal crystallization. Therefore, the decrease in permittivity due to
transition of the amorphous phase into a crystalline and rigid amorphous phase
can be monitored as a function of crystallization time at a constant crystallization
temperature, based on the Avrami approach. A combination of wide angle X-ray
scattering technique and DRS has been used to monitor in real time the evolution
of both, structure in the crystalline phase and dynamics in the amorphous phase
during the crystallization process [19,20].
DRS is also an effective tool for investigating the molecular dynamics of reactive
polymer blends, including the formation of covalent bonds such as in thermoset
polymer blends, blends having transesteriﬁcation reactions, and immiscible
blends with compatibilizers. Here, the peak maximum associated with the glass
transition temperature (Tg; a-relaxation process) is normally shifted to lower frequencies (longer relaxation times) as the restriction of chain motion increases
with the chemical reaction. The dielectric properties during the curing of thermosetting polymer blends are determined by the changing chemical composition as
chemical reactions occur. The changing chemical composition also causes a
change in the concentration of various dipolar molecular segments, as well as
their rotational degree of freedom [21,22]. The wide frequency range of the DRS
technique is especially useful when studying the inﬂuence of network modiﬁcations on polymer chain mobility.
The thermally stimulated depolarization current (TSDC) method is another
dielectric technique used to investigate slow polarization processes in the time
domain and to evaluate polymer blend miscibility. This technique is based on
measuring the polarization and depolarization currents following the application
of a direct current electric ﬁeld over a wide range of temperatures to observe different dielectric relaxation processes in the material. TSDC is carried out in a very
low frequency range, allowing high resolution of different relaxation processes
during the heating of the sample from the glassy state to above the Tg, as shown
schematically in Figure 26.1 [23]. The high intensity -peak which appeared above
the main a-relaxation peak is attributed to the depolarization process of ionic conductivity. The temperature dependence of different current maxima in the TSDC
spectra can provide accurate information about blend miscibility, segmental, and
local dynamics of the polymer components.
26.1.2
Analysis of Relaxation Spectrum

Suitable theoretical models (e.g., the Havriliak–Negami (HN) model [24]) for analyzing the relaxation behavior of polymer blends (including amorphous/crystalline
and thermosetting polymer mixtures) as a function of composition, temperature,
crystallization and curing times can be used to evaluate the dielectric relaxation
strength of a particular relaxation process and provide suitable information about
the number of segments that contribute to the different relaxation processes. In
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Figure 26.1 Schematic diagram of the different relaxation processes as a function of tempera-

ture. Reprinted with permission from Ref. [23].

general, the HN model provides the most versatile equation for describing the
entire dielectric relaxation spectrum, as it can readily account for the asymmetric
relaxation broadening typically encountered in polymer blends, particularly in those
with physically or chemically crosslinked networks. The HN equation (Eq. (26.1)) is
also essential for the simulation of a- and b-relaxation [24] processes and for studying the variation of the dipole interaction of the polymeric segments with blending:
e ðvÞ  e1
1
¼
e0  e1
ð1 þ ðivt0 Þb Þc

ð26:1Þ

where v is the angular frequency (v ¼ 2pf ), b and c are parameters describing the
shape of the relaxation time distribution function, t is the relaxation time, e is the
complex dielectric permittivity, and e0 and e1 are the limited low- and highfrequency permittivities, respectively. The HN equation reduces to the Cole–Cole
relationship (symmetric curves) when c ¼ 1 [25]. The following equation can be
used to describe the contribution of ionic conductivity to the dielectric relaxation
spectrum:
e00 ¼

s dc
eo v

ð26:2Þ

where s dc is the direct current conductivity. The HN model provides information
on the dielectric relaxation strength, De, the maximum relaxation frequency, fmax,
and the distribution parameters of each relaxation process. The relaxation time of
each relaxation process, tmax ¼ 1/2pfmax can be calculated using the HN equation
as a ﬁtting parameter with the following equation [26]:

tmax

31=a
2 
pab
sin
6
2 þ 2b 7
7
¼ tHN 6
4  pa 5
sin
2 þ 2b

ð26:3Þ
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where tmax ¼ tHN when b ¼ 1. The dielectric relaxation strength, De, at a given
temperature can be obtained according to the following Frohliche–Onsager equation [27,28]:
Dea ¼ eo  e1 /

n
gðTÞm2 ðTÞ
T

ð26:4Þ

where n is the number density of dipole moments, g is the orientation correlation
factor, and m is the dipole moment. This approximation shows that De is proportional to the number of dipole moments at a given temperature.
26.1.3
Effect of Temperature on Relaxation Spectrum

Studying the temperature dependence of different segmental and local relaxation
processes (a-, b-, c-, and d-) using DRS or TSDC techniques is crucial to understanding the molecular dynamics and miscibility behavior of polymer blends. It is
well established that the local relaxation processes of polymers are typically noncooperative processes originating from the reorientational motions of a small
number of molecules or molecular groups conﬁned to certain sites of loose packing created by frozen-in density ﬂuctuations [5–8]. Generally, the dynamics of the
local relaxation processes exhibit an Arrhenius behavior; that is, the relationship
between relaxation time [log(t)] and 1/T is linear [29]. However, the glass relaxation process (a-relaxation) is a large-scale, segmental, micro-Brownian cooperative
motion that displays non-Arrhenius behavior. Such processes depend on free volume availability, and can be described by either the Williams–Landel–Ferry (WLF),
Vogel–Fulcher–Tammann (VFT) or Meander model. The VFT equation is widely
used to interpret the molecular dynamics of a-relaxation processes according the
following equation [30]:


B
t ¼ t0 exp
T  T0


ð26:5Þ

where t0, B, and T0 are ﬁtting parameters with different physical signiﬁcance,
while t and T are relaxation time and temperature, respectively.
Pechhold et al. [31,32] developed and deﬁned the concept of free volume for the
molecular dynamics of amorphous and semicrystalline polymers. Their “Meander
model” considers that the polymer chains are arranged in bundles, which can
form a meander cube in a three-dimensional volume, as shown schematically in
Figure 26.2.
The temperature dependence of the molecular dynamics of a-relaxation processes can be well described by the Meander model [31–33]:
fm ¼

3ðd=sÞð3r=dÞ2
fo
expðQ c =RTÞf1  ð1  expðes =RTÞ3r=d g
p

ð26:6Þ

where fo is the local vibration frequency of a segment, Qc is the local activation
energy of a segment, es is the dislocation energy, s is the segmental length, r is the
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Figure 26.2 Schematic diagram of the Meander cube. Reprinted with permission from Ref. [31].

bundle diameter, and d is the interchain distance. This model was derived by
replacing the free volume theory by the dislocation concept, and is described elsewhere [31–33].
In this chapter, new insights into the molecular dynamics, miscibility, nature of
interaction, crystallization behavior, and curing kinetics of representative examples
of polymer blends using DRS and TSDC techniques will be reviewed. This should
provide a solid basis for understanding the effect of blending on polymer relaxation behavior for a wide range of different types of polymer blends. It will also be
shown that the different relaxation processes in polymer blends can be analyzed
using the HN model and ionic conductivity equations. The molecular dynamics
of the glass relaxation process in blends will also be described, using different
theoretical approaches, such as the VFT and Meander models. The variation of
the dynamic constraints or the change in the distribution of relaxation times
caused by blending for both a- and b-relaxation processes will be also considered.
The real-time crystallization kinetics of different amorphous/crystalline polymer
blends will also be described. The crystallization kinetics of blends will be investigated under various experimental variables, such as blend composition, crystallization temperature, and crystallization time. Overall, the chapter will provide a
quantitative, experimental and theoretical basis for the description of molecular
dynamics and relaxation of a wide range of different polymer blends, the aim
being to increase knowledge of the behavior of this important class of polymeric
materials and other similar blends.

26.2
Dielectric Relaxation Spectroscopy of Amorphous Polymer Blends

The miscibility and molecular dynamics of different amorphous blend systems,
such as poly(methylmethacrylate) (PMMA)/polystyrene (PS), polyisoprene (PI)/
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poly(tert-butylstyrene) (PtBS), poly(vinyl chloride-co-vinylacetate-co-2-hydroxypropyl
acrylate) (PVVH)/PMMA, poly(vinyl methyl ether) (PVME)/poly(2-vinylpyridine)
(P2VPy), PMMA/poly(styrene-co-maleic anhydride) (SMA), PMMA/poly(a-methyl
styrene-co-acrylonitrile) (PaMSAN), poly(4-vinylphenol) (PVPh)/PMMA, and
others will be summarized. The effect of blending on the kinetics of glass and
local relaxation processes as function of composition, frequency and temperature
using DRS and TSDC will be reported. The different relaxation processes in the
blends will be analyzed using the HN and ionic conductivity equations, while
the glass relaxation process in the blends will be described using the Meander
model or VFT equation. In addition, the relaxation strengths (De) of the a- and
b-relaxation processes will be calculated as a function of composition from the
analysis of dielectric relaxation spectra. The variation of the dynamical constraints
or the change in the distribution of relaxation times caused by blending for the
a- and b-relaxation processes will also be considered.
Liu et al. [34] reported the dielectric relaxation properties of PMMA, PS-bPMMA diblock copolymers and PS/PMMA blends over a wide range of frequencies (0.01 to 1 MHz) and temperatures (40 to 150  C). The dielectric spectrum
was resolved into a- and b-relaxation processes as well as ionic conductivity for
different blend compositions. The characteristic relaxation times, fragility indices,
activation energies, and dielectric relaxation strengths of PMMA/PS-b-PMMA
blends were also investigated. It was found that blending signiﬁcantly suppressed
the a-relaxation process of the copolymers compared to PMMA. The covalent
chemical bonds linking PS and PMMA blocks in the diblock copolymers were
found to play a dominant role in suppressing the a-relaxation processes and in
decreasing the activation energies of localized b-relaxation processes of the diblock
copolymers.
The molecular dynamics of miscible, low-molecular-weight PI and PtBS blends
was investigated over the entire composition range, using DRS [35]. The low
molecular weights of the two polymer components (Mn ¼ 1300 and 2300 Da for
PtBS and PI, respectively) were chosen to be well below the entanglement limit of
PI. A considerable increase in peak broadening was observed for both low- and
high-frequency tails of the normal mode (NM) relaxation process as PtBS concentration was increased and, for a given composition, as the temperature decreased.
The magnitude of the broadening in this miscible polymer blend was found to
depend on the blend composition, temperature, and dynamic asymmetry (i.e., the
difference between the pure component’s Tg). The observed peak broadening correlated well with freezing of the segmental relaxation of the PtBS component. It was
observed that, in blends of PI with high-Tg PtBS, both the a- and NM-relaxation
processes were slowed relative to those observed in the homopolymer. As can be
seen in Figure 26.3, the a-relaxation process shifted to a higher frequency apart
with decreasing concentration of PI. In addition, the distance between the a- and
NM-relaxation at 1 Hz ranged from about three decades for a high PI content to
almost ﬁve to six decades for the 20% PI blends (see Figure 26.3).
The molecular dynamics and dipolar relaxation mechanism of PVVH, PMMA
and their blends were investigated using the TSDC technique [36]. Two
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Figure 26.3 Imaginary part of the relative dielectric permittivity for PI and PI in PI27/PtBS23

blends at different concentrations and temperatures. The different curves have been shifted
along the y-axis for clarity. Reprinted with permission from Ref. [35].

a-relaxation processes were observed for PVVH/PMMA blends, indicating that the
two polymer components were not completely compatible. The peak maximum of
the a-relaxation process of PVVH was shifted to higher temperatures as the
PVVH content decreased. In addition, kinetic parameters such as activation
energy, pre-exponential factor and dipole–dipole interaction strength parameter
were determined using an iterative technique based on the Arrhenius relaxation
model.
Runt and coworkers studied the miscibility and dynamics of intermolecularly
hydrogen-bonded polymer blends of poly(p-(hexaﬂuoro-2-hydroxyl-2-propyl)
styrene) (HFS) with poly(vinyl acetate) (PVAc), poly(ethylene[30%]-co-vinyl acetate
[70%]), and poly(ethylene[55%]-co-vinyl acetate[45%]) (EVA) using DRS [37]. All
blend components exhibited local b-relaxation processes that were strongly inﬂuenced by the formation of intermolecular associations. Single a-relaxation processes were observed in all blends, indicating a strong segmental-level coupling.
The fragility of the glass-formers was dependent on the volume fraction of intermolecularly associated segments, and the association model predicted which compounds had the highest fragilities. The temperature dependence of the
a-relaxation processes of the blends was well described by the VFT equation. The
fragility parameter was calculated from the ﬁtting parameters of the VFT equation
[38]. It was reported that the fragility of intermolecularly hydrogen-bonded polymer blends did not depend on the Tg of the blend, but on the fraction of intermolecularly associated segments [39]. In addition, an a-relaxation process related to
the breaking and reforming of hydrogen bonds was observed at temperatures
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(a)

Figure 26.4 (a) Schematic diagram of the strong intermolecular associations in poly(p-(hexafluoro2-hydroxyl-2-propyl)styrene) (HFS). Reprinted with permission from Ref. [39]; (b) Representative fit
of the a- and a-relaxation processes. Reprinted with permission from Ref. [39].

above the a-relaxation process, and its temperature dependence varied systematically with ethylene content.
The dynamics of miscible blends of HFS with PVME and P2VPy were investigated via DRS [39]. The HFS moiety forms strong intermolecular associations
with proton-accepting polymers, while the steric shielding provided by the two
CF3 groups minimizes the number of self-associations, as shown schematically in
Figure 26.4a. The b-relaxation processes of HFS and PVME (or P2VPy) were signiﬁcantly suppressed in the blends because of the strong intermolecular hydrogen
bonding. When the number of HFS segments was approximately equal to
the number of PVME segments, the local relaxation of PVME was almost
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undetectable by DRS. A reduced functional group accessibility in P2VPy blends
decreased the magnitude of suppression of the b-relaxation processes. A single,
a-relaxation process was observed for each miscible blend. At temperatures above
the a-relaxation process, an additional relaxation was observed, a, which was
assigned to the breaking and reforming of hydrogen bonds as the chain relaxed
(as seen in Figure 26.4b). The temperature dependence of this process was related
to the strength of the hydrogen bonding and the approximate fraction of intermolecularly associated segments. The dielectric spectrum can be resolved into a- and
a-relaxation processes (based on the HN-equation) and ionic conductivity, as
described in Figure 26.4b. The a-relaxation process is not related to the phenomenon of electrode polarization, which was observed at still higher temperatures
and whose magnitude in the derivative dielectric loss was signiﬁcantly greater
than this relaxation. In addition, dielectric strength, peak broadness and its temperature position were mainly dependent on the numbers and types of hydrogen
bonds present in the systems.
The inﬂuence of annealing PMMA/SMA blends at temperatures above their Tg
on the molecular dynamics was investigated using DRS [40]. To anneal a blend
above the Tg had a signiﬁcant effect on segmental motion, including the transition
temperature and dynamics. The Tg was shifted to a higher temperature and the
relaxation time (tmax) was increased due to the increased entanglement density
and decreased molecular mobility. As seen in Figure 26.5a, the a-relaxation process of PMMA/SMA 50/50 blends was shifted considerably to lower frequencies
after annealing at different temperatures above Tg for different time intervals.
Figure 26.5 also shows that annealing did not signiﬁcantly change the peak broadness. The temperature dependence of tmax for the a-relaxation process at different
annealing temperatures was well described by the VFT equation, as shown in
Figure 26.5b. Furthermore, side group rotational motion could be freely achieved
without overcoming the chain entanglement resistance. Neither the dynamics nor
the distribution width of the local relaxation processes (b- and c-relaxation) were

Figure 26.5 (a) Normalized dielectric loss for

PMMA/SMA 50/50 blend at 130  C after
annealing at different temperatures for different time intervals; (b) Relaxation time of the

a-relaxation process as a function of temperature for PMMA/SMA 50/50 blends annealed at
different temperatures for 5 h. Both images
reprinted with permission from Ref. [40].
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Figure 26.6 (a) Dielectric loss (e) of PMMA/
PaMSAN 50/50 blend as a function of frequency at different temperatures; (b) Frequency at maximum loss as a function of

reciprocal temperature for PMMA/PaMSAN
blends of different composition. Both images
reprinted with permission from Ref. [41].

affected by chain entanglement resulting from annealing, which indicated that the
local environment of the segments was unchanged.
The miscibility of PMMA, and PaMSAN (random copolymer) was studied using
DRS [41]. When the molecular dynamics of the a-relaxation process was investigated as a function of composition, frequency and temperature, respectively, only
one common a-relaxation process was observed for all measured samples, and its
dynamics and broadness were composition-dependent (see the dielectric spectrum
in Figure 26.6a for a 50/50 PMMA/PaMSAN blend). These ﬁndings implied that
the two components were miscible and that the molecular dynamics depended on
blend composition. In the higher frequency range of the dielectric spectrum, a
b-relaxation of the PMMA component was detected (see Figure 26.6a). The frequencies at maximum loss f max for the a-relaxation processes of all measured
samples are shown as a function of reciprocal temperature, 1/T, in Figure 26.6b.
The activation curves systematically shifted to lower temperatures with increasing
PMMA content. This systematic variation of the molecular dynamics with changing composition indicated miscibility of the blend components over the entire
range of composition. In Figure 26.6a, the lines were computed using the Meander model (Eq. (26.6)), while the symbols represent experimental results. Miscibility was also conﬁrmed by measuring Tg-values dielectrically from the activation
curves of the a-relaxation processes of the blends. The composition dependence
of the dielectric relaxation strength, De, was also examined for a- and b-relaxation
processes. In addition, the kinetics and broadness of the b-relaxation processes of
the PMMA was not affected by blending, which indicated that blending did not
change the local environment of each component in the blend.
DRS was used to study the dynamics of hydrogen-bonded polymer blends of
poly(2,3 dimethylbutadiene (DMB) [86%]-co-hexaﬂuoro-2-hydroxyl-2-propyl)styrene
(HFS) [14%]) copolymer with PVME [42]. The copolymer was capable of forming
strong intermolecular hydrogen bonds, while minimizing the degree of intramolecular association, and its blends with PVME were miscible over the entire
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Figure 26.7 Comparison of the normalized dielectric loss spectra for the local relaxation process

of PVPh/PMMA blends at 60  C. Reprinted with permission from Ref. [43].

composition range. Two segmental processes, a- and a1- relaxations, were
observed in blends of 26, 50, and 76 wt% copolymer content. The slower process
(a1) was assigned to the segmental motion of the intermolecularly associated
copolymer, and the faster process (a) to segmental motions of PVME modiﬁed by
the HFS-co-DMB component. A local b-relaxation process for the ether groups of
PVME was also observed, but this did not change with blending.
DRS was also used to study the relaxation behavior of hydrogen-bonded poly(4vinylphenol) (PVPh)/PMMA blends as a function of composition, temperature
and frequency [43]. Miscible blends were obtained by solution-casting from a
methyl ethyl ketone (MEK) solution, as conﬁrmed by the occurrence of a single
a-relaxation process for each blend. The relaxation time and activation energy of
the a-relaxation process of PMMA were unchanged by blending with PVPh. In
addition, the dielectric relaxation strength of the local relaxation process, Deb, was
proportional to the concentration of PMMA for all blends, which suggested that
blending and intermolecular hydrogen bonding did not modify the local intramolecular motion. The a-relaxation process was shifted to lower frequencies or
higher temperatures with increasing PVPh concentration. The dynamics of the
b-relaxation process of PMMA exhibited an Arrhenius temperature dependence
above Tg, but with an activation energy larger than that observed below Tg, because
of the increased relaxation amplitude. The effect of blending on the dynamic constraints of the b-relaxation process of PMMA was also considered. Figure 26.7
shows the normalized dielectric loss spectra for the b-relaxation process of
PMMA as a function of composition at 60  C. Here, the peak broadness was signiﬁcantly increased by blending. The full width at half-maximum of the relaxationtime distribution for neat PMMA was about four decades, while for the 60/40
blends it was six decades at the same temperature. This broadness suggested that
the local environment of the relaxing groups became more heterogeneous; that is,
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blending may have broadened the distribution of the frozen-in density ﬂuctuations below Tg.
The molecular dynamics of polyvinyl alcohol (PVA) and carboxymethyl cellulose
(CMC) blends was investigated as a function of composition, temperature and frequency using DRS [44]. PVA and CMC were found to be compatible over the
range of composition studied. When the dielectric permittivity, loss tangent and a.
c. conductivity of all samples were studied as functions of temperature and frequency, the results showed that the dielectric dispersion consisted of both dipolar
and interfacial polarization. The frequency dependence of the a.c. conductivity
indicated that correlated barrier hopping (CBH) was the most suitable mechanism
for conduction.
Both, DRS and TSDC were used to study the molecular dynamics and miscibility of castor oil-based polyurethane (PU) and polyaniline (PANI) blends [45]. A
linear relation between the maximum intensity of the depolarization current and
the poling electric ﬁeld was observed. Only one a-relaxation process was observed
in the blends. The temperature dependence of the a-relaxation process was well
described by the VFT equation.
The molecular dynamics and relaxation behavior of miscible PVME and PVPh
blends were investigated using DRS [46]. The effect of intermolecular hydrogen
bonding on the different relaxation processes was studied and compared to
PVME/PS and PVME/poly(2-chlorostyrene) (P2CS) blends. The PVME/PVPh
blends exhibited exceptionally strong intermolecular hydrogen bonds compared to
PVME/P2CS and PVME/PS blends. The segmental relaxations of PVPh and
PVME were coupled in blends controlled by the above-mentioned strong intermolecular hydrogen bonds, while PVME relaxed individually in its blends with
P2CS or PS due to intrinsic mobility differences and the absence of any strong
intermolecular interactions. In addition, dynamic heterogeneity was observed in
PVME/PVPh blends with PVPh concentrations higher than 50 wt%, because of
the decoupling arising from the strong intramolecular hydrogen bonding between
PVPh segments. The b-relaxation processes of the two components were suppressed signiﬁcantly by the intermolecular hydrogen bonding, without affecting
their temperature-frequency locations. The results obtained suggested that the
effect of composition on the molecular dynamics of PVPh/PVME blends was
more complicated than that observed in blends without strong intermolecular
interactions.
The b-relaxation process of P2VPy in a complex and blends with PVPh was
studied using DRS [47]. The polymer complex was formed by mixing PVPh and
P2VPy in MEK as a result of the very strong hydrogen bonding between the two
polymers. The Tg of the obtained polymer complex was higher than that of either
neat component. The b-relaxation process of P2VPy was signiﬁcantly suppressed
in the complex, and the reduction of its dielectric relaxation strength was approximately proportional to the intermolecular hydrogen-bonding fraction. In addition,
the relaxation time of unassociated P2VPy side groups was also slowed down by
about one decade compared to that of the neat P2VPy. Homogeneous PVPh/
P2VPy blends were obtained in N,N-dimethylformamide; however, the degree of
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intercomponent hydrogen bonding was much lower in the blends and therefore
suppression of the P2VPy local relaxation was less signiﬁcant than in the complex
state. It was concluded that the stronger the intermolecular hydrogen bonding, the
more pronounced was the suppression of secondary relaxation processes.
The molecular dynamics of PVPh and EVA (70 wt% vinyl acetate) blends were
studied at different temperatures and hydrostatic pressures (up to 750 MPa), using
DRS [48]. In this case, pressure was seen to retard the a-relaxation process, with a
consequent increase in Tg. Although both high pressure and temperature reduced
the concentration of hydrogen bonds in the blends, the relaxation time distribution in the blends was narrowed with increasing pressure at a given relaxation
time. This behavior was interpreted by considering the additional mobility
achieved from breaking hydrogen bonds at high pressures and high temperatures
for the hydrogen-bonded (and thus slow) PVPh-EVA segments compared to the
fast relaxation of unassociated EVA segments.
The dynamic heterogeneity of the thermodynamically miscible blend of poly
(vinyl ethyl ether) (PVEE) and poly(styrene-co-hydroxy styrene) (SHS) were investigated using DRS [49]. For SHS/PVEE blends, two segmental relaxations were
observed in the DRS spectra, even for blends with a fraction of strong intermolecular hydrogen bonds. This behavior was explained by the existence of
unfavorable interactions between PVEE and the styrene units in SHS, which was
supported by the immiscibility between PS and PVEE. The repulsive force
endowed the non-hydrogen-bonded PVEE segments with more freedom to relax,
so that they could be distinguished from the relaxation of intermolecularly hydrogen-bonded PVEE-SHS segments. This experimental result suggested that a signiﬁcant level of dynamic heterogeneity existed in the SHS/PVEE blends.
The molecular dynamics of PVPh/PVEE blends with a Tg difference of 186 K
were investigated as a function of composition, temperature and pressure, using
DRS [50]. Both temperature and volume were found to contribute to the segmental dynamics, with the former having a stronger inﬂuence within the temperatures
and pressures investigated. Two segmental relaxation processes for blends with
low PVPh concentrations were reported; the slow process was attributed to a relaxation of the intermolecular hydrogen-bonded PVPh and PVEE segments, while
the fast process was assigned to unassociated PVEE segments. However, for
blends with PVPh concentrations 30 wt%, most PVEE segments were hydrogenbonded to PVPh and the blends exhibited a single a-relaxation process. This
behavior can be compared to that of other miscible blends with a large Tg difference and weak intermolecular interactions. The observed behavior was explained
by the role of intermolecular hydrogen bonding, and the capability of coupling the
segmental relaxations of PVEE and PVPh, which would otherwise exhibit two distinct segmental relaxation processes due to their large intrinsic mobility difference. Increases in both temperature and pressure led to a signiﬁcant broadening
in the distribution of relaxation times through the weakening of hydrogen bonds
and the associated decoupling of the segmental dynamics, particularly for the
PVEE-rich blends. A critical temperature was also identiﬁed above which the system became increasingly heterogeneous.
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The dipolar relaxation behavior of poly(vinyl chloride) (PVC), PMMA and their
blends was investigated over a wide range of temperature, using the TSDC technique [51]. The peak maximum of the a-relaxation process was found to be
strongly blend composition-dependent, and the temperature dependence of the
relaxation time of the a-relaxation process was well described by the VFT equation. The relaxation peak parameters, such as apparent activation energy (E), preexponential factor (t0), and dipole–dipole interaction strength (q) were evaluated.
Linear behavior between the activation energy and the logarithm of the pre-exponential factor and between the activation enthalpy and activation entropy of the
a-relaxations was established, conﬁrming the validity of the compensation laws.
Similar studies have been reported for the molecular dynamics and miscibility of
amorphous polymer blends of polycarbonate (PC)/tetramethyl polycarbonate
(TMPC) and PS/TMPC [5–8].

26.3
Dielectric Relaxation Spectroscopy of Semicrystalline Polymer Blends

It is well established that, in semicrystalline materials, the amorphous regions are
contained within the spherulitic structure, and that strong interactions exist
between these regions and the lamellar crystals. The effect of spherulitic growth
rate on the molecular dynamics of constrained amorphous regions in semicrystalline polymers can be accurately investigated using the DRS technique. In
general, the common a-relaxation process of the amorphous phase is typically
converted to a more broad and slower a0-relaxation process for the dynamics of
the constrained amorphous phase. In this section, the effect of the crystalline
phase on the molecular dynamics of the amorphous phase in semicrystalline polymer blends will be summarized. In addition, the kinetics of the crystallization
process of some selected polymer blends will also be examined using the DRS
technique. The crystallization kinetics of the blends will be investigated under various experimental variables, such as blend composition, crystallization temperature and crystallization time. The effect of the crystallization process on the
dielectric relaxation parameters such as dielectric strength, De, maximum frequency, fmax, distribution of relaxation time, dielectric storage and loss modulus,
e0 and e00 , will also be considered. The isothermal crystallization kinetics will be
analyzed based on the theoretical approach of Avrami.
The microstructure and dynamics of semicrystalline, melt-miscible poly(ethylene oxide) (PEO)/PVAc blends were investigated using DRS [52]. For crystalline
blends with PEO contents up to 50 wt%, the a-relaxation process was almost identical to that of neat PEO, which indicated the presence of relatively mobile amorphous segments consisting almost entirely of PEO. Multiple overlapping dielectric
relaxation processes, including the Maxwell–Wagner–Sillars (MWS) interfacial
polarization process (similar to that observed for neat PEO), a slow segmental process associated with amorphous interﬁbrillar regions, and possibly also a second
MWS relaxation, were observed in blends with 30 and 50 wt% PVAc content.
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Zardalidis et al. [53] investigated the molecular dynamics of PEO/PVAc blends
as a function of composition, temperature and pressure. For blends with a high
PVAc content, all short-range correlations were dominated by the PVAc component. The fact that an invariant frequency dispersion was observed for different
blend compositions under isochronal conditions suggested a covariance of the
width of the distribution with structural relaxation time, as found in other glassforming liquids.
The molecular dynamics of an amorphous/crystalline polymer blend of PVAc
and poly(hydroxy butyrate) (PHB) were investigated using DRS over a wide ranges
of frequencies (from 102 to 105 Hz), temperatures and blend compositions [54].
Two dielectric relaxation processes were detected for neat PHB in both the highand low-frequency ranges at a given constant temperature above Tg. These two
relaxation peaks were related to the a- and a0 -relaxations of the amorphous and
the rigid amorphous regions in the sample, respectively. The a0 -relaxation process
was temperature- and composition-dependent, and was related to the constrained
amorphous region located between adjacent lamellae inside the lamellar stacks. In
addition, the a0 -relaxation process behaved as a typical glass relaxation process;
that is, it originated from the micro-Brownian cooperative reorientation of highly
constraint polymeric segments. In the PHB/PVAc blends, only one a-relaxation
process was observed for all measured blends located in the temperature ranges
between the Tg-values of the neat components. The latter ﬁnding suggested that
the relaxation processes of the two components were coupled due to the small
difference in their Tg-values (DTg ¼ 35  C) and the favorable thermodynamic interaction between the two polymer components, which consequently led to less
dynamic heterogeneity in the blends. The molecular dynamics of the a- and
a0 -relaxation processes was greatly inﬂuenced by blending; that is, the dielectric
strength, the peak broadness and the dielectric loss peak maximum were all composition-dependent. The dielectric measurements also conﬁrmed a decrease in the
rate of the crystallization of PHB in the blends.
DRS was used to investigate the real-time crystallization kinetics of many polar
and nonpolar polymer systems by monitoring modiﬁcations of the molecular
dynamics of the polymer segments in the amorphous phase during the crystallization process. This method was also used to determine the crystallization kinetics
of PHB/PVAc blends by real-time measurements of the dielectric spectrum at a
given crystallization temperature, Tc [55]. Figure 26.8 shows the real-time measurements of the segmental relaxation process starting from the glassy state of an
amorphous PHB/PVAc 80/20 blend at Tc ¼ 30  C. The data in the ﬁgure show that
the dielectric relaxation spectrum was strongly inﬂuenced by the crystallization
process of the PHB component in the blend. With increasing crystallization time,
both the dielectric constant and dielectric loss were decreased signiﬁcantly, indicating a reduction of the amorphous region in the blend. In addition, the maximum frequency, fmax, of the dielectric loss peak remained constant, regardless of
the crystallization time, until the peak became undetectable (see, for example, at
tc ¼ 85 min). This relaxation process was mainly related to the percentage amorphous region in the blend. During the late stages of the crystallization process,
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Figure 26.8 Real-time measurements of the relaxation process of PHB/PVAc 40/60 blend at
Tc ¼ 50  C. Reprinted with permission from Ref. [55].

another relaxation peak occurred at a slightly lower frequency range; this peak was
attributed to the conﬁnement of some amorphous regions between the crystalline
lamellae within the spherulitic structure of PHB. This process usually leads to a
reduction in chain mobility and, consequently, to a slower relaxation process for
the rigid amorphous regions. At tc ¼ 0 min the sample was completely amorphous
and the relaxation segments were almost unconstrained. However, once the PHB
began to crystallize in the blends the amorphous phase content was gradually
decreased with increasing crystallization time and became more constrained by
the crystallized phase, which in turn led to the appearance of a broad relaxation
peak. The dielectric strength of the amorphous segments, De, which is directly
proportional to the volume fraction of the mobile amorphous phase in the blend,
was decreased exponentially with increasing crystallization time. However, the
dielectric strength of the rigid amorphous segments, Dea, which is related to the
degree of crystallinity in the blend, was increased dramatically with increasing
crystallization time.
The miscibility and isothermal crystallization kinetics of poly(e-caprolactone)
(PCL) blends with TMPC and poly(styrene-co-acrylonitrile) (SAN) with 27.5 wt%
acrylonitrile content were investigated using DRS [56]. The isothermal
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Figure 26.9 (a) Dielectric constant (e0 ) of neat
PCL, blends of PCL/TMPC 80/20 and PCL/SAN
80/20 as a function of crystallization time at
47  C and 1 kHz; (b) Normalized dielectric constant (en) for neat PCL, blends of PCL/TMPC

80/20 and PCL/SAN 80/20 as a function of
crystallization time at 1 kHz and Tc ¼ 47  C.
Both images reprinted with permission from
Ref. [56].

crystallization kinetics of PCL in the different blends was also investigated as a
function of Tc. For neat PCL, the rate of crystallization was Tc-dependent; that is,
the higher the Tc, the slower the crystallization rate. The crystallization kinetics of
the PCL/TMPC blend was much slower than that of PCL/SAN at a constant crystallization temperature, and this behavior was attributed to the higher level of
interaction between PCL and TMPC than between PCL and SAN. Consequently,
the stronger the higher level of interaction between the two polymer components
led to a more pronounced suppression in crystallization kinetics. This speciﬁc
crystallization kinetics was also attributed to the difference in Tg between TMPC
(191  C) and SAN (100  C), which caused a decrease in the rate of crystallization
with increasing Tg of the amorphous component in the blend. Figure 26.9a shows
the crystallization time dependence of the dielectric constant for different PCL
blends at 1 kHz and Tc ¼ 47  C. All of the samples were melted at 100  C for
5 min and then quenched to crystallization temperature. During the ﬁrst few minutes, e0 was increased to reach a maximum, but this was followed by a rapid
decrease to an almost constant value. The initial increase in e0 was attributed to a
pre-order reorientation of the dipoles. This process was followed by crystallization,
which greatly restricted the dipolar reorientation and therefore led to a rapid
decrease in e0 . The crystallization kinetics of PCL was signiﬁcantly affected by
blending; that is, the onset crystallization time (t0, the time at which e0 starts to
decrease) was increased in the blend, while the value of t0 for PCL/TMPC was
almost twice that of the PCL/SAN blend. This observation led to the conclusion
that the reduction in the rate of crystallization of PCL in the blend was caused by
a hindrance effect of TMPC and SAN on the arrangement of crystallizable chains
in PCL. The change in dielectric constant during the crystallization process was
converted to the normalized dielectric constant en. Figure 26.9b shows the variation in the normalized dielectric constant with time for neat PCL and blends of
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PCL/TMPC 80/20 and PCL/SAN 80/20 at 1 kHz. The value of en is equivalent to
the measurement of the relative degree of crystallization at a given Tc. The analysis
of the isothermal crystallization kinetics was carried out using the theoretical
approach of Avrami. The value of the Avrami exponent was almost constant in the
neat state and in the blends, which indicated that blending had simply reduced
the rate of crystallization, without affecting its mechanism.
The reorientational dynamics of dipoles in a series of blends of polyethylene
glycol (PEG) and poly(amidoamine) (PAMAM) dendrimers (polymer materials
arranged in many branches, with sub-branches radiating out from a central core)
were investigated using DRS [57]. The measurements were performed over a wide
range of frequency and temperature. Neat PEG exhibited three relaxation processes: the segmental process in the amorphous phase; and two faster processes
that were due to localized motions in the amorphous regions and the rotation of
hydroxyl end groups. The addition of dendrimers to the PEG matrix slowed down
the segmental process in the amorphous phase, but had no effect on the relaxation time of the local processes in PEG. However, hydrogen-bonding that formed
between the PEG oxygen and the amino groups on the dendrimer surface was
responsible for the shift of the local processes in dendrimers to lower frequencies.
A detailed analysis of the effect of temperature, the concentration of dendrimers
and the molecular weight of PEG on the relaxation dynamics was performed. The
molecular weight of PEG was found to have minor effects on the average relaxation times of the different relaxation processes of the blend. The time scale of the
segmental process in the amorphous phase was also increased with increasing
dendrimer concentration, while restrictions in mobility of this system were related
to the hydrogen-bonding between the dendrimers and PEG.
The molecular dynamics of a series of PEG/PAMAM blends and PEG-conjugated
PAMAM dendrimers was investigated and contrasted over a wide range of frequencies and temperatures, using DRS [58]. The time scale of segmental relaxation
decreased with the increasing concentration of dendrimers due to hydrogen-bonding
between the PEG oxygen and the amino groups on the surface of the dendrimers.
The PEGylated dendrimers exhibited two local processes and one segmental process
for the PEG, without any contribution of the epoxy end group, where the PEGylated
dendrimer is a PEG with epoxy reactive end groups. The amorphous PEG in the
PEGylated dendrimers was constrained not only by the crystalized lamellae but also
by covalent bonding with the dendrimer. A comprehensive analysis was also conducted of the effects of morphology, concentration, number of attached PEG chains
and temperature on the relaxation time, dielectric relaxation strength and spectral
characteristics of various relaxation processes.
The molecular dynamics of semicrystalline, melt-miscible blends of PEO and
poly(styrene-co-p-hydroxystyrene) copolymer (SHS) were investigated, using DRS,
by Jin et al. [59]. The normalized crystallinity of PEO was almost unchanged by
adding SHS up to 20 wt%, but was decreased signiﬁcantly with further increased
in SHS content, reaching almost zero at 50 wt% SHS. The a-relaxation process
shifted to higher temperatures and became broader with increasing concentrations of SHS in the blends. The a-relaxation process comprised a slower
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cooperative segmental relaxation that involved both components, as well as a
faster process that was attributed to the less-associated PEO segments. The hydrogen-bonded hydroxystyrene units produced a bS1-relaxation process that was more
cooperative than typical local relaxations. The apparent activation energy of the
bS1-relaxation process in SHS and the blends (both crystalline and amorphous)
was decreased monotonically from 85 to 55 kJ mol1 with increasing SHS content
from 15 to 100 wt%. The fragility of the neat copolymer was found to be similar to
that of PS with a comparable molecular weight, and this was consistent with the
idea that intramolecular hydrogen-bonding primarily enhanced the monomer friction coefﬁcient and Tg, but had little effect on fragility [60]. The blend fragility was
increased signiﬁcantly with SHS content, reﬂecting the combined contribution of
the two components.
The miscibility, melting and crystallization behavior of PHB and oligo[(R,S)-3hydroxybutyrate]-diol (oligo-HB) blends were investigated using DRS [61]. The different relaxation processes in the blends were studied over wide temperature and
frequency ranges for various compositions of up to 20 wt% oligo-HB. The fact that
only one a-relaxation process was observed for all measured blends indicated miscibility between the amorphous fractions of PHB and oligo-HB.
The molecular motions in binary blends of isotactic polypropylene (PP), PS and
low-density polyethylene (LDPE) were investigated using DRS [62]. The blends
were prepared by melt-mixing, and doped with 0.5 wt% of the dielectric probe
4,40-(N,N-dibutylamino)-(E)- nitro-stilbene (DBANS). The blend composition and
blend morphology had no substantial inﬂuence on the a-relaxation process, which
indicated that both blend constituents behaved like homogeneous bulk materials.
The normalized a-relaxation process was unchanged, regardless of the blend type
and blend composition. These experimental data suggested that the probe molecule, DBANS, was equally distributed over the two blend components in all three
polymer combinations LDPE/PP, LDPE/PS, and PP/PS.
The TSDC technique was used to investigate the miscibility of poly(DL-lactide)
(PDLLA) and PCL blends over a wide composition range by following changes in
local and segmental dielectric relaxations as a function of blend composition [63].
The a-relaxation process of PCL was slightly shifted to higher temperatures with
increasing PDLLA content, indicating a partial miscibility with PDLLA and the
formation of a PCL-rich phase. Distribution of the a-relaxation time of the semicrystalline PDLLA-rich phase was very broad compared to the times of the neat
components, mainly due to signiﬁcant concentration ﬂuctuations, and this conﬁrmed the partial miscibility of these blends. Investigations of blend morphology,
using scanning electron microscope (SEM) failed to demonstrate a distinct twophase system with particles dispersed in a matrix. The proﬁle and strength of the
b-relaxation process deviated from the linear mixing rule with composition; however, although these changes followed the same trend as in block copolymers, the
effects were less pronounced.
DRS was used to study the molecular dynamics and interactions between polyamide-6,6 (PA-6,6) and hyperbranched (HB) polyamide with amine and alkyl end
groups, prepared via a one-pot process, in a PA-6,6 matrix [64]. Three relaxation
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processes, namely c-, b- and a-relaxations, were observed for the HB polymers
and in the blends; these were similar to those observed in PA-6,6 and had comparable activation energies and distribution parameters. Subsequently, the Tg was
increased in line with increasing concentrations of amine-terminated HB, while
the molecular mobility of the PA-6,6 chains was decreased. The dielectric spectra
of the alkyl-terminated HB polymer blends were indistinct from those of the PA6,6 matrix.
The molecular dynamics of miscible PC/PCL blends was studied using DRS
[65]. The a-relaxation process of PC in the blends was analyzed isothermally using
the HN equation, when PCL was shown to have a signiﬁcant plasticization effect
on the molecular dynamics of PC. The real-time crystallization kinetics of the 90/
10 PC/PCL blend was studied by following changes in dielectric loss caused by
reductions in the molecular mobility of the amorphous fraction in the blend.
Much larger amounts of mobile amorphous chains were shown to have disappeared than had been transferred to the crystallites. A rigid amorphous phase in
the blend was formed as the isothermal crystallization of PC developed, and the
remaining mobile amorphous phase exhibited unchanged dynamics.

26.4
Dielectric Relaxation Spectroscopy of Chemically Reactive Polymer Blends

In this section, a summary will be provided of the effects of chemically reactive
blending on the molecular dynamics of different relaxation processes within the
blends. Both, DRS and TSDC are highly sensitive techniques used to monitor
changes in the molecular dynamics and dynamical constraints associated with
chemical reaction between the blend components, thermoset formation, branching, crosslinking density, and the corresponding bulk properties. The inﬂuence of
various chemical reactions will be examined dielectrically by following changes in
the molecular dynamics of the a-relaxation process as a function of reaction time,
frequency and temperature. In addition, the relaxation strengths (De) of the aand b-relaxation processes will be demonstrated as a function of reaction time
from the analysis of dielectric relaxation spectra.
The curing behaviors, thermal and dielectric properties of the blends of cyanate
ester (BACY) and two diamine-based benzoxazines (P-ddm and P-oda) were investigated by Lin et al. [66]. The experimental data revealed three curing reactions:
(i) cyclotrimerization of the cyanate ester, catalyzed by residual phenolic groups in
the benzoxazine; (ii) a coreaction between the triazine structure and benzoxazine;
and (iii) ring-opening of benzoxazine (self-polymerization). A slight decrease in
the dielectric constant was observed when incorporating benzoxazine into BACY.
The considerable improvement in the dielectric properties of the blend was
related to the rare cyanate ester residual and the formation of less-polar diphenyl
ether. The Tg corresponding to the lowest dielectric constant (2.78 at 1 GHz) was
approximately 248  C, which showed that it was possible to slightly reduce the
dielectric constant without sacriﬁcing too much in Tg in this system.
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Figure 26.10 (a) Relaxation time as a function
of reciprocal temperature for different PP-gMA/PC blend compositions. The solid lines
show the fitting to the VFT equation. The inset
shows the same data plus the activation energy

curve of neat mPP. Reprinted with permission
from Ref. [67]; (b) STEM image of PP-g-MA/PC
10/90 blend. Reprinted with permission from
Ref. [68].

The miscibility and molecular dynamics of nanostructured grafted polypropylene with maleic anhydride (PP-g-MA)/PC blends prepared by the in-situ
polymerization of macrocyclic carbonates with polypropylene modiﬁed with 0.5 wt
% maleic anhydride-reactive groups were studied over a wide range of frequencies
(from 102 to 0.5  107 Hz) at different constant temperatures, using DRS [67].
The molecular dynamics of the a-relaxation process in the mPP/PC blends
appeared in a lower temperature range compared to neat PC. This shift in the
molecular relaxation process was attributed to the partial miscibility of the two
polymer components in the blends, as conﬁrmed by morphologic analysis using
scanning transmission electron microscopy (STEM). Nanoscale morphologies
with average domain diameters as small as 50 nm were obtained for the
different blend compositions (see the STEM image of a mPP/PC 10/90 blend in
Figure 26.10b) [68]. The relaxation spectra of neat PC and PP-g-MA/PC blends
were resolved into a-and b-relaxation processes by using the HN equation and
ionic conductivity. The dielectric relaxation parameters, such as relaxation peak
broadness, maximum frequency (fmax) and dielectric strength (De) (for both aand b-relaxation processes) were blend composition-dependent. The kinetics of
the a-relaxation processes of the blends were well described by the VFT equation,
as seen in Figure 26.10a. The local relaxation process of PC was resolved into two
relaxation processes, b1 and b2, associated with the carbonyl groups’ motion and
the combined motions of the carbonyl and phenylene groups, respectively. Only b2
was shifted to lower frequencies in the blend, while b1 was relatively little affected
by blending. The electrical modulus of the blends was used to obtain a sufﬁcient
resolution of the different relaxation processes in the samples; that is, a-,
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b-relaxation processes, ionic conductivity and interfacial polarization. The blending method used was also found to increase the d.c. conductivity, without affecting
the charge carrier transport mechanism.
The molecular dynamics of ternary polymer blends of PP/PA6/acrylonitrile
butadiene styrene copolymer (ABS) in the presence of compatibilizers and multiwall carbon nanotubes (MWNTs) was investigated using DRS [69]. The relaxation
time of the PA6 chains was found to have increased signiﬁcantly when small
amounts of compatibilizers (PP-g-MA) or styrene maleic anhydride (SMA) were
added. The variation in relaxation time was found to depend heavily on the compatibilizer efﬁciency. The variation in relaxation time for PA6 in the presence of
1 wt% MWNTs in the respective ternary blends also followed a similar trend; however, the extent of mobility of the PA6 phase was inﬂuenced by the state of dispersion of MWNTs in the corresponding blends.
The miscibility of PP/PA6 70/30 wt% blends was also investigated using DRS
[70]. In this case, ca. 10 wt% PP functionalized with maleic anhydride was added
as a compatibilizer to induce compatibility of the two immiscible components,
after which the inﬂuence of the compatibilizer on the molecular dynamics of the
PA6 phase was determined by monitoring changes induced in the dielectric loss
spectra of the blends. Two segmental modes were recorded: (i) a lower temperature mode corresponding to the plasticized material; and (ii) a second, cooperative, mode where the temperature was raised in relation to the dry PA6
amorphous phase. The a-relaxation process was unaffected by compatibilization.
At high temperatures, the high-temperature tail of the segmental mode was much
higher in the absence of the compatibilizer.
The molecular dynamics of novel, high-dielectric-permittivity poly(vinylidene
ﬂuoride) (PVDF)/PP blends with a small amount of PP-g-MA compatibilizer was
reported over a wide range of temperatures and frequencies, using DRS [71]. The
results showed that the concentration of PVDF in the composites dominated the
changes in dielectric properties, and that the use of PP-g-MA improved the interface interaction between PVDF and PP, resulting in an increased dielectric
permittivity.
The polymerization reaction of diglycidyl ether of bisphenol A (DGEBA) epoxy
resin with 4,40 -diaminodiphenylmethane (DDM) hardener and a mixture of polysulfone (PSU) and polyetherimide (PEI) as modiﬁer was studied, using DRS [72].
All blends contained 10 wt% of the PSU/PEI mixture. The curing reaction was
studied by monitoring the change in the molecular dynamics of the a-relaxation.
The effects of the PEI/PSU ratio on the molecular dynamics and on the curing
temperature were also investigated.
The curing reaction of DGEBA epoxy resin with DDM hardener and different
amounts of polyoxypropylene triamine (POPTA) oligomer were investigated using
DRS [73]. Real-time dielectric measurements were made at different curing temperatures over a wide range of frequencies. A curing-induced phase separation
was observed in these systems, and the curing reaction was evaluated by analyzing
the change in the main a-relaxation process of the blends as a function of curing
time, curing temperature and the amounts of modiﬁer in the different blend
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compositions. The effect of curing reaction on ionic conductivity was also examined for different curing temperatures.
The molecular dynamics of similar chemical structure blends of poly(ethylene
terephthalate) (PET) and poly(ethylene naphthalate) (PEN) were investigated using
the TSDC technique [74]. Transesteriﬁcation reactions between the neat components developed during the melt-mixing process. When the a-relaxation processes
of the reactive blends were analyzed into their elementary modes by means of
relaxation map analysis, the activation energies of the a-relaxation process were
found not to be signiﬁcantly affected by the transesteriﬁcation reaction. However,
the polarizability of the blend was considerably decreased as the PEN content
increased, due mainly to the increased stiffness of the polymer backbone.
The molecular dynamics of reactively blended PET/PEN of different degrees of
ester exchange reaction and composition were investigated using DRS [75]. The
dielectric spectra of the a-relaxation processes of the blends were analyzed based
on the HN equation. When the dielectric relaxation broadness and strength were
quantiﬁed, they were seen to depend on the processing conditions. The molecular
coupling of the blends was only minimally affected by the blend composition or
the degree of transesteriﬁcation, although a positive deviation from the linear mixing rule was observed in the composition dependence of activation energies of
molecular motions. These ﬁndings suggested that there was a greater chain hindrance to the motion of the block and random copolymers formed via the transesteriﬁcation process.
The molecular mobility and microphase separation in blends of crosslinked PU
and SAN prepared by reactive blending were studied using DRS and TSDC over a
wide range of frequencies and temperatures [76]. SAN promoted a microphase
separation of the hard and soft segments of PU because of the SAN–hard segment
interactions, whereas the SAN–soft segment interactions were weak. The TSDC
spectra obtained showed that a compensation law holds for the a-relaxation process of the soft segment, with the compensation temperature being very close to
the Tg-value. An analysis of the a-relaxation process, in terms of fragility, indicated
that the systems under investigation were indeed fragile.
The molecular dynamics and curing kinetics of a thermosetting powder coating
that consisted of a carboxylated polyester resin cured with triglycidyl isocyanurate,
have been studied using broadband dielectric relaxation spectroscopy over a wide
range of frequencies (from 101 to 106 Hz) and temperatures (from 70 to 105  C)
for different constant curing times [77]. Two relaxation processes were observed
for all measured samples: one for the a-relaxation process, and another for the
b-relaxation process. The dielectric strength, De, of the two relaxation processes
was strongly inﬂuenced by curing; that is, De was decreased strongly during the
early stage of the curing process but then leveled off at the later stages, indicating
that the number of reoriented dipoles had decreased as the curing process had
proceeded. The comparative dielectric loss and dielectric constant at 85  C for different samples cured at 200  C for various times are shown in Figure 26.11a and
b. The effect of the curing process on the molecular dynamics of powder coating
can be summarized as follows: (i) the maximum of the loss peak shifts to lower
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Figure 26.11 (a) Comparison of dielectric loss (e00 ) at 85  C for different samples cured at 200  C
for various times; (b) Comparison of dielectric constant (e0 ) at 85  C for different samples cured
at 200  C for various times. Both images reprinted with permission from Ref. [77].

frequency; (ii) the height of the dielectric loss peak decreases; (iii) the broadness of the loss peak increases; (iv) the dielectric constant decreases; and
(v) the ionic conductivity decreases with the proceeding of curing process. The
above ﬁve ﬁndings are attributed to the formation of more rigid, highly packing three-dimensional polymer networks. In addition, the Meander model was
found to well describe the kinetics of the a-relaxation process as a function of
curing time. The formation of highly packed three-dimensional polymer networks was also found to increase the dislocation energy and to produce additional structural defects.

26.5
Conclusions

This chapter has provided a comprehensive overview of recent developments and
progress in the molecular dynamics, miscibility, nature of interaction, crystallization behavior and curing kinetics of representative examples of polymer blends,
using DRS and TSDC techniques. Notably, the chapter has provided a solid basis
for understanding the effects of blending on polymer relaxation behavior for wide
range of different types of polymer blends, including amorphous polymer blends,
semicrystalline polymer blends, and chemically reactive polymer blends. Different
theoretical approaches, including the VFT and Meander models, were used to
describe the molecular dynamics of the a-relaxation process in blends, while the
dynamics of the local, b- and c-relaxation processes were described using an
Arrhenius equation. The dielectric spectra of the polymer blends were analyzed
based on HN and ionic conductivity equations. The real-time crystallization kinetics of different amorphous/crystalline polymers was investigated for different
polymer blends, with crystallization behavior being studied as a function of blend
composition, and of crystallization temperature and time. The inﬂuence of

References

chemical reactions between the blend components, thermoset formation and
branching – and the corresponding bulk properties – was examined dielectrically
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27
Positron Annihilation Spectroscopy: Polymer Blends
and Miscibility
Chikkakuntappa Ranganathaiah

27.1
Introduction

During the past few decades it has been realized that many of the physical and
mechanical properties of polymers can be signiﬁcantly improved by a process
called blending. A polymer blend may be deﬁned as a combination of two or
more structurally different polymers or copolymers that gives rise to a material
with a range of properties that are not deliverable by any of its constituents. The
miscibility and phase-separation phenomenon of polymer blends have attracted
signiﬁcant attention in polymer research, due mainly to the multitude of purposes
that polymer blends can be applied [1–5]. In order to predict and enhance the
material properties of blends, it is important ﬁrst to understand the nature and
the underlying mechanism of blending at the molecular level. One rational
approach, which forms the basis of this chapter, is to investigate the correlation
between free-volume and miscibility level in blends [2–5]. Although many physical
probes exist for characterizing the structure and properties of polymer blends,
only a limited number of these probes are capable of characterizing the properties
of the free-volume, due to its very small size and its complex evolution. During
recent years, positron annihilation spectroscopy (PAS) has emerged as a unique
and potent probing tool for characterizing the free-volume properties of polymers
and polymer-based materials [5–8]. In PAS, the antiparticle of electron – the
positron – is employed as a probe; however, because of its positive electric charge
the positron is repelled by the ion cores and becomes localized preferentially in
any atomic-sized voids or defects of the material. In polymer-based materials, positronium (the bound state of a positron and an electron) annihilation events are
found to be contributed mainly from the free-volume cavities in a polymer matrix.
Current reports suggest that PAS has been mainly employed in monitoring orthopositronium (o-Ps, spin triplet state) annihilation lifetimes in polymers. Indeed, it
has now been established that the lifetime of the o-Ps, and its probability of formation, are related to the free-volume hole size, fraction and distribution [6–8]. In
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the case of polymer blends, PAS analyses have been applied extensively since 1995
[9–62].
Several chapters in this book have described the basics of polymer morphology,
the types of polymer and the selection of polymers for the processes of blending,
thermodynamic aspects of miscibility and phase separation covering both theoretical developments and experimental aspects in greater detail. Consequently, the
reader is presumed now to be knowledgeable on these theoretical treatments,
together with experimental techniques such as differential scanning calorimetry
(DSC), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and X-ray diffractometry (XRD). Hence, these aspects will not be included
in this chapter; rather, attention will be focused immediately on the principles
and techniques of PAS, and on its application when studying polymer blend
miscibility.

27.2
Positron Annihilation Spectroscopy
27.2.1
The Positron Annihilation Process

The positron (eþ) is the antiparticle of the electron (e), and a positron–electron
pair is unstable and hence annihilates. The annihilation of positrons in collision
with electrons is accompanied by the emission of one, two, or more photons
(gamma rays). Single-photon emission by electron–positron annihilation is possible only in the presence of a third body (a nucleus or electrons) that carries away
the recoil momentum, whose probability is highly negligible. It has been observed
that two-photon annihilation is the most dominant mode of positron annihilation.
When a free positron annihilates with a free electron, at least two photons are
created to conserve energy. The positron annihilation cross-section (i.e., the probability of annihilation) rapidly decreases with the increase in the number of emitted
photons. When the number of created photons increases by one, the annihilation
cross-section is multiplied by the ﬁne-structure constant a (1/137); that is, the
probability of the annihilation process decreases by more than two orders of magnitude [65–71]. The cross-section of two-photon annihilation of a free positron and
a free electron was calculated in the nonrelativistic approximation by Dirac. This
cross-section increases with decreasing relative velocity v of the colliding particles:
s¼

p r 2o
;
v=c

vc

ð27:1Þ

where r0 is the classical electron radius and c is the velocity of light in vacuum.
Consequently, for a positron embedded in a sea of “cold” electrons with density
ne, one obtains the decay rate,
l ¼ p r 2o ne c

ð27:2Þ

27.2 Positron Annihilation Spectroscopy

Figure 27.1 The vector diagram of momentum conservation in the 2c-annihilation process. The

momentum of the annihilation pair is denoted by P; the subscripts L and T refer to longitudinal
and transverse components, respectively.

By measuring the annihilation rate l, the inverse of which is the mean lifetime t
(which means the survival time of the positron in the medium) it is possible to
obtain directly the electron density ne that is encountered by the positron in the
medium. Thus, a positron can serve as a test particle for the electron density of
the medium. However, because of the opposite charges, a strong coulombic attraction exists between the positron and electrons of the medium, and as a result of
this the electron density ne is slightly enhanced from the equilibrium value in the
matter medium. The measurement of positron lifetime in a given medium constitutes what is known as positron annihilation lifetime spectroscopy (PALS).
The kinetic energy of the annihilating pair is typically a few electron volts (eV).
In their center-of-mass frame, each photon energy is exactly m0c2 ¼ 511 keV, and
the two photons go strictly in opposite directions; that is, the emission direction is
collinear to conserve linear momentum (Figure 27.1). Because of the nonzero
momentum of the pair, which is due mainly to the ﬁnite momentum of the electron of the material medium, the photons deviate from collinearity in the laboratory frame. The momentum conservation law for the transverse component of the
momentum yields a result:
qﬃ

PT
mo c

ð27:3Þ

where 180 – q is the angle between the two photons in the laboratory frame and
PT is the momentum component of the electron–positron pair transverse to the
photon emission direction. Usually, q is very small (< 1 ), and hence Eq. (27.3).
will be valid. For the pair (e eþ), the momentum of the thermalized positron is
almost zero, and hence the momentum component in Eq. (27.3) corresponds to
the momentum of the electron. The experiment in which this deviation from collinearity in the annihilation photons is measured constitutes the angular correlation
of annihilated radiation (ACAR). The measured angular correlation curve
describes the momentum distribution of electrons of a particular medium in
which the positrons are annihilated.
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The motion of the electron–positron pair before annihilation also causes a
Doppler shift in the energy of the annihilation photons measured in the laboratory
system. The frequency shift is Dv/v ¼ vL/c, where vL is velocity of the pair and c is
the velocity of light. The difference in energies of the annihilation photons can be
written as:
DE ¼ 

vL
;
c

DE ¼ 

cPL
2

ð27:4Þ

where PL is longitudinal momentum of the pair. Thus, in the case of two-photon
annihilation, measuring the shift in the frequency or the energy of the annihilation photons constitutes the third experimental method of PAS, namely Doppler
broadening of annihilation radiation (DBAR). The Doppler shift in the energy DE
of the annihilation photon from 511 keV makes it possible (at least in principle) to
determine the longitudinal component of the momentum of the electron–positron
pair in the laboratory frame. In the laboratory, this shift in energy from 511 keV is
very small, and is usually described in terms of line shape parameters S and W of
the annihilation photon. The S parameter is associated with the contribution of
valence electrons to annihilation, while the W parameter is associated with highmomentum core electrons of the medium to annihilation. This brief introduction
to the three methods evolved is based on the “principle of positron annihilation”
in material media, while the three above-described techniques constitute the basic
methods of PAS.
27.2.2
Positronium

Thermalized positron (energy 0.025 eV) with an electron of the medium can also
form a quasistationary state called the positronium (Ps) atom. Ps is an analog of
the hydrogen atom, and positronium is therefore found either in the spin singlet
state called para-Positronium (S ¼ 0, eþ-e spins antiparallel; p-Ps), or in the
triplet state called ortho-Positronium (S ¼ 1, eþ-e spins parallel; o-Ps). The crosssection and the nature of annihilation depend on the mutual orientation of the
spins of the particles participating in the annihilation process. The probabilities of
spontaneous annihilation of p-Ps and o-Ps atoms are also different. Owing to conservation of spin angular momentum, p-Ps will decay by two-photon emission
with a rate of 1/(125 ps), while o-Ps will decay by three-photon emission with a
rate of 1/(140 ns) in free space. In three-photon emission, the total energy 2 m0c2
is shared by all of the photons. Generally, Ps is not formed in metals due to the
fact that the positron sees a sea of free electrons (the electron density is high) and
the probability of forming Ps is negligible. Rather, Ps is formed in metal oxides,
molecular solids, macromolecules, and in liquids and gases which have relatively
open structures (i.e., low electron density regions).
The most commonly used experimental methods for observing positron annihilation in matter are the three methods mentioned above: (i) measurement of the
positron mean lifetime, using positron lifetime spectroscopy (PLS); (ii) measuring
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the deviation from collinearity of the annihilation photons (using ACAR); and (iii)
measuring the line shape parameter of the Doppler-broadened annihilation photons (using DBAR). As this technology has continued to develop, however, several
other methods have been created such as: (i) a combined measurement of the
positron lifetime with DBAR, termed the two-parameter method; and two- and
three-dimensional ACAR, coincidence Doppler-broadening (CDB) experiment in
which the background level is greatly reduced such that the core electron contribution can be easily and accurately measured. However, these methods are offshoots
of the basic principles of positron annihilation [71]. As the thermalization of eþ in
a medium occurs in a very short time, it reaches the bulk of the material quickly
and annihilation occurs predominantly from the bulk of the medium. Consequently, in order to make positron annihilation techniques suitable for studying
surface phenomena in materials, slow positron beams have been developed that
make depth-proﬁling studies not only possible but also very rewarding [72].
In positron annihilation experiments, the source of positrons is usually a radioactive isotope such as 22 Na. Positrons from 22 Na are born with a kinetic energy of
540 keV and, when injected into a medium, they ﬁrst slow down very quickly (on
the order of 1–2  1012 s or ps) to thermal energies (on the order of kT  0.025 eV,
where k is the Boltzmann constant and T is the temperature). The mean implantation range usually varies from 10 to 1000 mm, depending on the type of medium,
which in turn guarantees [65] that positrons reach the bulk of the sample material
very quickly. Finally, after living in thermal equilibrium the positron annihilates
with an electron from the surrounding medium dominantly into two 511 keV
gamma photons. The mean lifetime of positrons is characteristic of each material,
and varies from 100 to 500 ps. Figure 27.2 shows, schematically, all three basic positron annihilation experiments. The 22 Na nucleus emits an energetic 1.28 MeV photon within a few picoseconds (1012 s) after the positron is emitted, and this serves

Figure 27.2 Schematic of eþ annihilation into two annihilation gamma rays of energy 511 keV,
demonstrating the three methods of PAS. Here, Pxy corresponds to q of Eq. (27.3) and Pz
corresponds to PL of Eq. (27.4).
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as the birth signal for the positron. The lifetime of the positron can thus be measured as the time delay between the birth gamma and one of the annihilation
gamma photons. As described above, the momentum of the annihilating electron–
positron pair is transferred to the annihilation photon, and this can be detected as a
small deviation from collinearity between the 511 keV annihilation photons moving
in the opposite direction. The motion of the pair also produces a Doppler shift in
the energy of the annihilation photon, which can be measured accurately using a
high-energy-resolution HpGe detector.
27.2.2.1 Positron and Positronium Sensitivity to Defects and Free Volume
In the case of metals containing defects of various types, the positron tends to
localize in these defects and, if trapped in a defect, it exhibits a characteristic
lifetime that is different from annihilation with a free electron. Positron annihilation has been used extensively in the study of metals, metal oxides, alloys
and semiconductors [73–81], for the reason that it is possible to determine
such important characteristics of metals as the electron momentum distribution, the Fermi energy eF, the number of free electrons ZC per metal atom,
and the concentration ne (in cm3) of such electrons in the conduction band,
together with the concentration of defects and their type. These characteristics,
as is well known, largely determine the mechanical, electrical, magnetic and
optical properties of materials [71]. In semiconductors, movement of the Fermi
level and defect concentrations can be accurately measured. These studies have
established that positron methods are defect-sensitive and nondestructive in
nature, as the information is carried away by the annihilation photons and the
material can be reused after the test.
The Ps atom also tends to localize in larger defects or cavities called free
volume cavities in a similar fashion to the positron. In vacuum, o-Ps decays
through three-photon emission, but in condensed matter the Ps atom undergoes many collisions during its lifetime with the surrounding electrons in its
localized site, competing with its own electron, and gets annihilated with
an electron from the surrounding electron with opposite spin. This process,
which is referred to as “pick-off annihilation,” has a rate of about 1/(few ns),
which is substantially faster than the vacuum decay rate of o-Ps (1/140 ns).
The pick-off process results predominantly in the emission of two photons
against three-photon emission. The p-Ps, on the other hand, proceeds through
two-photon emission. In the ground state, in the absence of any conversion,
one-fourth of all Ps atoms are formed in the singlet state and three-fourths in
the triplet spin state. The annihilation of o-Ps reﬂects the electron momentum
similar to positron in metals, and annihilation of the p-Ps mainly reﬂects the
momentum of the Ps atom itself. The positron/Ps lifetime in matter depends
on the electron density in the region from where positron/Ps annihilates. In
the presence of free volume cavities (voids), the Positronium lifetime determines the void size [76] from where it annihilates. Hence, Ps in condensed
media such as polymers and polymer blends provides similar information as
does the positron in metals and alloys [73–80].

27.2 Positron Annihilation Spectroscopy

27.2.2.2 Models Predicting Positronium Formation
So far it is clear that, in molecular media, the probability of Ps formation is
greater as these materials have open structures of lesser electron density domains,
known as free volume cavities. Therefore, it is essential to acquire a brief understanding of the Ps formation mechanism. Over the years, several models have
been developed for this purpose. The probability of formation of Ps in a given
medium depends on the energy of the electron lying within an energy gap where
no other electronic energy transfer processes are possible. In order to capture an
electron from a molecule with ionization energy Ei, the kinetic energy E of the eþ
must be greater than (Ei  Eps), where Eps is the binding energy of Ps. In vacuum,
Eps is 6.8 eV but it may be smaller in the medium. When E > Ei, the Ps atom is
formed with a kinetic energy greater than its binding energy and will immediately
break up. Inelastic collisions compete with Ps formation until the eþ kinetic
energy is less than Eex, the lowest electronic excitation energy. Thus, the probability of Ps formation is highest in the range (Ei  Eps) < E < Eex, which is called the
Ore gap [82], and the Ps yield can be calculated from the size of this gap. Although
this model works well for gases, for liquids Mogensen [83] has proposed the spur
model of Ps formation. The basic premise of this model is, when the positron
loses its last few hundred eV of kinetic energy (the positron in 22 Na is born with a
kinetic energy of 540 keV), it creates a track (the so-called “spur”) in which it lives
along with electrons, ions, free radicals and excited molecules. The electrostatic
attraction between the positron and electron in the spur can result in Ps formation
that will compete with other processes mentioned above, including ion–electron
recombination, the diffusion of electrons out of the spur, and the annihilation of
electrons with positrons. This model provides a correlation between Ps formation
probability and the properties of electron spurs studied in radiation chemistry.
The main difference between these two theories is that, in the Spur model, Ps is
formed only when eþ is thermalized, whereas in the Ore model Ps is formed during thermalization. Later, Tao [84] modiﬁed this theoretical approach to provide a
satisfactory explanation of most of these experimental results. Recently, Ito and
Zhang [85] proposed a new model of Ps formation called the “resonant model,”
which consists of two stages. The ﬁrst stage refers to the epithermal positron and
the ground-state molecule forming the resonant excited state, while the second
stage is Ps formation from the near-thermal positron and the excited molecule
[85]. Any positron that has failed to form Ps in the epithermal stage will be
thermalized in the spur and so can form Ps. Hence, the resonant model of
Ps formation contains aspects of both the Ore model and the Spur model to
some extent, but requires further experimental veriﬁcation before it can be used
extensively [84].
In the study of polymers and polymer-based systems such as blends, the probe
of choice should be sensitive to segmental motions, on a length scale shorter than
those responsible for glass transition. At low temperatures, a small size probe will
be sensitive to changes in molecular motion. In amorphous polymers, molecular
dynamics is inﬂuenced not only by the chemical microstructure but also by other
processes such as molecular packing, physical aging and crosslinking, all of which
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contribute to the motion and structural relaxation. Such systems are often spatially
or dynamically heterogeneous. In this context, the concept of free volume is
emphatic and emerges as an internal parameter of choice for the study and understanding of the motional phenomena of disordered polymers and blends at the
molecular level [86]. This concept has also been applied successfully to methods
employing molecular probes. At this point, the concept of free volume in polymers and blends will be introduced very brieﬂy, and indications made of how this
can (qualitatively) inﬂuence the viscoelastic properties of polymer blends, particularly miscibility. Notably, an attempt is made to provide an understanding of free
volume connection to miscibility and real interfaces in polymer blends. In their
simplest deﬁnition, the nanometer-sized free volume cavities or cavities are the
open spaces or voids that have evolved as a result of the molecular architecture
and chain folding in polymers. During the past few decades of polymer research,
positron annihilation studies of polymers and blends have in particular treated
free volume as an internal material parameter through which a quite large number of viscoelastic properties of polymers and blends could be elucidated. The concept of free volume and relevant theories connecting positron annihilation studies
are brieﬂy outlined in the following section, though further details are available
elsewhere in several related reviews [82–85].

27.3
Free Volume Theory

A simple theory of free volume was formulated to explain the molecular motion
and physical behavior of the glassy and liquid states of matter [87]. This theory
has been widely accepted in polymer science because it is conceptually simple
and intuitively plausible for understanding many polymer properties at the molecular level. The derived macroscopic properties from free volume perspective are
fruitful with the assistance of quantum and statistical mechanical calculations.
Batchinsky [88] considered ﬂuidity in a liquid as being due to the presence of
free volume, and developed the simple formula
1
1
ð27:5Þ
g¼
¼
V f ðV  V o Þ
where g is the viscosity, Vf is the free volume, V is the total volume, and Vo is the
occupied volume of the molecules of the system. Equation (27.5) is of great intuitive appeal as it qualitatively describes the temperature dependence of viscosity.
However, for many systems – and especially for polymers in the ﬂuid state – this
formula is only a crude approximation. The viscosity of n-alkanes was studied
experimentally by Doolittle [87], who proposed the free volume theory used at
present. According to Doolittle, the dependence of viscosity on the free volume of
the system is expressed as
 
g ¼ Ao e

Bo V o
Vf

ð27:6Þ
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where A0 and B0 are constants. A similar equation was derived by Fox et al. [89],
except for the difference that Vo was replaced by V since Vf << V. This modiﬁed
equation was:
 
g ¼ Ao e

Bo V
Vf

ð27:7Þ

When Williams, Landel and Ferry [90] studied the temperature dependence of free
volume, the result was the famous WLF equation:



ð27:8Þ
V f ¼ V f ;g 1 þ ao T  T g
where Tg is the glass transition temperature, Vf,g is free volume at T ¼ Tg, and ao is
the thermal expansion coefﬁcient of free volume. From this relation, it is clear that
Tg becomes a natural choice as the reference temperature in the study of
polymers.
It is a well-known fact that, molecular transport in polymeric materials depends
heavily on the amount of free volume or space not occupied by polymer chains in
the material. The free volume, whether as static voids created by inefﬁcient chain
packing or as transient gaps generated by thermally induced chain segment rearrangements, presents a low-resistance avenue for the transport of diffusing molecules. In fact, the larger the pathways are, the faster are the molecules transported
through the polymer. These free volume considerations are embodied in the following statistical model of Cohen and Turnbull [91]:
D ¼ a expðbV A =V f Þ

ð27:9Þ

where a and b are positive constants, VA is the minimum volume required for
penetrant A to execute a diffusion step and hence is a measure of penetrant size,
and Vf is the average free volume size.
27.3.1
Free Volume Model and Positronium Lifetime Connection

The free volume in an amorphous polymer may be considered to be a cluster of
defects which are pinned in space but are of sufﬁcient size to allow motion into
the defect of neighboring molecular entities. In a small gas molecule, the species
diffusing into the defect may be a molecule or, in the case of macromolecular
system such as a polymer, the moving entity may be a small number of backbone
units. A simpliﬁed quantitative treatment of the free volume model [85,92],
assumes that Ps is always localized in a low-density region such as the free volume cavity, and relates the changes in o-Ps lifetime in such a cavity to the change
in total volume of the polymer [93–102]. In doing so, an account of the factors
inﬂuencing the Ps yield is made. A model was formulated to connect both the oPs yield and pick-off lifetime to the free volume in molecular materials, and in
this way a theoretical relationship can be obtained between the free volume size
and the relative number of such cavities [94,95]. A slightly different approach [93]
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was developed to explain the lifetime variation with pressure, the free energy-surface tension in the cavity to connect the void size with the Ps annihilation parameters. In polymers, the Ps lifetime is generally in the range 1 to 5 ns. Values of free
volume size have been calculated by using the group contribution method [95] or
by estimating the occupied volume (van der Waal’s) [98]. The size of the free volume cavities can also be calculated using semi-empirical relationships [103].
The viscoelastic properties of polymers can be explained based on the free volume concept. Positron physicists in particular have developed several theoretical
models to connect the free volume to positron annihilation parameters, and some
of these theoretical models are brieﬂy described here. Ferrell [92] made a theoretical study using liquid helium as a simple example to understand the pick-off
behavior of Ps in molecular substances. According to the data obtained, there are
two different types of forces which act on the Ps atom and which tend to compensate one another. One force is the attractive van der Waals-type dispersion force,
while the other is a repulsive exchange force. In general, the exchange force works
against the pick-off force, and is probably the dominant reason for the long lifetime in most materials in which Ps is formed. In about 1960 it was ﬁrst realized
that the temperature dependence of o-Ps lifetime in molecular media should be
associated with density changes in the materials. From a quantitative aspect, a
greater free volume between the molecules is the result of low density, which in
turn leads to a smaller overlap between the Ps wave function and the surrounding
molecular electrons with which Ps annihilates. Thus, the rate at which o-Ps pickoff annihilation occurs is inversely proportional to the size of the free volume
cavities.
A simpliﬁed theory was proposed by Brandt, Berko and Walker [104] in which
the positron of Ps wave function in the ﬁeld of the electron was replaced by the
wave function of the Ps atom. The Ps wave function was then calculated for different lattice structures in the Wigner–Seitz approximation. This approximation is
generally referred to as the “free volume model,” since the free volume is used as
one of the parameters in the calculation. This model relates o-Ps lifetime to the
average free volume hole size of the medium, and results construed that the o-Ps
lifetime would measure the lattice–Ps interaction. Later, Tabata et al. [105] and
Ogata and Tao [106] each adopted similar – but different – approaches by considering a unit cell and Ps located at the center instead of the center of the molecule, as
used by Brandt et al. [104].
The correlation between o-Ps lifetimes and dielectric constants in a number of
polymers was discussed by Story [107]. The most successful attempt was made by
Gray et al. [108], who found that the o-Ps quenching cross-section in n-alkenes
directly correlated with the electron polarizability of the molecule. Wilson et al.
[93] explained the dependence of pressure on o-Ps lifetimes by using a slightly
different description that Ps localizes only in low-density regions. The free volume
model developed by Brandt et al. [104] has been reﬁned by the same group, with
the inclusion of molecular vibrations and the Ore gap Ps yield. Earlier, the same
group applied the concept that Ps is formed only if a free volume larger than a
certain critical value exists [109]. According to Thosar et al. [95], the formation and

27.4 Characterization of Polymer Blends by PAS

decay of Ps atoms is conﬁned to the free volume of the medium, and there is no
electron exchange between molecules. Free volume is considered to be divided
into a number of sites of average free volume occupied by Ps atoms, which are
quenched due to pick-off annihilation. Thus, a theoretical relationship was
obtained between the o-Ps lifetime and its intensity to the free volume in molecular materials, including polymers.

27.4
Characterization of Polymer Blends by PAS

Characterization tools are crucial in order to comprehend the basic physical and
chemical properties of polymers and their blends. From the point of view of end
applications, the tools chosen facilitate the study of emerging materials by providing useful and vital information on some intrinsic properties [3,4]. Various techniques have been employed for the characterization of polymer blends [3,6], the
most common being differential scanning calorimetry (DSC) from which the Tg
can be measured and it can be inferred whether the given polymer blend is miscible or immiscible. Viscometry has also been widely used for blends in solution
form, and the miscibility properties have been understood through the Flory–
Huggins interaction parameter. For morphological studies, techniques such as
SEM and TEM have been used [3] to provide surface structure and electronic
information of the system. The development of SEM inspired the creation of other
“scanning probe” microscopies, notably atomic force microscopy (AFM) [3].
Whereas, unfortunately, these probes are limited by spatial resolution, PAS methods in contrast have become established as powerful defect spectroscopy tools in
metals, alloys, ionic materials, polymers, blends and Zeolites, due to their sensitivity and nondestructive nature. As the size of the probe (positron or the positronium) is small enough to probe the molecular and chain motions, PAS is best
suited to the study of polymers and polymer blends [110]. Conventional PLS typically probes the free volume at a depth of 200 mm into the sample, so the bulk of
the polymer is explored. It is not always true that the surface properties reﬂect the
properties of the bulk at the microscopic level; rather, the optical, SEM, TEM and
AFM tools provide surface morphology. In this context, low-energy positron
beams are capable of exploring the depth-proﬁle of the free volume in polymers
and blends ranging from several nanometers up to several micrometers in depth.
Therefore, the application of slow positron methods to polymers and polymer
blends has attracted increased attention as it provides a means of obtaining quantitative information on the free volume at different depths in the system. The full
details of PAS methods are available elsewhere in books, reviews and in conference proceedings [65,73,74,110–112]. An overview of PAS and its use in studying
the miscibility of polymer blends is presented in the following section.
Positron annihilation methods have been used extensively in studies of
the microstructure and physical and chemical properties of polymers [113–119],
polymer blends [9–62], and recently polymer-based nanocomposites [120,121].
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Owing to the complex nature of the microstructure in polymers, positron annihilation measurements were found to be sensitive to the physical properties, which
made them unique with respect to glass transition and subglass transitions. During the past 20 years, studies on polymer blends employing positron methods
have drastically increased in number, and the quality of data interpretation
[9–62]. Several attempts have been made to understand the miscibility behavior of
blends with respect to the interface formed between two immiscible polymer components [65,73,74,110–112]. Experimentally, the free volume of a polymer blend
can be measured directly and accurately using PALS. In the following sections,
details of experiments of positron annihilation are provided, albeit with special
emphasis, as this method is invariably used in polymer blend studies. Studies
conducted using Doppler broadening and coincidence Doppler broadening will
also be reviewed brieﬂy. It is interesting to note that several investigations have
reported both discrete lifetime components (average free volume size) analysis
and distribution of lifetimes (the probability distribution of free volume cavities)
which is rather more close to the real situation in a polymer blend; these two
aspects of data reduction are also presented in the following section.

27.5
Experimental Methods of PAS
27.5.1
Positron Annihilation Lifetime Spectroscopy (PALS)

The method of positron lifetime measurement with 22 Na as positron source is
shown schematically in Figure 27.3a. The positron source emits, almost simultaneously, a gamma ray of 1278 keV energy along with a positron indicating birth of

Figure 27.3 (a) Block diagram of positron lifetime spectrometer; (b) Typical lifetime spectrum of

positrons in polymers PVC, PMMA and their blend of 50/50. The instrument’s resolution
(60 Co curve) is also shown.
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the positron. The lifetimes of individual positrons, t, can be measured as the time
difference between the 1278 keV gamma ray and one of the annihilation photons
(511 keV). In reality, positron lifetime measurements involve measuring the time
spectrum of delayed coincidences (fast–fast coincidence system) between these
two gamma rays. Present-day lifetime spectrometers employ state-of-the-art detectors and advanced electronics, and today even digital lifetime spectrometers have
been developed [122]. In Figure 27.3a, the detectors D1 and D2 (BaF2 or plastic
scintillators) detect the 1278 and 511 keV gamma rays respectively. Fast signals
related to the time of emission of corresponding gamma rays are generated by
constant-fraction differential discriminators (CFDDs), after which the signals are
fed to the start and stop inputs of a time-to-pulse height converter (TPHC). Energy
selection (1278 keV for the start, 511 keV for the stop) is also provided by the
CFDDs. The fast coincidence circuit produces the gate signal for the TPHC, provided that the coincidence event of gamma rays with proper energies has occurred
simultaneously. The TPHC output signal amplitude, which is proportional to the
time delay between the 1278 keV and 511 keV gamma rays, is digitalized by an
analog-to-digital converter (ADC) and then stored in memory address in a multichannel analyzer (MCA) [123]; thus, the spectrum of the positron lifetime is
obtained as the histogram of counts N(t). The resultant time spectrum is a sum of
exponentials of lifetimes in a medium. However, in practice only up to three lifetime components can typically be resolved in molecular substances such as polymers and polymer blends, whereas in zeolites up to ﬁve to six lifetime
components can be resolved. Currently, standard computer programs are available
for analysis such as PATFIT [124–126], while PALSﬁt [127] used by many positron
research groups worldwide. The experimentally measured spectra differ from the
analytical description given in Eq. (27.10) by the convoluted time resolution function. This resolution function, which is the response of the spectrometer to
prompt coincidence events, resembles the Gaussian-like shape and is characterized by the full width at half-maximum (FWHM). In fact, the FWHM and count
rate are crucial characteristics of lifetime spectroscopy that determine the quality
of the experimental data.
The decay curve of positron lifetimes measured experimentally can be represented mathematically as:
yðtÞ ¼ N s ðtÞ

n
X

IðtÞai li exp½li t

ð27:10Þ

i¼1

where Ns is the total number of counts, ai is the fraction of positrons annihilating
with annihilation rates li, and I(t) is the instrumental resolution determined from
the lifetime spectrum in a defect-free medium [124–126]. In PATFIT or PALSﬁt
[127], this is provided by the RESOLUTION program. The number of lifetime
components “n” is equal to number of different states from which positrons annihilate from the medium. In practice, the positron lifetime spectrum of Eq. (27.10)
is convoluted with a Gaussian resolution function (sometimes a combination of
two or three Gaussians) whose FWHM ranges from 180 to 280 ps depending on
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the system conﬁguration. About 8–10% of positrons annihilate in the source
material (22 Na and the source backing), and hence proper “source corrections”
shall be made. Constant background counts must be corrected before the spectrum is convoluted [42,43]. In homogeneous crystalline materials, all of the positrons inhabit the same environment and have the same annihilation probability

per unit time. Positrons have a deBroglie wavelength of the order of 10 A at room
temperature, which is considerably greater than the lattice spacing in crystalline
materials. Consequently, only one mode of annihilation is involved in such cases,
and the resulting lifetime distribution is a single exponential decay with one lifetime component of the type:
NðtÞ ¼ N o þ el1 t

ð27:11Þ

However, in molecular media such as polymers, polymer blends and polymerbased composite materials, positron or Ps will inhabit a different environment
and have different lifetimes. As a result, the measured lifetime spectra in such
systems will represent many decaying exponentials superposed with the instrumental resolution function. Figure 27.3b shows a typical lifetime spectrum in a
polymer blend and its constituents.
Generally, three to four lifetime components are resolved in polymers, and their
attribution is as follows. The shortest lifetime component t1 with intensity I1 is
attributed to contributions from free positron annihilation (inclusive of p-Ps lifetime). The intermediate lifetime component t2 with intensity I2 is considered to
be due to the annihilation of positrons trapped at defects present in the crystalline
regions, or those trapped at the crystalline–amorphous interface boundaries. The
longest-lived component t3 with intensity I3, is due to pick-off annihilation of the
o-Ps in the free volume cavities present mainly in the amorphous regions of the
polymer [42,43]. The simple model of a Ps atom in a spherical potential well of
radius R leads to a correlation between o-Ps lifetime t3 and R [70,128–130]:


R
1
2pR
ð1=t3 Þ ¼ 0:5 1 
ð27:12Þ
þ
sin
ns1
R þ DR
2p
R þ DR
where R is the radius of the free volume cavity, and DR is the ﬁtting parameter
termed as a measure of the electron layer thickness around the free volume cavity.

A value of 1.656 A has been determined for DR, empirically making use of the
known cavity sizes from data available for molecular media and zeolites [71]. It
follows that the average cavity volume, Vf, can be calculated as (4/3)pR3.The total
fractional free volume, FV, of the polymer/blend under study is then calculated as:
F v ¼ C V f I3

ð27:13Þ


3

where C is a constant whose value is found to be 0.0018 A [9,28,61]. Despite the
simplicity of the model assumptions, Eq. (27.12) seems to hold surprisingly well
in the region of R up to 10 nm, and constitutes the base for numerous PAS applications to study the free volume and its changes in polymers and polymer blends.
Mention is made here of only few studies of polymers by using PAS to
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understand glass transitions [77,112] pressure dependencies [77,112], gas transport [131], diffusion [113–116], structural relaxation [117–119], optical properties
inﬂuenced by diffusion [116] and miscibility and phase separation in blends
[42,43,45]. Considerable debate has taken place on the interpretation of o-Ps intensity as a measure of free volume cavity concentration. Indeed, it has been inferred
that care must be exercised in attributing this parameter as it is inﬂuenced by
various factors such as irradiation effects [75,76], and the inﬂuence of chemical
species affecting Ps formation probability, such as chemical and magnetic quenching [131] and inhibition process [131]. However, the average free volume size Vf
and fractional free volume FV derived for polymers and polymer-based materials
are well understood and accepted.
27.5.1.1 Free Volume Distribution-Lifetime Analysis by Laplace Transform Method
The difﬁculties encountered in the analysis of positron decay curves, particularly in polymers and blends, limit the determination of free-volume sizes only
to average values. In reality, any molecular media will consist of free volume
cavities of the same size and also of different sizes, because the evolution of
free volume is due to chain folding and molecular packing. As such, the free
volume cavities or cavities will be of different sizes and, in order to obtain the
distribution of free volume sizes close to the actual situation, advances have
been made in the analysis of the positron annihilation lifetime spectrum using
integral transform methods. From such an analysis, it is possible to extract continuous distributions of annihilation rate probabilities. One such integral transform method used to derive free-volume and pore-size distributions from the
measured positron lifetime spectrum is the CONTIN program [132], although
other programs, such as MELT, also exist [133]. All of these advanced programs
provide basically the same information, namely the annihilation rate probability
density function (PDF).
In many porous media such as polymers, composites and proteins, the heterogeneity of the local molecular environment from which positron annihilation
occurs is expected to generate a distribution of lifetimes. In such cases it is necessary to replace the sum in Eq. (27.10) by an integral,
Z1
yðtÞ ¼ N s

laðlÞIðtÞ exp ðli tÞdl

ð27:14Þ

0

where a(l) is the annihilation rate PDF, and other parameters have the same
meaning as described above. Reliable algorithms have been developed for the
solution of Eq. (27.10) and related Fredholm integral equations based either on
eigen function expansions of the Laplace integral [134–136] or on the method of
regularization [137–142]. A constrained, regularized least-squares method for the
solution of Fredholm integral equations is available as a Fortran program called
CONTIN, developed by Provencher [139–142]. Gregory has modiﬁed this program
to solve integral equations with convoluted exponentials as kernels (CONTINPALS2) [143–145]. This approach avoids the direct determination of I(t), which is
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the resolution function of the spectrometer, by employing the decay curve of a
reference material with a well-known short single lifetime, l1
r . The CONTINPALS2 program includes source components and constant background in the
sample and reference decay curves without the need for a direct knowledge of I(t)
[144]. The method can deﬁne discrete components in the annihilation rate PDF if
their lifetimes are well separated but have the added ﬂexibility to describe continuous distributions of annihilation rates if it is demanded by the data.
The fraction of positrons annihilating with rates between l and l þ dlnl is represented as la(l)dlnl. This is the annihilation rate PDF employed by CONTINPALS2. The corresponding annihilation lifetime PDF is expressed as l2a(l). The
fraction of positrons annihilating with lifetimes between t þ dt is represented as
l2a(l)dt.
The transformation of the annihilation rate PDF that is, a(l) to the corresponding radius PDF for the free-volume regions, the sites of o-Ps annihilation is conveniently determined using Newton’s method. Therefore, the radius (R) PDF is
given by
f ðRÞ ¼ 2DRfcos½2pR=ðR þ DRÞ  1gaðlÞ=ðR þ DRÞ2

ð27:15Þ

where DR carries the same meaning as described in Eq. (27.12) and takes the

value 1.656 A. The fraction of positrons annihilating in cavities with radii between
R and R þ DR is given by f(R)dR.
For spherical cavity, the free-volume PDF is expressed as
g ðV Þ ¼ f ðRÞ=4pR2

ð27:15aÞ

Therefore, the fraction of positrons annihilating in cavities with volumes between
V and V þ dV is written as g(V)dV. Theoretical treatment using molecular dynamics and kinetic theory [146,147] has predicted that the radii and the free volume
cavities in polymer obey the distribution functions f(R) and g(V), respectively.
27.5.1.2 Free-Volume Distributions in Polymer Blends
Positron annihilation rate distributions for a typical immiscible polymer blend
PVC/PS of (80/20) composition and pure PVC and PS are shown in Figure 27.4a,
and the radius and free volume cell size distribution PDFs are shown in
Figure 27.4b. These PDFs are obtained from CONTIN-PALS2 analysis of the
measured lifetime spectra. It is clear from the distribution curves that the width
of the curve for PVC is wider compared to PS, while the blend has a distribution
in between the constituent polymer distribution, thus demonstrating the ability of
the computer routine CONTIN-PALS2 (from the present authors’ studies).
From the radius and free volume size distributions shown below, it becomes
very clear that the free volume becomes modiﬁed in the blend when the component polymers are blended, and that this distribution is unique from that of both
polymers.
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Figure 27.4 (a) Positron annihilation rate dis-

tribution PDF for PVC and PS polymers and
their blend PVC/PS (80/20) composition.
Three-peak solution obtained from CONTIN-2
program is plotted (authors’ studies);

(b) Radius and free volume distribution PDFs
for PVC and PS polymers and their blend
PVC/PS (80/20) composition. Three-peak
solution obtained from CONTIN-2 program is
plotted (authors’ studies).

27.5.1.3 Angular Correlation of Annihilation Radiation (ACAR) Method
The origin of angular correlation of annihilation radiation has been explained earlier (Figure 27.2). Owing to the ﬁnite momentum of the (eþ-e) pair, due mainly
to the momentum of the electron, there is a deviation from collinearity. Thus, by
detecting the two annihilation gamma rays in coincidence as a function of the
angle q (the deviation of the gammas ﬂying apart from 180 ), it is possible to
determine the momentum of e-eþ pairs (which gives electron momentum).
Angular correlation experiments provide an excellent momentum resolution (0.2
to 5 mrad) in comparison with DBAR experiments [67,78]. This corresponds to
the energy resolution of DBAR measurements in the range of 0.05 to 1.3 keV. As
the energy resolution obtainable from modern-day DBAR detectors is limited,
ACAR is the preferred technique when momentum resolution is very important.
On the other hand, DBAR is a simple experiment that requires very little acquisition time to acquire the same information. ACAR studies have provided very accurate estimates of Fermi energy of the system under study, and activation energy/
vacancy migration energies can also be readily obtained. As the angular correlation experiment can resolve neither the angular deviation in the x direction, nor
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Figure 27.5 Typical angular correlation curves in metals (Al and Cu).

the Doppler experiment in the y direction, the counting rate observed experimentally is given by:
Zþ1 Zþ1
N ðqz Þ ¼ c
1



dpx dpy r px ; py ; qz mo c

ð27:16Þ

1

where r(px, py, pz) is the momentum distribution of the annihilating positron–
electron pairs in the medium. When the positron is free and is in thermal equilibrium with the medium, its momentum is negligible and the angular correlation
curve represents the pz – the transverse momentum of the electrons of the
medium. As an example, the ACAR curves obtained in the case of single crystals
of Cu and Al are shown in Figure 27.5, and it is evident that the Fermi energy can
be obtained readily and accurately from ACAR measurements.
It is clear from Figure 27.5, that the contribution of free electrons and the core
electrons to the annihilation process are well resolved. The inverted parabolas represent the free electrons contributing to annihilation process, while the broad
Gaussian curves represent the contribution of the core electrons.
27.5.1.4 Doppler Broadening of the Annihilation Radiation (DBAR) Method
In relation to Figure 27.2, DBAR is due to the motion of the (eþ-e) pair in the
medium before annihilation. This is measured with a standard gamma-ray spectrometer equipped with the HpGe semiconductor detector. The energy resolution
(FWHM) of such detectors will be around 1.1 keV at 511 keV. The Doppler broadening is characterized by line shape parameters, namely S and W. The S-parameter is deﬁned as the ratio of the area of the central part (Figure 27.6a) of the
annihilation photo peak to the total area under the curve, while the W shape
parameter expresses the relative contributions of tails (Figure 27.6a) to the total
peak area. The S-parameter is attributed to the relative contribution of lowermomentum electrons to positron annihilation and is more, while the W-parameter
corresponds to the contribution of the core electrons with a higher momentum to
annihilation and is less [110,148]. A typical DBAR spectrum after background
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I3 and t3 with wt% of NBR in the EPDM/NBR
spectrum obtained with an HpGe detector. The blend. The dotted line represents the simple
dotted curve represents the true resolution of
additive rule. Reproduced with permission
the spectrometer; (b) Variation of S-parameter, from Ref. [52].

Figure 27.6 (a) Typical annihilation gamma

count subtraction is shown in Figure 27.6a, with the S- and W-parameters deﬁned.
For instance, a relative increase in the fraction of positrons trapped at the openvolume defects can be markedly reﬂected by an increase in the observed S-parameter values. A useful approach here is to present experimental data in terms of the
S–W plot, which permits qualitative conclusions to be drawn on the evolution of
defects participating in positron trapping and hence to identify the defect type.
An inherent problem in the DBAR experiment is the high background counts
due to Compton scattering of 511 and 1278 keV gamma rays [69,148–152]. This is
a particularly pronounced problem when measuring the contribution of highmomentum electrons to the annihilation peak, and is important when elucidating
the chemical environment of the defects. The background can be drastically
reduced by using the coincidence technique, which registers both annihilation
gamma rays in coincidence; this method is known as coincidence Doppler broadening (CDB). As the time required for DBAR measurements is very much less
than for ACAR, DBAR is often the preferred second method of PAS for any investigation [67,68]. If CDB is employed between the two annihilation gamma rays,
again the time required to acquire a statistically good spectrum is greater but the
information obtained in this way will be very useful and precise. The chemical
environment at the site of positron annihilation can be well understood from
CDB experiments, and consequently the technique has recently become much
more important in positron experimental research [153].
In polymers, the o-Ps intensity (I3) is a measure of relative number of free volume cavities, and it also represents the probability of Ps formation in such
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systems. With adequate precaution exercised for its origin, Jean et al. [77] developed an empirical relation connecting the surface area S encountered by o-Ps in
the free volume cavity and the o-Ps intensity as
I3 ¼ 3:0 þ 0:033 S; I3 is % and S is m2 g1 for S > 70 m2 g1
I3 ¼ 0:080 S; I3 is % and S is m2 g1

for S < 70 m2 g1

ð27:17Þ

Few successful attempts were made in ascertaining this connection [123]. Normally, BET is the standard method used to measure the surface area of mesopores
(pores between 2 and 50 nm), but the predictions of Eq. (27.17) have been well
supported by BET measurements. Therefore, this relation is effectively used in
the development of hydrodynamic interaction method described in the following
sections.

27.6
Miscibility in Polymer Blends and Free Volume

A miscible blend is a single-phase system with compact packing of the polymeric
segments due to changes in chain conﬁguration/conformation upon blending.
Differential scanning calorimetry (DSC) is the most commonly used technique to
test whether a polymer mixture has produced a miscible or immiscible blend. It is
known that the free volume in polymers is the result of chain ends, folding, and
molecular architecture; thus, for miscible blends due to compact packing, the free
volume of the blend becomes reduced. The original investigators of positrons
used the simple additivity rule for free volume to predict the free volume upon
blending. For a binary polymer blend this is written as:
F V ¼ F V1 w1 þ FV2 w2

ð27:18Þ

where, FV is the free volume fraction of the blend, FV1, FV2 are the free volume
fractions of the blend components 1 and 2, and w1 and w2 are their corresponding
volume fractions. Later it was realized that, unlike volume, free volume is not linearly additive due to the complex nature of its formation. Therefore, a new parameter termed the interchain interaction parameter (b) [9] was introduced to predict
the miscibility of a blend:
F V ¼ F V1 w1 þ FV2 w2 þ b F V1 F V2 w1 w2

ð27:19Þ

where all of the parameters carry their usual meaning. It has been observed that
the free volume parameters of the blends exhibit negative and positive deviations
from the linear additivity rule (Eq. (27.18)), depending on whether the blend is a
single-phase or two-phase system. Accordingly, the interchain interaction parameter b acquires negative and positive values, respectively (Eq. (27.19)). This indicates that, for negative values of b, the blend components establish interactions
between themselves and hence the blend is termed as miscible. Positive values of
b indicate the absence of any interaction between the components, and hence the
blend is termed as immiscible [9,12,25,42–58].
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Table 27.1 DSC scan and interchain interaction parameter results for PP/NBR and PVC/SAN
blend systems [57].

Tg range ( C)

Blend

PP/NBR
PVC/SAN

b parameter

70/30

50/50

30/70

70/30

50/50

30/70

38 to þ16
65 to 98

42 to þ16
70 to 100

25 to þ12
62 to 100

0.14
0.31

0.07
0.06

0.12
0.04

From the compiled data of b-values for various binary polymer blends (see
Table 27.2), b parameter values calculated from Eq. (27.19) show no systematic
variation as a function of composition. Rather, in certain cases b exhibits a complex behavior such as an oscillation between positive and negative values, so that
no meaningful conclusion is possible. Second, a survey of the experimental Tg
values from the DSC experiment as a function of composition revealed that no
information on which the composition of a blend would produce good interface
adhesion, so that its miscibility level would be the highest for that system. This
renders both Tg and b results inconclusive when deciding the blend composition
for the highest miscibility, and this is an important issue for blending two polymers if one is expensive. Further, DSC is not sensitive below a 15 nm domain size
of the dispersed phase in a blend. Additionally, if the Tg-values of the blend constituents are within 20  C, the Tg of the blend may become broadened and inference might be misleading due to overlap. A typical example of this is the case of
PP/NBR and PVC/SAN blends in three compositions (70/30, 50/50 and 30/70) for
which Tg and b data are shown in Table 27.1. It is clear from these data that
broader Tg-values are observed for these compositions. Further, the values of b
exhibit complexity, and therefore the measurement of b from free volume and Tgvalues from DSC methods fails to provide the composition-dependent miscibility
level. This dogma prompted research groups to seek alternatives to obtain information from the more sensitive positron lifetime measurements, and this in turn
led to the development of a new method [54] for measuring composition-dependent miscibility level in miscible and partially miscible blends. This new method,
which also provides a means of characterizing the interface in immiscible blends
[54,57], is based on hydrodynamic interaction characterized by the a parameter. It
should be noted that free volume of the blend, when measured by positron lifetime experiments, will not indicate whether the change is in the domains of component polymers or at the interface of the two components. This information is
essential to understand the characteristics of the interface which decides the miscibility level of the blend. The interactions between the blend component polymers has a direct bearing on the strength of adhesion at the interface, and hence
the hydrodynamic interaction. However, hydrodynamic interactions exclude speciﬁc interactions between the component polymers of the blend, but depend on
the ﬂow behavior of the monomers. As possible interactions between the component polymers of the blends studied are discussed elsewhere in this book, no

897

898

27 Positron Annihilation Spectroscopy: Polymer Blends and Miscibility

further discussions will be undertaken at this point; rather, a brief overview will
ﬁrst be provided on hydrodynamic interactions and their theoretical development,
and the connection with free volume.
In the case of polymers, viscosity is considered an important property to explain
the viscoelastic behavior of polymers under stress and strain [154]. At this point,
two theories are considered which deal with the ﬂow behavior of polymer mixtures: the ﬁrst, which was proposed by Rouse [155] and is based on the studies of
Kargin and Slonimsky, is KSR model; the second, as proposed by Zimm [156] and
based on the studies of Kirkwood and Risemann, is the KRZ model.
The KSR model assumes polymer molecules as a set of identical elements (segments) connected in series. Further, each segment in the polymer chain can be
visualized as a bead connected linearly, while the macromolecular coil so formed
does not disturb the ﬂow rate and no perturbation is introduced to the motion. In
other words, the beads in motion are independent of the surrounding medium. In
contrast, the KRZ model is the next step in theoretical conceptions of the KSR
model; that is, KRZ theory brings in hydrodynamic interaction between segments
of the polymeric chains due to ﬂow. The calculations of the KRZ model account
for the perturbation of the ﬂow ﬁeld rates caused by the presence of foreign bodies. In principle, two extreme cases are possible; the ﬁrst is the case where the
polymeric chain does not give rise to perturbations to the ﬂow rate; that is, no
hydrodynamic interaction is present. This limiting case is the KSR model itself,
while in the other case the space occupied by macromolecules is found to be
impermeable to the solvent, and this corresponds to maximum hydrodynamic
interaction. The ﬂow generates friction especially at the interface. In case of favorable interactions (for miscible blends), the monomers (beads) are brought closer
to each other and this results in excess friction being generated at the interface.
This in turn leads to an energy dissipation so that tension at the interface is
reduced. The energy dissipation is indicated by a negative sign of the hydrodynamic interaction parameter (a). If the miscibility is high at a certain composition of the blend, a takes on large, negative values [53,54], but for immiscible
blends a will be very small and close to zero, or it may even become positive. This
indicates the absence of any favorable interactions between the constituent polymers, and hence very little or no friction at the interface. As a consequence, a can
be considered as a measure of excess friction between the molar surfaces of the
component polymers.
Wolf’s theory simpliﬁes the above two theories [157,158]. Its considerations can
be summarized as: (i) energy dissipation occurs at the molecular interfaces; (ii)
the variation in friction between the constituents, as a function of composition, is
due to changes in the ﬂow mechanism; and (iii) the energy dissipation, quantiﬁed
by g, should be governed by the surface fractions of the molecules rather than by
their volume or weight fractions. The interrelation between the molar surface fraction (V) and volume fraction (w) of the monomer units is given by (Wolf theory):
V¼

ð1 þ cÞw
ð1 þ c wÞ

ð27:20Þ
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where c is called the geometric parameter and depends on the molecular architecture of the blend. This is deﬁned in terms of van der Waals surface (F) and volume (V) of the monomers as:
c¼

F 2 =V 2
1
F 1 =V 1

ð27:21Þ

and the subscripts 1 and 2 refer to the component polymers 1 and 2, respectively,
of the blend.
The excess viscosity (deviation from Arrhenius law) for the mixtures is written
as:
D ln g ¼ ln g  ð1  wÞln g1  w ln g2

ð27:22Þ

where g is the viscosity of the blend, and g1 and g2 are the viscosities of the component polymers. Under the assumption that the energy dissipation takes place at
the interfaces between like molecules and unlike molecules and excluding speciﬁc
interactions, for an ideal mixing law, viscosity g in terms of surface fractions V of
its components can be written as:
ln g ¼ V21 ln g11 þ 2 V1 V2 ln g12 þ V22 ln g22

ð27:23Þ

where g11 ¼ g1 and g22 ¼ g2 represent the viscosity contribution to friction
between like molecules, and g12 corresponds to mutual friction between unlike
components.
For binary blends, the expression for g12 is given by
g12 ¼ exp½a þ mð1  VÞ ðg11 g22 Þ0:5

ð27:24Þ

In Eq. (27.24), a is the hydrodynamic interaction parameter. The parameter m
accounts for the effects of collective motion; it increases the term (a þ m) in the
square bracket (correction for nonideal intermolecular friction) in the limit of inﬁnitely dilute solution (V ! 0; nondraining coils). Substituting the above equations
into Eq. (27.22) and simpliﬁcation leads to:
n
o wð1  wÞ
D ln g ¼ d½cð1 þ c wÞ2  ð1  wÞð1 þ cÞ þ 2 að1 þ cÞ2 w þ ½g rð1  wÞ
ð1 þ c wÞ3
ð27:25Þ

where d is deﬁned as
d ¼ ln g2  ln g1

ð27:26Þ

This can be determined by the viscosities of the components of the blend. In Eq.
(27.25), r is the density of the blend.
According to Wolf et al. [158], a thermodynamic preference of contacts between
the molecules of component 1 (solvent) and component 2 (polymer) leads to a
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reduction in intermolecular friction due to an increased tendency of the unlike
molecules to move conjointly in the blend.
All materials exhibit some viscoelastic response. Viscoelastic materials include
amorphous polymers, semicrystalline polymers, biopolymers, metals at very high
temperatures, and bituminous materials. To be precise, viscoelasticity is a molecular rearrangement. When stress is applied to a viscoelastic material, such as a
polymer, parts of the polymer’s long chains will change position; this movement
or rearrangement is known as creep. Polymers remain as a solid material even
when such parts of their chains are undergoing rearrangement, in order to accompany the stress, but as this occurs it creates a back-stress in the material. Recalling
the theory of free volume presented earlier, and its connectivity to viscosity
(Eq. (27.5)), it becomes clear that free volume and viscosity are inversely related
[90]. Subsequently, by adopting this basic concept Ranganathaiah et al. [54] modiﬁed the theoretical equations of Wolf et al. [157] and deduced an expression for the
hydrodynamic interaction parameter a suitable for a blend in solid phase similar
to Eq. (27.25) [53,54]. According to this, in order to determine the hydrodynamic
interaction parameter a, the geometric parameter c must ﬁrst be calculated, and
this is done by using the experimentally measured values of fractional free volumes and volume fractions in the following equation [53,54]:

1
w1
w
c w1 w2
FV ¼
þ 2 þd
ð27:27Þ
F V1 F V2
1 þ c w2
and d is now expressed in terms of fractional free volumes of the component polymers as
d ¼ ½ð1=F V2 Þ  ð1=F V1 Þ

ð27:28Þ

The ﬁnal expression employed for the determination of hydrodynamic interaction
parameter a is
n 
o1 ð1 þ c w Þ3

ð1Þ
2
DF V ¼ d cð1 þ cw2 Þ2  w1 ð1 þ cÞ þ 2að1 þ cÞ2 w2 þ e FV rw1
w1 w2
ð27:29Þ

here DFv is deﬁned as
DF V ¼

1
w
w
 1  2
F V F V1 F V2

ð27:30Þ

where FV1 and FV2 are the fractional free volumes, w1 and w2 are the volume fractions of constituents 1 and 2 of the blend, respectively, and FV is the fractional free
volume of the blend. In the original theory, c was considered to be constant (i.e.,
composition-independent) and was expressed as:
c ¼ ðN 2 =N 1 Þ  1

ð27:31Þ

where Ni¼1,2 is the ratio of molar surface fraction to the volume fraction of 1 and 2,
respectively. Mertsch and Wolf [159] described c as being more dependent on
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the molar surface fraction, and not on the volume fractions, as the surface fractions quantify the geometric effects in the molecular architecture of the system,
particularly those involving conformation that results in close packing. According
to the deﬁnition of c (see Eq. (27.21)), it is a constant for a given pair of polymers
in a blend. However, c is certainly not independent of the composition as the
geometric molecular arrangement changes with composition, a point strongly
supported by Wolf et al. and pursued by Ranganathaiah et al. in their modiﬁcation [53,54]. The latter authors have calculated the c value from free volume data,
where the molar surface and molar volume fractions were replaced by the free
volume surface area S and FV. Subsequently, S was calculated from the relationship I3 ¼ 3.0 þ 0.033S, where I3 is the o-Ps intensity [53,54]. As an example, the
value of c was calculated from free volume data for SAN/PMMA miscible blend,
and was found to be 0.256. The same c was calculated according to Bondi’s
group contribution method [160], based on van der Waals surfaces and van der
Waals volumes, for the two-component polymers of SAN and PMMA with the
deﬁnition (Eq. (27.31)). As this gave a value of 0.183, it could be concluded that
a reasonable agreement between calculations (despite 33% deviation) is
obtained. The authors of the method [53,54] claimed that the free volume was a
better parameter compared to viscosity by comparing the existing data. When
Kapnistos et al. [161] investigated polystyrene (PS)/poly(vinyl methyl ether)
(PVME) miscible blends by viscosity measurements, they evaluated c as 0.35,
whereas Bondi’s method gave a c-value of 0.15 for the system. When taking
into consideration the large discrepancy (80%) between the viscosity measurements and Bondi’s method, it was argued that the free volume measurement was
a better parameter as the molecular architecture has a direct bearing on the free
volume evolution. This was the ﬁrst positron measurement (free volume) to evaluate c for polymer blends, and the claims of the authors were well supported
when the method was applied to several polymer blends [50,53,54,57,63,64] and
showed clearly that c does indeed depend on the composition of the blend. Equation (27.29) was then ﬁtted with all of the experimental values, namely fractional
free volumes, volume fractions and c obtained from Eq. (27.27), to obtain the
hydrodynamic interaction parameter a.
27.6.1
Free Volume and Miscibility Studies in Blends

The ﬁrst positron annihilation lifetime (PAL) measurements on polymer blends
were conducted by Jean et al. [9], who investigated the free volume properties of:
(i) a miscible blend, namely tetramethyl-bisphenol A polycarbonate (TMPC) and
polystyrene (PS); and (ii) an immiscible blend, namely bisphenol A polycarbonate
(PC) and PS. It was observed that TMPC formed a miscible blend with PS as it
had larger fractional free volume cavities than PC. For the miscible blend, the free
volume showed negative deviation from the linear additivity rule (Eq. (27.19)),
whereas for immiscible blend it was observed that the free volume, as detected by
o-Ps lifetime as a function of composition, was complicated due to the presence of
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Figure 27.7 (a) Free volume hole size distributions in PS/TMPC blends; (b) Calculated interchain interaction parameter in PS/TMPC and PS/PC blends. Reproduced with permission from
Ref. [9].

interfaces. The free-volume cavity distribution is additive in the miscible blend
(Figure 27.7a), while a signiﬁcant broadening was observed in the immiscible
blend (not shown here). The observed negative deviation of the free-volume fraction for the miscible blend was interpreted in terms of segmental conformation
and packing between dissimilar polymers. The interchain interaction parameter b
for the miscible and immiscible blends is shown in Figure 27.7b, where it can be
seen that, for the TMPC/PS blend, b was negative throughout the composition
range studied, whereas for the PC/PS blend it exhibited both negative and positive
values; hence, the latter blend could be considered as miscible up to 60% of PS,
beyond which it would be immiscible.
In another early investigation [11], an attempt was made to connect the mechanical properties of the blends to free volume data. It was inferred that the mechanical behavior could be rationalized in terms of the free volume behavior. The
polyester blend free volume hole size decreases (i.e., the free volume contracts)
on mixing and exhibits higher than average yield strengths and brittle impact
responses. The polycarbonate (PC)/poly(aryloxysiloxane) (PAS) blends either
retained or gained free volume on mixing, and exhibited average yield strengths
and average ductile impact responses of the constituent polymers. A typical variation of the free volume in blends is shown in Figure 27.8a, where it is apparent
that the blend loses free volume or that a contraction occurs in the free volume
upon blending; as per Equation (27.19), b is negative for the results shown in this
ﬁgure. The radius distribution of the PP/EPDM blend is shown in Figure 27.8b
[12], where the width of the distribution can be seen to be smaller than the width
in PP and EPDM. The authors suggested that the size of the free volume is
decreased upon mixing, and that such an effect might be due to interactions
between the constituent polymers in the blend.
An interesting study to determine the inﬂuence of temperature on blend free
volume was carried out on PS/PPE blend [19]. Figure 27.9a clearly demonstrates
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Figure 27.8 (a) Fractional free volume as a

function of % CDACD to show the deviation
from additivity rule. Reproduced with permission from Ref. [11]; (b) Free volume radius

distribution in PP, EPDM, and PP/EPDM
blends with 30% EPDM. Reproduced with permission from Ref. [12].

the inﬂuence of temperature on free volume size distribution, as deduced from
the measured o-Ps lifetime for a 50/50 composition. In this case, variation was
observed in the free volume size distribution, as the average free volume size was
increased and the smaller free volume fraction was decreased as the PPE content
was increased. The temperature dependence of free volume size was conﬁrmed by
the fact that the Tg-value of the blend (50/50) shifted to a higher temperature as
the PPE content was increased. Taken together, this evidence suggested that larger
free volumes are generated close to the backbone chain of PPE as the PS content
was decreased, and that o-Ps was more favored to annihilate in larger free volumes. One important observation of this study was that the PS/PPE blend

Figure 27.9 (a) Variation of free volume size distribution (PDF) for PS/PPE blend for different

temperatures. Reproduced with permission from Ref. [19]; (b) Fractional free volume as a function of EPDM content in PP/EPDM blend. Reproduced with permission from Ref. [23].
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Figure 27.10 (a) Electron-beam irradiation

effects on free volume size variation PPE/EVA
blend (PPE ¼ 30%). The solid line indicates
unirradiated, the dashed line indicates irradiated at 100 kGy. Reproduced with permission
from Ref. [24]; (b) Ratio curves of CDB spectra

for PE/CPE blends. The x-axis is the momentum of the annihilating positron-electron pair
in units of 103mc. The inset shows the variation of the W parameter, defined as the fraction
of chlorine concentration. Reproduced with
permission from Ref. [25].

appeared to be miscible on a macroscopic scale, yet the free volume results on a
subnanoscopic scale suggested that they would not mix with each other. In other
words, mixing at the molecular level can be understood only from free volume
studies.
The positron lifetimes were measured in poly(propylene-co-ethylene) (PPE)/poly
(ethylene-co-vinyl acetate) (EVA) blends containing 10, 30, 50 and 60 wt% PPE,
before and after electron-beam irradiation. As can be seen from the results (see
Figure 27.10a), for the irradiated samples at low electron doses (up to 100 kGy) a
crosslinking process of polymer chains was observed which narrowed the width of
the free volume size distribution. In comparison with wide angle X-ray diffraction
(WAXD) results, free volume results are capable of discerning to some extent the
differences in molecular mobility of the elastic (EVA) and plastic (PPE) phases of
the blend. At higher doses of electron-beam irradiation, chain scission was indicated by an increase in the width of free volume size distribution. When Kobayashi et al. added CPE to PE they observed shorter lifetimes of localized electrons
available for Ps formation, while the addition of EVA resulted in a longer lifetime,
accompanied by a decrease in Ps formation probability (I3). In the former system,
electrons produced by positron irradiation underwent a dissociative attachment to
CPE, while the resultant chloride ions captured positrons to form the complex of
charge-induced positrons (CIPs), which was clearly evidenced by CDB spectroscopy data (see Figure 27.10b). In the latter system, EVA trapped not only the electrons produced by positron irradiation but also the positrons. The electrons
trapped on EVA form Ps, but positron trapping on EVA resulted in a suppression

27.6 Miscibility in Polymer Blends and Free Volume

Figure 27.11 (a) Relative fractional free volume experimental data. The dotted line shows the

as a function of NBR content in unvulcanized
PP/NBR; (b) For vulcanized PP/NBR blend.
Solid curves are drawn to guide the eye for

linear additivity rule. Reproduced with permission from Ref. [48].

of Ps formation, which was an interesting result on positron interaction with the
structure of the blend.
Studies have also been conducted on polypropylene (PP)/nitrile butadiene rubber (NBR) blends to understand the effect of dynamic vulcanization on blend
properties [48]. The results in Figure 27.11a show an increase in free volume size
in the nonvulcanized blend as the NBR content was increased, due to the strong
incompatibility between the blend components. While the dynamic vulcanization
resulted in a signiﬁcant increase in the free volume size, the fractional free volume was decreased. As can be seen in Figure 27.11a and b, the fractional fee volume in the nonvulcanized blend showed a positive deviation from the linear
addition, which suggested incompatibility between PP and NBR and hence an
additional free volume being evolved during the process of blending. The inﬂuence of vulcanization can be clearly seen in Figure 27.11b, that dynamic vulcanization introduces some level of compatibilization between PP and NBR, which
results in a decrease in the fractional free volume of the blend and deviates negatively from the additivity rule. In spite of this contrasting free volume behavior in
nonvulcanized and vulcanized blends, however, no substantial change was
observed in the blends’ mechanical properties. Thus, it was concluded that PP
and NBR polymers are so incompatible that dynamic vulcanization was insufﬁcient to improve the mechanical properties by establishing chain linkages. However, morphological differences that emerge at the molecular level upon
vulcanization can be easily seen in the positron results.
One important polymer used in blending is the ethylene propylene diene monomer (EPDM). An interesting study involving EDPM was conducted with poly(trimethylene terephthalate) (PTT), using PLS and DSC measurements. The DSC
results for blends of 50/50 and 40/60 composition showed clearly two Tg values,
indicating a phase-separated blend. No melting point depression was observed for
the blend, which strongly supported the incompatibility of the components. Positron results showed increase in both free volume size and fractional free
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Figure 27.12 (a) Relative fractional free volume and (b) b parameter for PPT/EPDM blend.
Reproduced with permission from Ref. [43].

volume (Figure 27.12a) [43] with increasing EPDM content. This could be due
to the creation of free volume and hence resulted in phase separation. An interesting point here was that the fractional free volume exhibited neither a negative nor
a positive deviation from the linear additivity rule; in fact, it agreed very well with
the additivity rule, which is rarely observed in binary blends (Figure 27.12a). The
interchain interaction parameter evaluated from these results showed a complex
behavior (Figure 27.12b), however, eliciting its inability to provide information
about which composition had produced some compatibility and which composition had produced a high incompatibility resulting in immiscibility. Further support to free volume data was obtained from XRD results; the decrease in
crystallinity correlated well with the increase in fractional free volume, which was
observed for several other systems.
It is evident from the above discussion that the free volume data derived from
positron lifetime measurements is incapable of providing information on the
composition-dependent miscibility level of the blend. At this point, a new method
based on the same free volume data measured from positron lifetime measurements was introduced to determine the miscibility of binary blends. The new
method was based on hydrodynamic interactions (the mathematics required have
been explained in detail earlier), and calculations of the c parameter derived from
the hydrodynamic interaction approach were made for three selected polymer
blends, namely poly(styrene-co-acrylonitrile) (SAN)/poly(methyl methacrylate)
(PMMA) (completely miscible), poly(vinyl chloride) (PVC)/poly(methyl methacrylate) (PMMA) (partially miscible) and poly(vinylchloride) (PVC)/polystyrene
(PS) (immiscible) (see Figure 27.13). As can be seen, this parameter behaves similar to the interchain interaction parameter b, in the sense that it exhibits a complex behavior making it difﬁcult to determine the composition-dependent
miscibility of the blends.
The hydrodynamic interaction parameter is then plotted as a function of
composition, as shown in Figure 27.14 for these blends. It was very clear that, for
the miscible blend SAN/PMMA, a was highest (63.4) at 20% PMMA in the
blend and about –12.4 at 50/50 cocontinuous phase. This inferred that an 80/20
composition would be optimal for the SAN/PMMA blend, producing the highest
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Figure 27.13 The geometric factor as a function of PMMA, PS and PVC contents in SAN/
PMMA, PVC/PS and PVC/PMMA blends. Reproduced with permission from Ref. [63].

miscibility level. In the case of the partially miscible blend PVC/PMMA, a was
very small (<1) but showed maxima at 20% and between 70% and 80% PMMA
content. Compositions where a is close to zero produce immiscible blends,
whereas for others a miscible blend with a poor miscibility level is produced, as a
is very small but negative; therefore, this is a partially miscible blend. Finally, for
the immiscible blend PS/PVC, a was very small and close to zero for the entire
composition range; hence the blend can be concluded as immiscible. Therefore, a
can be regarded as the parameter of choice to provide information on levels of
miscibility, since such information is not forthcoming from free volume data
alone. This example shows clearly the usefulness and strength of this approach
for binary polymer blend studies.
The hydrodynamic interaction approach appears adequate in most cases for
describing the composition-dependent miscibility level. Currently, a considerable
amount of data is available on binary polymer blends, particularly from positron
annihilation studies. Hence, the interpretation offered with regard to miscibility
may not be effective, especially in the case of partially miscible blends when some
inferences are vague.
In this chapter, data have been presented based on a hydrodynamic interaction
approach, and studies conducted by other research groups have been reviewed
and reinterpreted to demonstrate the efﬁcacy of this new method. Compositiondependent miscibility studies will clearly throw light on interfaces in binary

Figure 27.14 Hydrodynamic interaction parameter (a) as a function of PMMA, PVC and PS contents
in SAN/PMMA, PVC/PMMA and PS/PVC blends. Reproduced with permission from Ref. [63].
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blends that cannot be acquired by any known methods. In Figure 27.14, the a-values are different from those in earlier studies [54] as relative fractional free volume was used instead of the fractional free volume; hence, in order to bring
uniformity to the treatment of these data, the fractional free volume was used for
the 25 blends presented in Table 27.2. There was also a small change in the ﬁnal
expression [Eq. (27.29)] from Refs [53] and [54] – hence the difference in the magnitude of a reported in Table 27.2. When selecting data from the literature, great
care was exercised that only free volume data from published studies which provided complete information on the component polymers used in the fabrication of
blends (e.g., molecular weight and density) would be considered. However, with
this constraint in place, not all of the data available could be used in compiling
the hydrodynamic interaction parameter as a function of composition, as reported
in Table 27.2.
In Table 27.2, the free volume data (i.e., o-Ps lifetime, o-Ps intensity and fractional free volume) and parameters of the hydrodynamic method namely [i.e., c
and a, from Eqs (27.27) and (27.29) respectively], together with the interchain
interaction parameter b [ from Eq. (27.19)] are tabulated. Also shown are the inferences drawn by the respective research groups (column 6). The ﬁnal column gives
the present author’s inference, based on hydrodynamic interaction approach. As
can be seen, the main difference between the inferences from the hydrodynamic
approach and others is that a provides the composition of a blend which has the
highest miscibility level; the other two parameters, b and c, do not provide this
information, which is totally new and absent from earlier works. The table list
seven completely miscible blends, with SAN/PMMA having the highest miscibility (a ¼ 63.4) at 80/20 composition and the least miscibility (a ¼ 4.85) for PS/
TMPC at 20/80 composition. There are six partially miscible blends, with the
highest miscibility (a ¼ 21.5) being for the PTT/PC blend at 20/80 composition,
and the least miscibility (a ¼ 2.79) for the PEG/PAM blend at 20/80 composition. In order to scale the results for a standard format, is was designated that if
the a-value was <1 but negative or close to zero or positive, then such blends
would be inferred as immiscible. However, if the a-value was >1 and negative,
such blends would be inferred as miscible. The degree of miscibility could be
decided on the magnitude of the a-value (with negative sign), taking the highest
level of SAN/PMMA blend. Another important point of observation is that, for
partially miscible blends, the DSC or free volume data do not specify the composition-dependent miscibility level, nor which compositions would result in
immiscible blends. In contrast, an a-based inference would provide this information clearly and satisfactorily. Recently a veriﬁcation of Ranganathaiah’s method
measuring miscibility level in binary polymer blends is reported from a different
laboratory. Meng et al. [163] have reported the studies on three blends of SBS/PS
covering the all the three types of blends, namely miscible, partially miscible and
immiscible by following the method of Ranganathaiah. The a obtained from free
volume data reveal that star-shaped SBS 411 in SBS/PS blend showed the highest
miscibility in spite of less styrene proportion (31%). The superior mechanical
properties were achieved for this blend compared to liner SBS containing blends.
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27.7
Future Outlook

It is clear from these discussions of available free volume data that the measurement
of free volume using PLS is in itself insufﬁcient to provide information on the level
of miscibility of binary polymer blends. In blending technology, a set of desired properties can generally be obtained by adding a small amount of an expensive polymer
to an inexpensive polymer, and hence composition-dependent miscibility level is an
important aspect. It has been shown that modeling free volume parameters in order
to extract the hydrodynamic interaction parameter, based on well-known theories,
has proved to be very effective for this purpose. However, further studies are necessary to understand miscibility in terms of this new approach, which is not forthcoming from any of the presently available analytical tools. The hydrodynamic approach
based on free volume could also be extended to ternary blends, an area which is
presently faced with complex problems as the number of interfaces becomes threefold compared to binary blends. Recently, this approach has been shown to work
quite well for ternary blends [162], although further studies are needed to establish
the method as a qualiﬁed standard characterization tool for polymer blends.
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activation energies 151, 153
– apparent 136
– crosslinking 139
adhesion energy 110
adsorbate–adsorbent interactions 329
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amorphous semiconductor materials 802
amplitude-average decay time 825
Anabaena cyanobacterium 601
analog-to-digital converter (ADC) 889
analytical vs. inverse gas chromatography 328
angular correlation of annihilated radiation
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Avrami approach 850
azoisobutyronitrile (AIBN) 171

b
band gap transition 804
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BCPs. see block copolymers (BCPs)
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bisphenol A polycarbonate (PC) 377
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260–264, 513–515
– blends of 224–228
– ordered phases 264–267
– phase diagram 266
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Boltzmann’s law 9
Bondi’s method 901
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Bragg–Brentano conﬁguration 210
Bragg ionization chambers 770
Bragg-peaks 224, 265
Bragg-reﬂections 265
Bragg’s law 211
Brownian diffusion 742, 744
Brownian motion 119
Bruggeman formula 302
Bruggemann effective medium approximation
(BEMA) model 311
Bruker FT-IR imaging system 708
bulk heterojunction (BHJ) devices 696
butadiene-rich phase 561
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c
cadmium sulﬁde (CdS) 545
Cahn–Hillard theory 106
Cahn–Hilliard equation 464, 465, 515, 516
camphorosulﬁnic acid (CSA) 762
Capronor system 170
carbon black 151
carbon nanotubes (CNTs) 377
carboxylated polyester resin 871
carboxyl-terminated copolymer of
butadiene 139
carboxymethyl cellulose (CMC) blends
– molecular dynamics 860
cashew nut shell liquid (CNSL) 763
castor oil-based polyurethane (PU) 860
Cauchy function 302
13
C cross-polarization (CP) 680
CDACD, PC-based blends
– fractional free volume 903
cellulose 52

– blends containing 54, 55
cellulose acetate (CA) 681
– poly(acryloyl morpholine) (PACMO) 681
– TH
1 values 683
cellulose acetate butyrate (CAB) 51
cellulose acetate butyrate blends 724, 725
– FT-IR and FT-NIR imaging of 724–727
– spherulitic structure of 724–727
cellulose acetate propionate (CAP) 51
charge carriers 793
charge coupled devices (CCDs) 213, 823
charge-induced positrons (CIPs) 904
chemisorption 341
chemometric methods 336
– application of 336, 337
chemorheology 153
– MMTmodiﬁed epoxy 152, 153
chitosan blends 52, 418, 664, 665
– blends containing 55
– modiﬁcation 419
– SCP ratio 419, 420
– water vapor transmission rate 420
chitosan particles spray
– SEM images of 569
chitosan-poly (vinyl alcohol) (PVA) blend 418
– ﬁlms 419
– interpenetrating polymer networks 419
– isotherm curves of sorption 419
– sorptive properties 419
chlorinated polyethylene (CM) 272
chlorinated polyethylene (CPE) 386
chlorosulfonated polyethylene (CSM) 272
chord distribution function (CDF) 232
chromophore 798
cis-polyisoprene (CPI) 381
cis-polyisoprene/trans-polyisoprene (CPI/TPI)
blends 375
cloud-point determination 162–165
cohesive energies 17, 18
coincidence Doppler broadening (CDB) 895
– experiment 881
Cole–Cole relationship 851
collagen 52
collagen/synthetic polymer blends
– FTIR spectra 664
commercial products based on miscible
blends 159
– polystyrene (PS)– poly(phenylene oxide)
(PPO) 159
– poly(vinyl chloride) (PVC)–nitrile
rubber 160
– poly(vinylidene ﬂuoride) (PVDF)–poly
(methyl methacrylate) (PMMA) 159

Index
COMPASS software 20
compatibilization 120, 121, 269, 282
– kinetic criteria 121
– morphology development in compatibilized
blends 121–123
– – inﬂuence of compatibilizer concentration
on 123
– – Marangoni stress 121, 122
– – steric repulsion 122
– objectives of compatibilizers in blending
process 120
– techniques 94, 123, 124
– – addition of preprepared copolymer 124
– – addition of reactive low-molecular-weight
compounds 125, 126
– – addition of reactive polymer 125
– – solid-state shear pulverization 126
compatibilizer 109
competition, of phase dissolution and
crystallization 190–197
complementary dissimilarity 16
complex refractive indices 299
complex viscosity 137
– frequency dependence 137
confocal microscopy 3, 610, 613
– polymer blends, characterization of
543–547
conjugated polymers, bonding in
conducting 800
constant-fraction differential discriminators
(CFDDs) 889
CONTIN-PALS2 program 892
CONTIN program 891
continuous-wave EPR (CW-EPR) systems
736, 737
copolymerization 138, 159
– block-and-graft 159
– random 159
copolymers 83, 84, 260
correlated barrier hopping (CBH) 860
corrosion-resistant 1
coumaroneindene (CI) 381
Cox–Merz rule 137
creep compliance 398
creep data 405
creep polymers 395
creep response 397
crosslinkers 382
– storage modulus curve 382
crystalline–amorphous interface
boundaries 890
crystalline lamellar PHB domains 717
crystallites 228, 789

crystallization kinetics 181
CTBN rubber 139
curing kinetics 137
curing process 134
curing temperature 134, 136
current–voltage characteristics 317
cyanate ester (BACY), thermal and dielectric
properties 868
cyclohexane 341

d
DBAR measurements 893
deBroglie wavelength 890
deﬂection temperature under load
(DTUL) 384
deformation micromechanisms 554
deformed lamellar SBS triblock copolymer
– higher-magniﬁcation TEM images of
572
dehydrochlorination reaction 358
density of states (DOS) 807
2D EPRI experiment, schematic
representation 741
deuterated PB (DPB) 613
– bicontinuous structures, time evolution
of 614
deuterated poly(methyl methacrylate)
(d-PMMA) 585, 779
– depth proﬁles 781, 782
deuterated polystyrene (d-PS) 780
– phase separation 778
– polymer blend ﬁlms 777
– vs. depth, volume fraction 774
deuterated poly(xyleyl ether) (d-PXE) 775
deuterium lamp 811
deuterium NMR spectroscopy 692
Dexter exchange energy transfer 828
2D-FTIR spectroscopy 665–668
DGEBA epoxy 139
– resin 151
4,40 -diamino-3,30 -dimethyl dicyclohexyl
methane 139
4,40 -diaminodiphenylmethane (DDM)
hardener 870
4,40 –diaminodiphenylsulfone (DDS) 307
diblock copolymers 260, 266, 267
1,2-dichloroethane 171
dielectric loss peak intensity 849
dielectric relaxation spectroscopy 849
– amorphous polymer blends, dielectric
relaxation spectroscopy of 853–862
– chemically reactive polymer blends 868–872
– relaxation spectrum analysis 850–852
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– relaxation spectrum, temperature effect 852,
853
– semicrystalline polymer blends 862–868
differential scanning calorimetry (DSC) 222,
274, 626, 747, 878, 887, 896
– measurements 713
diffraction 211
diglycidyl ether of bisphenol A (DGEBA) -based
epoxy resins 138, 565
– diaminodiphenyl-methane (DDM) cured
blends of 565
N,N-dimethylformamide 860
– solution 633
dioctyl phthalate (DOP) 763
dip coating 552–553
2,2-diphenyl-1-picrylhydrazyl (DPPH)
crystals 739
dipole–dipole interactions 2, 3, 99
DMA. see dynamic mechanical analysis (DMA)
DMTA. see dynamic mechanical thermal
analysis (DMTA)
Doppler broadening of annihilation radiation
(DBAR) 880, 881
Doppler shift 880
double-beam conﬁguration 810
double-beam spectrophotometer 810
double electron electron resonance
(DEER) 737
ductile fracture mode 38
dynamic mechanical analysis (DMA) 626, 747,
849
dynamic mechanical experiment 396
dynamic-mechanical relaxation times 136
dynamic mechanical thermal analysis
(DMTA) 4, 365, 366, 395, 396
– analyzers 366, 367
– to analyze viscoelastic behavior of
polymers 368, 369
– geometries of experimental testing 367
– modeling viscoelastic behavior 373
– viscoelastic spectra 369
– – ﬂowing 373
– – glass–rubber relaxation 371, 372
– – glassy state 369–371
– – recrystallization or curing 372, 373
– – rubbery plateau 372
dynamic oscillation rate 137
Dysonian shape 761

e
EC plasticization 362
elastic recoil detection analysis (ERDA) 766
elastic scattering 767

electrochemical impedance spectroscopy 849
electroluminescent polymer blends 586
electromagnetic radiation 791
electromagnetic spectrum 792
electronic energy transfer processes 882
electronic excitation 793
electronic photoexcitation 822
electron magnetic moment 733
electron microscopy (EM) 551
electron multiplying CCD (EMCCD) 710
electron paramagnetic resonance
spectroscopy 731
– background 732–747
– deuterated polystyrene 780
– deuterium depth resolution map 772
– deuterium, real-time variation of 773
– dPMMA, depth proﬁles 781, 782
– electron spin resonance (ESR)
spectroscopy 732
– forward recoil spectrometry (FRES) 766
– free radical concentration 757
– FRES experiments 767
– HAS stabilizer 745
– HDPE/PA6 757
– 4Heþþ FReS data 777
– imaging experiment 739
– LE-FRES volume fraction proﬁle 779
– Lorentzian peak-to-peak linewidth 765
– microwave frequency bands 736
– microwave pulse, formation 738
– missing angles, cone of 741
– nitroxide biradicals, two-dimensional (2D)
spectral-spatial perspective plot 740
– nitroxide molecule symmetry 744
– PANI–PEO ﬁber 762
– PCHA weight fraction in PCHMA/PCHA
blends 754
– peak-to-peak line width signal 763, 764
– PE/SBS blends e-beam-irradiation 756
– piperidine nitroxide spin probes, chemical
structures of 748
– polymer blend, volume fraction proﬁle 769
– polymers, ion beam analysis of 766
– polystyrene (PS) blend 765
– PP and PP/ENR blends e-beamirradiation 760
– PP/EVA blends e-beam-irradiation 759
– PP/SBS samples 759
– PS ﬁlm onto PMMA-anh layer 776
– simulated X-band EPR spectra 735
– spin probe general formula 745
– STMAA-12 copolymer, tempol spin
probe 751
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– STMAA crosslinking density 752
– SWCNT/PS nanocomposites, polymer tracer
diffusion 775
– tempamine, in PS(OH)-8/PP 750
– temperature dependence 763
– thickness regimes 780
– time-of-ﬂight detector system 770
– TINUVIN770 746
– volume fraction d-PS versus depth 774
– X-, Q-, and W-band continuous-wave EPR
spectra 736
electron–positron annihilation 878
electron spin echo envelope modulation
(ESEEM) 737
electron spin echo (ESE) signal 738
electron spin energy level, schematic
representation 733
electron spin resonance (ESR) spectroscopy 5,
732
electrostatic coulombic forces 807
ellipsometric porosimetry 311
ellipsometry 3, 299
energy diagram 822
enthalpy 2, 8, 10, 11, 330
– of mixing 95, 96
– regular solution 11
– of vaporization 17
entropy 8, 9, 138, 330
– combinatorial 10, 332
– factor 2
– of mixing 96–98
– mixing of ideal solutions 8
environmental scanning electron microscopy
(ESEM) 569
EOC-rich blends 558
EPDM elastomer 275
epoxidized (eSBS) block copolymer 566, 567
epoxidized natural rubber (ENR) 354
epoxidized natural rubber/ethylene propylene
diene monomer (ENR/EPDM) blends
274
epoxidized styrene-butadiene linear diblock
copolymer-modiﬁed epoxy 150
epoxy/amine system 136
epoxy monomers 150
epoxy-phenolic system 137
epoxy resin-based nanostructured blends
565
epoxy resin/PEI blend 432
epoxy system 137
EPR imaging (EPRI) 738, 739
EPR signals 747
EPR spectra hyperﬁne structure (HFS) 734

EPR spectral analysis 744
EPR spectroscopy 741, 747
– continuous-wave 747
equilibrium phases 104
ethylbenzene 171
ethylene alcohol vinyl (EVOH) 637, 639
– bending band diffusion coefﬁcients
640
– diffusion coefﬁcients 639
ethylene-propylene-diene-based (EPDM)
rubbers 381
ethylene propylene diene monomer
(EPDM) 905
ethylene–triﬂuoroethylene copolymer
(ETFE) 588
ethylene vinyl alcohol (EVOH) 375
Euler angles 743
excitation function 825
exothermic curing reaction 137
extinction coefﬁcient 300, 809

f
F8BT blend 586
F8BT photoluminescence spectra 839
F8BT:TFB blend thin ﬁlms 586
Fermi contact interactions 734, 735, 745
Fermi energy 893
Fick’s law, for thin ﬁlm diffusing 776
Fick’s second law 638
ﬁlm, by dropping 552
ﬁlm-formation, mechanisms in systems
containing polymer 316
ﬁnite concentration of test solutes
(FC-IGC) 329
Flory–Huggins chi-parameter 829
Flory–Huggins description, thermodynamics
theory 626
Flory–Huggins equation 102, 417
Flory–Huggins interaction 103, 331
– parameters 261, 307, 340, 887
– – for “multiple” systems 333, 334
– extension of model to systems with speciﬁc
interactions 19–24
Flory–Huggins parameters 340
Flory–Huggins solute-polymer interaction
parameter 332
Flory–Huggins theory 7, 9, 10, 13–17, 98,
246, 335
ﬂuorescence microscopy 3, 610, 612
– diffraction barrier 615
– fundamentals of 609–612
– measurements 611
– polymer blend systems
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– – 3D structure, real-space
measurement 612–614
– – spectroscopic information 614–615
ﬂuorescence resonant energy transfer
(FRET) 614
ﬂuorescence-SNOM 843
– images 617
ﬂuorescence spectroscopy 821, 823
– extrinsic ﬂuorescent labels 844
– fundamentals of 822
– microscopy 830
– nonconjugated polymeric materials 821
– polymer blends 830–840
– quenching 827–830
– steady-state ﬂuorescence 823
– systems requiring extrinsic labels
840–844
– theory 822, 823
– time-resolved ﬂuorescence 823–827
– time-resolved measurements 824
ﬂuorescent moiety 611
ﬂuorescent molecular system,
continuous-wave excitation of 823
focal plane array (FPA) detectors 705
– FT-IR imaging measurement 709
forbidden transitions 795
F€orster (dipole–dipole coupling) exciton
transfer 833
F€orster radius 614
F€orster resonance energy transfer (FRET) 828,
829
forward recoil spectrometry (FRES) 731, 766
Fourier transform (FT)-EPR techniques 737
Fourier transform infrared (FTIR)
spectroscopy 3, 26, 314, 625, 626, 628, 637,
687, 706, 720
– analysis techniques 627
– bisphenol A (BPA) 657
– characterization of polymer blends 626–628
– emission image 616
– image 705
– investigating miscibility, methods of
methods of 626
– microspectroscopy 668, 669
– natural polymer blends
– – chitosan blends 664, 665
– – collagen blends 663, 664
– polarization modulation/2D-FTIR
spectroscopy 665–668
– polarization spectroscopy 714
– polyethylene oxide (PEO) blends 643–650
– poly-(3-hydroxybutyrate-co-3hydroxyvalerate) (PHBV) blends 657–661

– poly(methylmethacrylate) (PMMA)
blends 655–657
– poly (vinyl methyl ether) (PVME)
blends 650–655
– poly(vinyl alcohol) (PVA) blends 637–642
– poly(vinylphenol) (PVPh) blends 628–632
– poly(vinylpyrrolidone) (PVP) blends
632–637
– synthetic rubber 661–663
– techniques 5
– thermal gravimetric analysis (TGA) 626
Fourier transform-ion cyclotron resonance
(FT-ICR) 590
Fox equation 274
FPA imaging technique 706
fractional PFO residual emission 834
– emission ratio 834
fragile glass-formers 380
fragility index 379–381, 380
free carrier absorption 808
FT-ICR analyzers 590
FT-IR imaging, polymer blends 630, 711
– anisotropic PHB/PLA blend ﬁlms 714–717
– poly((3-hydroxybutyrate)(PHB)/
poly(L-lactic acid)(PLA) blends 711–714
FT-Raman spectroscopy 629
full width at half-maximum (FWHM) 224,
780, 815, 889

g
gas permeation
– BCPC/PMMA blend 450, 451
– CA/PMMA blend 447, 448
– CELL/PVA blend 449
– EVA-45/H-48 blend 448
– matrimid/PBIs 447
– matrimid/P84 blends 446, 447
– matrimid/PSF blends 446
– PS/PC blends 444
– PS/PPO blends 445
– PS/PTMPS blends 445
– PS/PVME blend 448, 449
– PTMSMMA/3-methylsulfolane blend 450
– PU/PMMA blend 448
– PVA/PEI/PEG blends 444
– TLCP/PET blend 449
– trogamid blend 449, 450
Gaussian contribution 763
Gaussian curves 894
Gaussian functions 620, 633, 648, 742
Gaussian intensity distribution, of
wavelengths 815
Gaussian resolution function 889

Index
gelation 134, 139
– behaviors 148–150
gellan/PVA blends
– FTIR spectra of 641
gel point 134
gel time 134
– criteria for determination 135
Gibbs energy 2, 100, 102, 105, 106
Gibbs free energy 13, 23, 25, 95, 261, 330, 331,
731, 821
Ginzburg number 259
glass–rubber relaxation 371, 372
– temperature 381
glass transition temperature (Tg) 34,
305, 329
glycidyl methacrylate (GMA) 395
glycidyl methacrylate grafted poly(ethylene
octane) (PLA/mPEO) 376
glycol moiety
– gauche and trans segments of 631
glycolyzed poly(ethylene terephthalate)
(GPET) 424
– sorption and diffusion in water 424
Gnuplot program 601
Gordon–Taylor equation 274
grazing-incidence small-angle x-ray scattering
(GISAX) 211
green-emitting component 835
Grobler–Balizs procedure 328

h
HAS stabilizer 745
Havriliak–Negami (HN) model 850, 851
HC-blended systems 381
HC tackiﬁer 381
HDPE lamellae 557
– crystals 559
HDPE/PA6 EPR spectra 757
heat distortion temperature (HDT) 384–386,
385
heavy-ion FRES (HI–FRES) 769
4
Heþþ FReS data 777
Helfand–Tagami model 109
Helfand theory 307
heterogeneous polymer blends 3, 94, 348
hexagonal closed pack (HCP) 224
HFS. see hyperﬁne structure (HFS)
HgCdTe (MCT) array detector 706
high-density polyethylene (HDPE) 340, 556
high-density polyethylene and poly(vinyl
alcohol) (rHDPE/PVA) blends 384
high-density polyethylene (HDPE)/isotactic
polypropylene (i-PP) blends 276

highest occupied molecular orbitals
(HOMOs) 795, 800, 831
high-frequency ultrasound 270
– in-line monitoring 278
– static characterization 270
high-impact polystyrene (HIPS) 380
high-molar-mass polymer systems 265
high-molecular-weight epoxy (HMWE)
monomer 380
Hildebrand approach 17, 18
Hildebrand–Scatchard solution theory 336
hindered amine stabilizers (HAS) 745
HNBR latex 403
homogeneous polymer blends 348
homopolymers 17, 133, 218, 308
– blends of 219, 220
Hookian spring, behavior under excitation of
constant load 398
horizontal precipitation Langmuir–Blodgett
(HP-LB) method 599
HpGe semiconductor detector 894
– high-energy-resolution 882
– typical annihilation gamma spectrum 895
1
H spin-diffusion analysis 688
Hv light scattering
– crystallization kinetics by 181–190 (see also
optical microscopy)
hydrocarbon (HC) 381
hydrodynamic interaction parameter 900, 906
hydrogen-bonded carbonyl groups 648
hydrogen-bonded hydroxyl absorption 634, 647
hydrogen bonding 2
– enthalpies of 26
hydroxyl–carbonyl interassociation 634
hyperbranched (HB) polyamide 867
hyperbranched poly(ester amide) (HBP) 49, 50
hyperbranched polymers 327
hyperﬁne coupling 734
hyperﬁne structure (HFS)
– in EPR spectra 734
– nuclear spin quantum number 742
hyperﬁne sublevel correlation spectroscopy
(HYSCORE) 737
hyperﬁne tensor 735

i
ideal gases 8
ideal polymer blend 382
IGC. see inverse gas chromatography (IGC)
illumination techniques and contrast
mechanisms 525
immiscible polymer blends 2, 94, 625
impact-modiﬁed plastics 160
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index of crystallinity 224
indium tin oxide (ITO)/glass substrate 317
inelastic collisions 883
infrared interferometer 668
infrared microscopy 3
infrared microspectroscopy 628
infrared spectroscopic ellipsometry (IRSE) 304
infrared variable angle spectroscopic
ellipsometry (IR-VASE) 304
in-situ polymerization 400
intensity-average decay time 825
interaction energy 11, 12, 23
– density 12
– per lattice site 12
interfaces 94
– in polymer blends 107–111
– segmental density proﬁle across 109
intermolecular interactions 11
internal energy 10, 11
interphase boundaries/border
compositions 38, 39
– electron microscopy 39
interphase distribution function (IDF)
calculation 223
– PCL/PVC blends 223
intraband transition 807
intrinsically conducting polymers (ICPs) 540
inverse gas chromatography (IGC) 18,
327–329, 334
– advantages 341, 342
– capillary column 327
– drawbacks 341, 342
– packed column 327
– procedures in experiments leading to
determination of polymer blend
characteristics 334–336
– theoretical background 328–330
– transport properties of polymeric
mixtures 337–339
– vs.analytical 328
iodine-doped regiorandom (RRa) 764
ion beam analysis (IBA) 732, 766
ion-bombardment-induced emission
processes 590
ionization potentialionization potential 800
ionizing radiation 755
iPHB/aPHB blend 431, 432
iPHB/PECH blend 431, 432
iPMMA/PLLA blends 74
iPP1/iPP2 blends 224
IR microspectroscopy 627
isotactic PMMA (iPMMA) 629
isotactic polypropylene (iPP) 224, 340, 395, 668

isothermal behavior 134
isothermal conditions 137
isothermal crystallization 229
isothermal curing reactions 136
ITO/F8BT:TFB blend, power efﬁciency voltage
characteristics 587

j
Jablonskii diagram 822
James–Martin coefﬁcient 329

k
Kelvin equation 311
kinetic transitions 134
Kivelson theory 742
Kjeldhal method 662
Kohlausch–Williams–Watts model 373
Kramers–Kronig consistency 302
KRZ model 898
KSR model 898

l
Langmuir–Blodgett (HP-LB) method 581
– horizontal precipitation 599
– monolayers 616
Laplace integral 891
large-amplitude oscillatory preshear 151
large angle (LA)-FRES 770
laser scanning confocal microscopy
(LSCM) 543
latex compounding technique 400
lattice ﬂuid model 100
LCST (lower critical solution
temperature) 160, 171
LDPE/i-PP blends 395
LDPE-LLDPE blends 383
LDPE/PA6 blends, EPR spectra of 757
Lewis acid–base interaction 635
light-emitting diodes (LEDs) 581, 831
light scattering 161, 162
– Vv proﬁle, of PCL/SAN-27.5 (80/20)
blend 174
linear blends (LB) 749
linear low-density polyethylene (LLDPE) 376
– EPR spectra of 757
linear polyethylene 556
linear viscoelastic behavior 137
linoleic acid 382
Liouville equation 742
– quantum-mechanical 743
liquid-like behavior 151
liquid-liquid phase separation (LLPS) 160, 230
liquid–liquid phase transition 160

Index
liquid metal ion gun (LMIG) 593
liquid–solid phase separation 160
liquid–solid phase transition 160
Lorentz-corrected SAXS proﬁle 220, 221
– plot 222
– polymer blends (iPP1/iPP2) 225
Lorentzian functions 742
Lorentzian peak-to-peak linewidth
– temperature-dependence of 765
Lorenz microscopy mode 561
low-density polyethylene (LDPE) 370, 371, 395
lower critical solubility temperature (LCST) 3,
100, 103, 104, 258, 330, 841
– behavior 779
– – thickness regimes 780
– phase diagrams 24
lowest unoccupied molecular orbital
(LUMO) 795, 801
– energies 827
low-molecular-weight epoxy (LMWE) 380
LSCM images
– of poly(styrene-ranbutadiene) and
polybutadiene blend 545
– of PS/PMMA blend 545
– quality improvement and 3D
reconstruction 544
– showing phase separated morphologies 546

m
magic angle spinning (MAS) 680
magnetic spin quantum number 733
maleic anhydride (MA) 125
maleic anhydride-grafted polypropylene
(MA-g-PP) 308, 378
Markov process 743
matrix-assisted pulsed laser evaporation
(MAPLE) 313
Maxwell–Garnett EMA 301
Maxwell model 119
Maxwell–Wagner–Sillars (MWS) interfacial
polarization process 862
MD simulations
– interaction parameter from 20, 21
– PLLA/PVPh
– – interaction parameter from 20, 21
– – using the COMPASS force-ﬁeld 45
Meander model 852
– schematic diagram 853
mean-ﬁeld approach 246
mean-ﬁeld random phase approximation 254,
258
mechanical thermal analysis 3
medium-angle x-ray scattering (MAXS) 218

MEH-PPV, chemical structures of 839
melting point 171
mesoscale morphologies, in polymer
blends 526, 528
– crystallization morphologies in
stereocomplexationable chiral blends
537–540
– mesoscale morphologies in conducting
polymer blends 540–543
– optical characterization of 528
– role of polymer tacticity on polymer blend
morphologies 535–537
metal-containing block copolymer 523
methylene dianiline (MDA)-cured
DGEBA-based epoxy resin 566
methyl ethyl ketone (MEK) solution 859
microcontact printing (mCP) 584
microcrystallites 526
micromechanical deformation processes 554
microphase separation temperature
(MST) 264
microtomy 553
microwave pulse, formation 738
microwave radiation, absorption of 734
mid-infrared instrumentation, polymer
blends 705–709
milliabsorbance units (MAU) 814
miscibility 13, 94, 373. see also miscible blends
– binary systems 374–376
– classiﬁcation of region 16
– complete, requirement 22
– gap 101
– glass–rubber relaxation temperature
– – compositional rules based on 379
– – theoretical approaches to calculating 379
– heterogeneous 374
– homogeneous 373
– immiscibility 374
– inﬂuence of type of processing 376, 377
– nanoparticles, inﬂuence of 377, 378
– partial miscibility 374
– polymer blending, recovering plastic waste
by 377
– of polymers 330
– rubbery plateau as an indicator 378
– ternary systems 376
– upon heating 24
miscible blends 160
– PCL/PDLA 38
– PDLLA/PMMA 42
– PHB/PDLLA 64
– PHB/PLLA 68
– PHB/starch 53
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– PLA/PCL 37–40, 38, 39
– PLA/PEG 78
– PLA/PEO 35
– PLA/PESu 47
– PLA/PHB 40, 41, 75
– PLA/PLA 30–34
– PLA/PS 48
– PLA/PVAc 36, 66
– PLA/PVPh 43–45, 50
– PLA/TKGM 75
– PLLA/EVAc70 37
– PLLA/EVAc85 37
– PLLA/PCL 39
– PLLA/PDLA 30
– PLLA/PHB 40
– PLLA/PMMA 42, 70
– PLLA/PVA 68
– PLLA/PVPh 24, 44, 46, 62
– PMMA/PLLA 73
– polymer blends 2, 625
– PS/PE blends
– PTMC/PLLA blends 48
– starch/PCL blends 99
miscible systems 27
– enthalpically driven 28, 29
– entropically driven 27, 28
MMT/epoxy nanocomposites 153
MMT-modiﬁed systems 153
molar fractions 10
molecular dynamics (MD) simulations 20, 27
– for the PLLA/PVPh system 20, 21
molecular fractionation 104
molecular modeling techniques 20
monochromator 811, 812
montmorillonite (MMT) 151, 386
morphology 111–114
– of blend, stability 119, 120
– development during melt processing
114–118
– EPDM/PB blends, torque ratios 113
– polystyrene/polyethylene (PS/PE) blend 107
multi-channel analyzer (MCA) 889
multicomponent polymers, electron
microscopic analysis 418
– deformation studies 571–574
– morphological characterization 555
– – amorphous polymers 561–563
– – nanostructured copolymers 563–567
– – semicrystalline polymers 555–561
– – special techniques and applications
567–571
– overview 551–552
– sample preparation techniques 552

– – fracture behavior analysis 554–555
– – surface, etching of 554
– – thin-ﬁlm preparation 552, 553
– – thin sections, staining of 553, 554
multivariate analysis (MVA) methods 595
multivariate curve resolution (MCR) 595
multi-wall carbon nanotubes (MWNTs) 378,
870
– modiﬁed with 378
MylarTM foil 768

n
nanoparticle-ﬁlled systems 151
nanoparticle-modiﬁed thermosets 150
nanoscale secondary ion mass spectrometry
(NanoSIMS) 580
– high lateral resolution SIMS analysis 598
– HP-LB ﬁlm, mass-resolved negative ion
maps of 600
– ion optical set-up 597
– ion optics, schematics of 598
– mass analyzers 591
– mass spectrometer 597–598
– nanoscale secondary ion mass spectrometry
technique 597
– polymer blend surface 580
Nd:YAG laser 710
near-ﬁeld scanning optical microscopy
(NSOM) 615
near-infrared (NIR)
– imaging measurements 706, 811
– imaging, polymer blends 705–709
– microscopy 3
neutron reﬂectivity (NR) 3, 304
– spectroscopy 585
nitrile butadiene rubber (NBR) blends
– relative fractional free volume 905
nitrile rubber (NR) 661
– SBR, infrared spectrum of 662
2-(4-nitro-2,1,3-benzoxadiazol-7-yl)aminoethyl
(NBD) dye 543
nitroxide molecule symmetry, direction 744
nitroxide species 745
NOESY technique 680
nonbonding orbitals 794
nondestructive experimental method 299
nonelectrolyte solutions 12
nonlinearity factors 397
non-radiative energy transfer (NRET) 843
nonrandomness 24
nonresonant nuclear reaction (NRA) 766
nonvolatile component 336
nuclear magnetic resonance (NMR) 210
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– spectroscopy 3, 4, 790
nuclear overhauser effect spectroscopy
(NOESY) 680
nuclear shielding tensors 692
nucleation 160, 228, 229
– and growth (NG) 138
– heterogeneous 229
– homogeneous 229
numerical method 465, 466
numerical simulation, on a heterogeneously
functionalized substrate
– of phase separation of immiscible polymer
blends 466, 467
– of self-assembly of a polymer–polymer–
solvent ternary system 481
– veriﬁcation of self-assembly of a polymer–
polymer–solvent ternary system on 497

o
oligo[(R,S)-3-hydroxybutyrate]-diol (oligo-HB)
blends 867
OM. see optical microscopy (OM)
online extrusion compounding of polymer
blend 402
online-manufacturing concept, of polymer
blends 399–402
– materials systems studied 402, 403
o-Ps lifetime 885
optical micrographs, of PCL/SAN-27.5 (80/20)
blend 173
optical microscopic techniques, resolution
limits 525
optical microscopy (OM) 138, 181, 523, 552,
595
– crystallization kinetics by 181–190
– effect of aging/hydrolysis on 541
– morphological differences in PAni.DBSA/
TPU blends 542
– morphological information 524
– PCL/SAN-27.5 (80/20) blend
order–disorder transition 150, 265
organic photovoltaics (OPVs) 696, 831
organophilic MMT 151
ortho-positronium (o-Ps) 877
oscillatory measurements 151
osmium tetroxide vapor 564
Ostwald ripening theory 120

p
PA6 blends, EPR spectra of 757
PA-6/HNBR blend 408–412
– creep master curves 411
– creep rate vs. time traces 410

– difference in E-moduli 409
– effect of testing temperature 409
– effect on creep 409
– E0 vs. T and tan d vs. T traces 408
– fracture toughness 412
– incompatibility 408
– parameters of the Findley power law 409,
411
Painter–Coleman association model
(PCAM) 25, 26
PA66/mSEBS blends 377
PANI–PMMA blend, temperature
dependence 763
PANI–SBS samples
– peak-to-peak line width of EPR signal 764
para-Positronium (p-Ps) 880
particle sizes 3, 107
– in immiscible blends, evaluation of 204, 205
pattern shapes, effects of 513–515
PBI/PI blend 428
– polymer–polymer interaction
parameter 428
– speciﬁc free volume 428
PBTTT-C16:PC71BM blend 701
PBTTT-C16 polymer side chains
– 1H signals 700
PCBMCF-RT
– 2D 13C HETCOR spectra 698
– molecular structure 699
PCL-b-PB copolymers 226
PCL carbonyl 648
PCL homopolymers, FT-IR transmission
spectra 723
PCL/SAN-27.5 blend
– change of light-scattering proﬁle 176
– evolution of characteristic wavenumber
– light-scattering Vv proﬁle 174
– optical micrographs 173
– phase diagram 172
– Plot of R(q)/q2 vs. q2 179, 180
– wavelength of concentration ﬂuctuations vs.
time 175
PCL-speciﬁc FT-IR image 722
PC/PVDF blend
– ToF-SIMS F- images 581
pectin (PEC), electronic spectra 797
PEDOT-PSS layer 317
PEDOT:PSS–PEG ﬁbers 764
PEI–PBT/mPEO blends 376
PEO, FTIR spectra 644, 645
PEOX blends 422
– addition to PES, and water vapor diffusion
coefﬁcient 422
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– blends of water-soluble PEOX with
copolymers
– water sorption and transport properties 422
PerkinElmer FT-NIR imaging system 708
Perkin Elmer system 717
permanganic etching 554
peroxyl radicals, growth of 759
pervaporation 434
– acetic acid/water mixture 435
– 1,4-dioxane/water 436, 437
– DMF/water mixtures 436
– ethanol/water mixture 435, 436
– THF/water mixtures 434, 435
PES/PEO blend 422
– degree of crystallization 423
– water sorption isotherms 422
PES/phenoxy blends 423
PET/mPEO blends 377
PFB phase
– nanoparticles 838
– photoluminescence quenching 838
– photoluminescence spectra 839
PFO/MEH-PPV nanoparticles 839
PFPV, chemical structures of 839
PF3T, chemical structures 837
PFTSO2, chemical structures 837
phase dissolution 172
– apparent diffusion coefﬁcient for 180
– model, development in time derived from
light-scattering data 177
– poly(e-caprolactone)/poly(styrene-coacrylonitrile) blend 172
phase inversion, EPDM/PS blends 275
phase-modulation ﬂuorometry methods 824
phases
– behavior 100
– contrast microscopy 525
– decomposition 138
– diagrams 101–104, 266 (see also phase
diagram of a diblock copolymer melt)
– morphology 554
– separation 104–107
phase separation 138, 140, 172
– apparent diffusion coefﬁcient for 180
– poly(e-caprolactone)/poly(styrene-coacrylonitrile) blend 172
phase transformation 160
phase transition 160
PHB/PCL blend ﬁlms, FT-IR imaging of
720–724
PHB/PCL, DSC-temperature diagram of 723
PHB/PVAc, relaxation process of 864
PHB-speciﬁc FT-IR image 722

– state-of-order 724
phenolic/PEO/PCL, ternary blend, infrared
spectra of 647
phenomenological theory, of block
copolymers 261
phenoxy blends 423
phenoxy polymer 423
[6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) blend 318, 602
p-(hexaﬂuoro-2-hydroxyisopropyl)
(HHIS) 424
– diffusion coefﬁcients 425
– poor chain packing 425
– positive excess volumes 425
photoactivated localization microscopy
(PALM) 620
photodiode arrays (PDAs) 813
photoexcitation, of molecular system 825
photolithography 580
photoluminescence (PL) intensity 617
photomultiplier tube 813
photooxidized blends, chemical treatment 651
photovoltaics 581
p-hydroxybenzoate–poly(ethylene
terephthalate) (PET) 376
p-hydroxystyrene (HS) 424
– clustering of sorbed water molecules 425
– diffusivity values 425
– sorption isotherms 425
physical gel 151
physico-chemical data 341
physico-chemical interactions 151
physico-chemical parameters 332
pick-off annihilation 882
piperidine nitroxide spin probes, chemical
structures of 748
PI/PMMA semi-IPN, WISE NMR spectrum
of 697
PI27/PtBS23 blends, dielectric permittivity for
PI and PI 855
PISEMA method 694
Planck length 791
PLA/PHB blend
– band ratio images 718
– FT-IR imaging spectra 718
– Raman imaging measurements 718
PLA polymer chain direction 715
PLA/poly(4-vinylphenol) (PVPh) 43–45, 50
PLA-speciﬁc FT-IR image 720
plastic deformation 572
plasticized starch (PlS) 684
plasticizers 108, 381, 382
– storage modulus curve 382

Index
PlS/PVOH blends
– 13C CP/MAS NMR spectra 685
– TH
1 values 686
PNPAA/P4VP
– 13C CP/MAS spectra of 687
– magnetization intensities, logarithmic plots
of 689
– relaxation time, value of 690
point spread function (PSF) 619
polarization modulation (PM) 665–668, 666
– technique 627
polarization modulation infrared linear
dichroism (PM-IRLD) 666
polarizer-compensator-sample-analyzer
(PCSA) ellipsometer 304
poly(acrylamide) (PAAM) 693
poly(acrylic acid) (PAA) 314
poly(acrylic acid)/poly(ethylene oxide)
(PAA/PEO) 748
poly(acryloyl morpholine) (PACMO) 681
– 13C chemical shifts 682, 683
– cellulose acetate 681, 683
– semi-logarithmic plots of 681
– TH
1 values 683
polyamide (PA) 48, 278, 308, 355, 728
poly(amidoamine) (PAMAM)
dendrimers 763, 866
polyaniline (PANI) blends 761, 860
poly(aryloxysiloxane) (PAS) blends 902
poly(aspartic acid-co-L-lactide) (PAL)
copolymers 33
polybenzoxazine (PBZZ), FTIR spectra of
632
poly(benzyl methacrylate) (PBzMA) 50
poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno
[3,2-b]thiophene) (PBTTT)
– chemical structures 700
– fullerene blends 699
polybutadiene (PB) 613, 680
polybutadiene-urethane oligomer 341
poly(butyl acrylate) (PBA) 656
poly(butyl acrylateco-acrylic acid) (PBAAA)
copolymers 656
poly(butylene adipate-co-terephthalate)
(PBAT) 282
poly(butylene succinate) (PBS) 45–47
poly(butylene terephthalate) (PBT) 376
poly(butyl methacrylate) (PBMA) 749
– three-dimensional PALM measurement 621
poly(tert-butylstyrene) (PtBS) 854
polycaprolactone (PCL)/poly(vinyl chloride
PCL/PVC blend 223
poly(carbonate) (PC) 50, 580, 862, 901, 902

– bisphenol A blend 377
– partial negative ToF-SIMS spectra 589
– TEM image of 567, 568
– ToF-SIMS spectra 589
polycarbosilane-derived b-SiC particles
(SiC-MWCNTs) 378
polychloroprene/ethylene–propylene–dienemonomer rubber (PCR/EPDM rubber)
blends 377, 378
polycondensation reaction 29
poly(cyclohexyl acrylate) (PCHA) 753
poly(cyclohexyl methacrylate) (PCHMA) 753
poly(2-dimethylamino ethyl methacrylate) 629
poly(2,3 dimethylbutadiene) (DMB) 858
poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO) 306
poly(dimethylsiloxane) (PDMS) 314
poly[2,7-(9,9-di-n-octylﬂuorene-altbenzothiadiazole)] (F8BT)
– thin-ﬁlm morphologies of 585
poly(9,9-dioctylﬂuorene) (PFO) 831
– chemical structures 832
– photoluminescence decay 833
poly(9,90 -dioctylﬂuorene-co-benzothiadiazole)
(F8BT) 570
poly(9,9-dioctylﬂuorene-co-N-(4-butylphenyl)
diphenylamine) (TFB) 570, 835
– chemical structures of 836
– ﬂuorescence microscopy 836
polydisperse systems 108
poly(DL-lactide) (PDLLA) 58, 65, 867
– blends 74, 79
– chains in parallel orientation 33
poly_DR1M-co-BEM, synchronous 2D-FTIR
correlation map of 666
poly(e-caprolactone) (PCL) blends 7, 37–40,
50, 170, 631, 749, 864
poly(e-caprolactone)-block-polybutadiene
copolymer 226
poly(e-caprolactone)/poly(ethylene glycol)
blends 230
poly(e-caprolactone)-poly(vinyl chloride)
(PCL-PVC) blends 340
poly(epichlorohydrin) (PECH) 51, 431
polyester poly(lactic-co-glycolic acid) copolymer
(PLGA) 312
polyester/PVPh systems 45
polyesters 629
polyetherimide (PEI) 140, 376, 870
poly-ether–polyurethane (PU) 752
poly(ether urethane)/modiﬁed carbonate
silicate ﬁllers 341
polyethylene 280
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poly(ethylene adipate) 629
poly(3,4-ethylenedioxythiophene)
(PEDOT) 317
polyethylene glycol (PEG) 34–36, 313, 866
poly(ethylene naphthalate) (PEN) 871
– molecular dynamics 871
polyethylene oxide (PEO) blends 34–36, 65,
347, 349, 381, 632, 643–650, 692, 762, 862
poly(ethylene oxide)/poly(methylmethacrylate)
(PEO/PMMA) blends 433
polyethylene/polypropylene blends 407, 595
poly(ethylene sebacate) (PESeb) 630
poly(ethylene succinate) (PES) 45–47, 51
polyethylene terephthalate (PET) blends 49,
76, 631, 768, 871
– molecular dynamics 871
– nanocomposites 423, 424
– TEM image of 567, 568
poly (9,9-dioctylﬂuorene), ﬂuorescence SNOM
images 618
poly(glycolic acid) (PGA) 52
polyglycolide (PGA) 7, 29, 52
poly(p-(hexaﬂuoro-2-hydroxyl-2-propyl)
styrene) (HFS) 855
poly(3-hexylthiophene) (P3HT) 602
poly(hydroxyalkanoates) (PHA) 431
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBHV) 52, 657–661
– C–O–C stretching 659
– FTIR spectroscopy 657, 659
poly(3-hydroxybutyrate)(PHB) 7, 29, 50, 51,
710, 863
– blend 82
– C¼O stretching modes 726
– FT-IR spectra of 722
– FT-IR transmission spectrum 717, 718,
719
– homopolymers, FT-IR transmission
spectra 723
– infrared microspectroscopy 661
– micro IR spectra 660
– PHB-co-HHx/PLLA blend 661
– poly(R)-3-hydroxybutyrate 658
– polymer chain direction 715
– Raman imaging measurements 718
– variable-temperature FT-IR/Raman imaging
spectroscopy 714–717
poly(3-hydroxybutyrate)(PHB)/poly(L-lactic
acid)(PLA) blends
– FT-IR transmission spectrum of 711, 712
– polymer blend, band pairs 721
– Raman spectra of 712
– ratio images 721

poly(3-hydroxy-butyrate), spherulitic
structure 724–727
poly(hydroxystyrene) (PHOSt) 310
poly(4-hydroxystyrene-co-methoxystyrene)
(HSMS) 50
poly(3-hydroxyvalerate) (PHV) 629
poly(isobornyl acrylate) (PIBA) 359
poly(isobutyl methacrylate) (PiBMA)
616, 843
polyisoprene (PI) blends 680, 853
polyisoprene (PI)/PMMA, WISE NMR spectra
of 696
poly(lactic acid) (PLA) 29, 57, 58, 170, 376
– blends containing 29, 30
– ﬁlm 315
poly(lactide) 29, 75
– blended with 29–50, 60, 66–70, 72, 77, 78,
81, 82
– commercial forms 30
– n biomedicine and packaging 30
– properties 29
polylactide/polyamide11 blends (PLA/
PA11) 383
polylactide/polyhydroxyalkanoate (PLA/
PHBV) blends 376
polylactides 7
poly(L-lactic acid)(PLA) blends
– FT-IR transmission spectrum 717, 718,
719
– Raman imaging measurements 718
– variable-temperature FT-IR/Raman imaging
spectroscopy 714–717
poly(L-lactide) (PLLA) 57, 59, 77, 629
– amorphous unit cells of PLLA/PVPh
blends 46
– blends 60–64, 66, 69, 70, 72–74, 80, 81
– crystalline bands 660
– micro IR spectra 660
– with poly(glycolic acidco-L lactic acid) 33
polymer-based systems 883
polymer blends 1, 347, 526, 527
– based on poly(lactide) (PLA) 57–82
– characteristics 334
– commercialization of 365
– confocal microscopy characterization
of 543–547
– morphology 219
– nanoparticles, concentration-dependent
ﬂuorescence spectra 840
– numerical models for 457–460
– polypropylene/polyamide 6, Raman
mapping measurements of 728–730
– principle of 348
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– theoretical models to explain viscoelastic
behavior 374
– thermal analysis (see thermal analysis (TGA))
– thin ﬁlms 580, 586
– ToF-SIMS imaging of 595
polymer crystallization 228
polymer degradation processes 732
polymer electrolytes 348
polymer-ﬁller blends 1, 133
polymer-ﬁller composition 332
polymeric delivery system 316
polymeric mixtures, transport properties
337–339
polymeric scaffolds, biodegradable 664
polymeric systems 746
polymerization process 104, 138, 347
polymer–polymer interaction 335
– coefﬁcient 334
polymer–polymer interfaces 111
polymer–polymer miscibility 340
polymers 83, 84
– high-molecular-weight 14
– interfaces 829
– ion beam analysis of 766
– microheterogeneity 740
– microscopy, thin ﬁlms for 552
– molecules 10
– orientation 279, 280
polymer–solvent interactions 341
polymer–solvent systems 342
polymer–test solute systems 331
– Flory–Huggins interaction parameter
331–333
polymer toughness 394, 395
poly(methyl acrylate) (PMA) 41–43
poly(methyl methacrylate) (PMMA) 41–43,
347, 381, 424, 580, 628, 655–657, 668, 751,
853, 906
– cluster function 425
– dielectric loss for 857
– geometric factor 907
– 1H-1H spin-exchange spectra 691
– homopolymer 355
– hydrodynamic interaction parameter 907
– molecular dynamics and dipolar relaxation
mechanism 854
– PMMA/HHIS blend 424, 425
– PMMA/HS blend 424, 425
– PMMA/PEO blends 381
– PMMA/PVPh cast ﬁlm, 2D PISEMA
spectrum of 695
– PMMA/SMA 50/50 blends 857
– side-chain-labeled 612

– system 588
poly(methyl methacrylate)/poly(butadiene)
(PMMA/PB) 348
poly(methyl methacrylate)/poly(vinylidene
ﬂuoride) (PMMA/PVDF) 348
poly(methyl thiomethyl methacrylate)
629
poly(N-4-bromophenyl methacrylamide)
(PBPMA) 687
poly(n-butyl methacrylate-co-styrene)
(nBMAS) 843
poly(N-methyl-3-piperidinemethyl
methacrylate) 629
poly(N-phenyl methacrylamide)s 687
poly(n-vinyl pyrrolidone) (PVP) 423
poly(octadecyl methacrylate) (PODMA) 616
– dye-labeled 843
polyoxypropylene triamine (POPTA) 139
– oligomer 870
poly(p-chlorostyrene) (PpCIS) 50
poly(p-dioxanone) (PPDO) 7, 29, 51, 52
– with poly(vinyl phenol) (PPDO/PVPh)
blends 379
polyphenols 50
poly(phenylene oxide)/poly(styrene)
(PPO/PS) 348
poly(phenyl methacrylate) (PPhMA) 50
polypropylene (PP) 308, 637, 905
– e-beam-irradiated blends 758
– Raman spectra 728, 729
poly(propylene carbonate) (PPC) 47, 48
– rich micro domains 748
poly(propylene-co-ethylene) (PPE)/poly
(ethylene-co-vinyl acetate) (EVA) blends
– electron-beam irradiation effects on 904
– positron lifetimes 904
polypropylene/polyethylene terephthalate
(PP/PET) blends 384
poly(propylene) (PP)–PS and poly(propylene)–
poly(ethylene) (PE) 2
polypropylene with maleic anhydride
(PP-g-MA)/PC blend compositions
– relaxation time 869
poly (vinyl acetate-co-vinyl alcohol)
(P(VAc-co-VA) 51
poly (vinyl ethyl ether) (PVEE) 861
poly (vinyl methyl ether) (PVME) blends 50,
650–655
poly (vinylpyrrolidone) (PVPon) 694
poly (2-vinylpyridine) (P2VP) polymer
blend 583
poly((R)-3-hydroxybutyric acid) (PHB) 40, 41,
59, 75
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polysaccharides 52
polystyrene (PS)
– infrared spectra of 645
– latex, transmission electron microscopy
image 401
– PS–PBAAA blend 657
poly(styrene-acrylonitrile) (SAN)–poly (methyl
methacrylate) (PMMA) 2, 308
polystyrene (PS) blend 48, 103, 280, 306, 583,
612, 841, 853, 901
– EPR spectra of 765
– ﬂuorescence SNOM images 618
– 1-pyrenylmethyl methacrylate-labeled 841
– ToF-SIMS chemical maps 583
– ultrathin polymer-blend ﬁlms, phase
separation of 584
poly(styrene-blockferrocenyldimethylsilane) 523
polystyrene-block-poly(methyl acrylate)
(PS–PMA) 754
poly(styrene-b-methyl methacrylate) (PSPMMA) block copolymers 844
poly(styrene-co-acrylonitrile) (PSAN) 50, 170,
171, 307, 341, 668, 906
poly(styrene-co-hydroxy styrene) (SHS) 861
polystyrene (PS)/polyamide (PA6) blends
378
poly(styrene)/poly(ethylene) (PS/PE) 348
polystyrene–poly(ethylene propylene)–
polystyrene block copolymer network 266
polystyrene–polyisoprene diblock
copolymers 266
polystyrene (PS) polymer blend, in ultrathin
ﬁlm 582
polystyrene/poly(methylstyrene) blend 258
poly(styrene) (PS)–poly(phenylene oxide)
(PPO) 2
poly(styrenesulfonate) (PSS) 317
poly(styrenesulfonate)-doped
poly(3,4-ethylenedioxythiophene)
(PEDOT-PSS) 586
poly(styrene-co-4-vinylphenol) (PSTVPh) 656
polysulfone (PSU) 870
poly(tert-butyl acrylate) (PtBA) 842
poly(trimethylene carbonate) (PTMC) 47, 48
– blend 76
poly(trimethylene terephthalate) (PTT) 377,
905
poly(3-(40 -(100 ,400 ,700 -trioxaoctyl)phenyl)
thiophene) (PEOPT) 317
polyurethane (PU) 337
poly(vinyl acetate) (PVAc) 36, 37, 668, 855
polyvinyl alcohol (PVA) 36, 37

– molecular dynamics 860
poly(vinyl alcohol) (PVA) blends 637–642, 681
– FTIR spectroscopy 641
poly(vinyl chloride) (PVC) 50, 347
– dipolar relaxation behavior of 862
poly(vinyl chloride) (PVC)/poly
(a-methylstyrene-acrylonitrile) (a-MSAN)
blends 386
poly(vinyl chloride)/poly(ethylene-co-vinyl
acetate) (PVC/EVA) 348
poly(vinyl chloride)/poly(methyl methacrylate)
(PVC/PMMA) 348
poly(vinylidene chloride-co-acrylonitrile) (P
(VDC-AN)) 51
poly(vinylidene ﬂuoride) (PVDF) blend 580
poly(vinylidene ﬂuoride) (PVDF)/PP blends
– gh-dielectric-permittivity 870
poly(vinyl methyl ether) (PVME) 103, 632, 841,
854, 901
poly(4-vinylphenol) (PVPh) 43–45, 50, 854
poly(vinylphenol) (PVPh) blends 628–632
poly(4-vinylphenol-b-styrene) (PVPh-bPS) 225
poly(vinylphenol-co-methyl methacrylate)
(PVPh-co-PMMA) 648
poly(4-vinyl phenol) (PVPh) polymer
blends 690
poly(vinylpyridine) 611
poly(4-vinylpyridine) (P4VP) 225
poly(vinylpyrrolidone) (PVP) blends 632–637,
633
poly(vinyl pyrrolidone) (PVP)-poly(ethylene
glycol) (PEG) blends 418
POM images of PDLA/LMw-PLLA blends
538
POM/PU blend
– a- and b-relaxations 403
– atomic force microscopy image 401
– creep data 405
– creep master curves 407
– effect of temperature on tensile creep 406
– E0 vs. T and tan d vs. T traces 405
– Findley power law model 405
– mechanical loss factor 403
– scanning electron microscopy image of
fracture surfaces 404
– storage modulus 403
– transmission electron microscopy image 404
– weight loss vs. temperature 407
pore size distribution (PSD) 311
pore sizes 310
Porod–Ruland model 221
positron annihilation 892

Index
– lifetime (PAL) measurements 901
– lifetime spectroscopy (PALS) (see positron
annihilation spectroscopy)
– methods 887
– principle 880
– rate distribution 893
positron annihilation spectroscopy (PAS) 877,
879
– experimental methods
– – Al/Cu, angular correlation curves 894
– – angular correlation of annihilation radiation
(ACAR) method 893, 894
– – Doppler broadening of the annihilation
radiation (DBAR) method 894–896
– – free volume distribution-lifetime analysis,
by Laplace transform method 891, 892
– – free-volume distributions, in polymer
blends 892, 893
– – positron annihilation lifetime spectroscopy
(PALS) 888–891
– free volume theory 884
– – positronium lifetime connection 885–887
– miscibility
– – free volume 901–915
– – in polymer blends 896–901
– models predicting positronium
formation 883, 884
– polymer blends, characterization of 887, 888
– positronium 880–882
– – sensitivity to defects and free volume 882
– process of 878–880
positron lifetime spectrometer, block
diagram 888
power conversion efﬁciency 697
power law 151
power ultrasound 280
– batch melt mixing 281
– compatibilization 282, 283
– extrusion 283, 284
– injection molding 280
– melt mixer equipped with an ultrasonic
device 282
– tensile stress of injection molded PS and PS/
HDPE (90/10) blend
PP/EVA blend 428–430
– diffusivity 430
– D-values 430
– water-solubility coefﬁcients 429
– water sorption isotherms 428, 429
principal component analysis (PCA) 336
probability density function (PDF) 891
protein-adsorption behavior 313
proton–proton spin diffusion 687

pseudo-Voigt function 227
PS/PEO blend, optical micrographs 657
PS-PMMA blend
– cross-sectional image of 613
– ﬁlm 309
PS–polydiene, nonpolar systems 225
PS/PPE blend, free volume size distribution
(PDF) 903
PS/PVME blends 655
PS/TMPC blends, free volume hole size
distributions in 902
PSU/mPEO 377
PU (polyurethane)-B2 compositions 337
pulsed beam characterization 593, 594
– duty cycle 594
pulse–echo technique 273
pulse electron double resonance
(PELDOR) 737
d-pulse response 825
pure poly(ethylene oxide) (PEO)
– thermal analysis( TGA) 359, 360
– thermogravimetric curve 356
pure poly(vinyl chloride) (PVC)
– in energy-based applications 349
– labeled TGA thermogram 354
– thermal analysis( TGA) 355–359
– thermogravimetric curve 355
PVA/Alg blend nanoﬁbers, electrospun, FTIR
data 642
PVA/P(AA-AMPS) blend 430, 431
– acetate and sulfonic groups 430
– polymer–water interactions 431
– sorption and diffusion 430
– water diffusion 430
– water uptake 430
PVC/EVAc blend 425–427
– selectivity to water 427
– transport parameters for 426
– water permeation 427
– water solubility 427
PVC/PEO blends 349, 350
– interpolymer hydrogen bonding 350
– thermogravimetric curve 356
PVC/PEO:LiCF3SO3 blends 350, 351, 360,
361
– thermogravimetric curve 356, 357
PVC/PEO-LiCF3SO3-DBP-EC:SiO2
blends 351, 361, 362
– thermogravimetric curve 357, 358
PVC/SAN blend systems 897
PVME/PS blends
– FTIR spectra 651
PVOH, 13C CP/MAS NMR spectra 684, 685
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PVPh-based blends 631
PVPh, molecular dynamics of 861
PVPh/PMMA blends 859
PVPh-co-PMMA/PEO blends 648
– FTIR spectra 649, 650
PVP/PEG blend 431
PVP-PEG-poly(acrylic acid) (PAA) blends
418
PVP/polysulfone blend 420–422
– equilibrium sorption isotherms 420, 421
– interpretations, by behavior of diffusion
coefﬁcient 420
– water sorption and transport behavior 420
– water vapor diffusion coefﬁcient vs.
activity 421
P2VP/PS blend, HP-LB ﬁlm of 600
PVVH 854
pyridine fragments 588

q
3D quadrupole ion trap mass analyzer 591
quantitative analysis, SIMS techniques 588

r
Raman/ﬂuorescence spectroscopy 747
Raman imaging 3
Raman microspectroscopy 709–711
– charge-coupled device (CCD) 709
– WITec alpha300R confocal 710
Raman spectroscopy 790
Ranganathaiah’s method 908
Rayleigh criterion 830
c rays 553
reaction-induced microphase separation
(RIPS) 150
reactive ion etching (RIE) 554
reﬂection coefﬁcients 299
reﬂectometry 239
refractive indices 300, 313, 314
regioregular poly-3-hexylthiophene
(rrP3HT) 698
regular solution 10
– enthalpy 10, 11
– interaction energy 11
– van Laar-type equation 12
resonance energy transfer (RET) 828
resonant model 883
rheological measurements 104, 137
rheological models 150
rheological properties 133
rheological testing 137
rheology, of polymers 365
ring-opening polymerization (ROP) 29

RPA-structure factor 262
RPA theory 263
rubber blends 160
rubber latex 402
rubber-modiﬁed epoxy resins 138
rubber–thermosetting blends 1
rubbery polymer 329
ruthenium tetroxide (RuO4) 553, 559

s
SAN particles. see poly(styrene-acrylonitrile)
(SAN)
SAN/PMMA miscible blend 901
SARINA (SPM Assisted Reconstruction of
SIMS recorded nano-volumes) 600
– SIMS and AFM data 601
SAS. see small-angle scattering (SAS)
scanning electron microscopy (SEM) 3, 138,
275, 308, 311
scanning near-ﬁeld optical microscopy
(SNOM) 615
– probe, schematic illustration of 616
scanning probe microscopy (SPM) 552, 887
scanning transmission X-ray microscopy
(STXM) 569, 571
scattering function and thermodynamics 249,
250
– beyond mean ﬁeld 258–260
– concentration ﬂuctuations 249
– forward scattering 250–254
– random phase approximation (RPA)
254–258
– spatially correlated ﬂuctuations 250
– thermal density ﬂuctuations 249
Scherrer equation 224
SE. see spectroscopic ellipsometry (SE)
secondary electron (SE) 554
secondary ion mass spectrometry (SIMS)
techniques 4, 579
– 3D quadrupole ion trap mass analyzer
591
– Fourier transform-ion cyclotron resonance
(FT-ICR) 590
– mass analyzers 591
– mode of action 589
– NanoSIMS 597
– polymer blends, 3D imaging of 599–602
– quantitative analysis 588
– regions of interest (ROI) 593
– time-of-ﬂight 592
segmental dynamics 379–381
semiconducting polymers 586
semi-crystalline

Index
– molecular dynamics 866
– polymers 209, 212, 229, 789
semi-interpenetrating polymer networks
(s-IPNs) 749, 752
shear 266
– viscosity 137
signal-to-noise ratio (SNR) 275
silica ﬁllers 151
silicate delamination 151
silicon surface barrier detector 770
siloxane-containing oligomers 138
simpliﬁed Hamiltonian 734
SIMS. see secondary ion mass spectrometry
(SIMS) techniques
single-phase blends 160
single-walled carbon nanotubes/PS
nanocomposites (SWCNT/PS) 775
small-angle neutron scattering (SANS) 3, 111,
305, 679
– data identifying spinodal and binodal
temperatures 253
– polystyrene (PS) and poly(methylstyrene)
(PMS) blends 257
– polystyrene (PS) and poly(vinylmethylether)
(PVME) blends 258
– scattering pattern 266
small-angle scattering (SAS) 237–239
– contrast 239–242
– Gaussian chain 244, 245
– illustration of 238
– interference between wave-like
radiation 238
– measurements 218
– by x-rays (SAXS)/neutrons (SANS) 237
small-angle x-ray scattering (SAXS) 111, 209,
626, 679
– “block” collimation system in a Kratkycamera 213
– characteristic features, of melting
process 229
– instrumentation and synchrotron
advantage 212, 213
– scattering proﬁle for neat diblock copolymer
(PVPh-b-PS) 225
– signatures, reversed in 229
– structural characterization of data 220
– techniques for polymers 212
– time evolution, proﬁles for isothermal
crystallization of PCL/PEG blend 230, 231
– transmission-mode for 210
small-angle x-ray spectroscopy,
measurements 755
solid-state NMR spectroscopy 679

– miscibility 680
– molecular dynamics 692
– organic solar cells 696–697
– polystyrene (PS)/poly(vinyl methyl ether)
(PVME) blend 679
– proton spin-diffusion, direct observation
of 688–692
– proton spin-lattice relaxation
experiments 680–688
solid-state physics 209
solubility 138
– parameters 340
– testing 18
solution-casting procedures 554
spectrophotometry. see various spectrometric
techniques
spectroscopic ellipsometry (SE) 299, 311
– analysis of interfacial thickness and
interfacial reaction 305
– applications in characterization of polymer
blend ﬁlms 304
– averaging effective medium
approximation 301
– biomaterial surfaces 312
– Bruggeman EMA 302
– complex dielectric function 301
– composite layers for organic solar cells
317–322
– conﬁguration 300
– depth proﬁling 303
– – sample preparation 303
– effective dielectric function 301
– effective-medium theory 301
– ﬁlm thickness 300
– linear EMA 301
– macroscopically homogeneous effective
medium 301
– Maxwell–Garnett EMA 301
– optical model 300
– pattern formation in nanolayers 309–312
– phase separation morphology 309
– real-time measurement 304
– resolution 300
– roughness 309–312
– surface modiﬁcation, adsorption from
solution 312, 313
– types of instrument and measurements 303,
304
spherulites 223, 229, 526, 527
– birefringence structure 527
– induction periods 540
– infrared images of 669
– radial growth rates of 540
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spin-cast polymer blend ﬁlms 584
spin coating 552, 554, 581
– ﬁlm formation, schematic model 582
– process 582
– schematic model 582
spin Hamiltonian parameters 732
spinodal decomposition 3, 104, 106, 138,
461–464, 584, 613
– change of ln(IVv) in time during 178, 179
spin probe, formula 745
spur model 883
starch, blends containing 52–54
static secondary ion mass spectrometry
(SSIMS) 580
static tests 137
steady-state ﬂuorescence spectroscopy 842
steady-state viscosity 137
Stern–Volmer quenching constant 830
stimulated emission depletion (STED)
microscopy 617, 619
– point spread function (PSF) of 618
– point spread functions 619
stochastic optical reconstruction microscopy
(STORM) 620
stress–strain curves 286
structure–property relationship 138
structure–thermomechanical
relationships 394
STVPh-rich micro domains 748
styrenated VPh (STVPh) 629
styrene and acrylonitrile (SAN) 377
– copolymers of 171
styrene/butadiene star block copolymer, TEM
image of 564
styrene/butadiene/styrene (SBS) 755
– triblock copolymer 565
styrene maleic anhydride (SMA) 870
sulfonated polystyrene 779
surface-directed spinodal decomposition
(SDSD) 781
surface roughness vs. blend composition
287
SWCNT/PS nanocomposites, polymer tracer
diffusion 775
swelling measurements 18
symmetrical-reﬂection geometry 210
syndiotactic PMMA (sPMMA) 629
synthetic rubber 661–663

t
Tauc gap 803
tempamine spectra 749
– EPR spectra 750

temperature 24
– composition behavior 160
– dependence of interaction parameter 24
– vs. blend composition plane 160
tensile cryofracture surfaces, SEM images
of 574
tensile fracture surfaces, higher-magniﬁcation
SEM images of 573
tensile strength 280, 286
ternary systems 376
tetrahydrofuran (THF) 341, 629
2,2,6,6-tetramethylpiperidine-1-oxyl (Tempo)
– EPR spectra 749, 750
tetramethyl polycarbonate (TMPC) 862
TFB/F8BT blend 570
thermal analysis( TGA) 347–362
– formulated system 349
– gas environment 352
– heating rate 353
– information obtained from TGA 353
– instrumentation 351
– pure PEO 359, 360
– pure PVC 355–359
– PVC/PEO blends 349, 350
– PVC/PEO:LiCF3SO3 blends 350, 351, 360,
361
– PVC/PEO-LiCF3SO3-DBP-EC:SiO2
blends 351, 361, 362
– sample weight 352
– testing temperature range 352
– thermal process 353, 354
– value of the TGA information 354, 355
thermal composition ﬂuctuations 259
thermal gravimetric analysis (TGA) 626
thermalized positron 880
thermally stimulated depolarization current
(TSDC) method 5, 849, 850
thermocouple sheet sensor 707
thermodynamics, of polymer blends 95
– average energy 247
– average enthalpic energy 247
– critical point 249
– enthalpy of mixing 95, 96
– entropy of mixing 96–98
– Flory–Huggins theory 98–100
– free energy function 249
– Helmholtz free energy 247, 248
– lattice model for polymer blend 246
– and solutions 246
– spinodal points 248, 249
– stability 160
– theory 7
thermogravimetric analysis (TGA) 3, 395, 399
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thermogravimetric balance, schematic
construction 400
thermo-oxidative stability of the POM
matrix 406
thermoplastic alloys 159
thermoplastic Konjac glucomannan
(TKGM) 50
thermoplastic polyurethane (TPU)/
polypropylene (PP) blends 378
thermoplastic starch/poly(lactic acid) (TPS/
PLA) blends 382
thermoplastic–thermoplastic blends 1
thermoplastic (linear polymer)-thermoplastic
polymer blends 133
thermoplastic-thermosetting polymer
blends 1, 133
thermoset rheological behaviors 133, 134
thermosetting blend systems 137, 138
thermosetting powder coating 871
thermosetting systems, with
nanostructures 150–153
thin ﬁlms
– photovoltaic device structure 318
– polymer blends 580–582
– – applications of 586, 587
– – phase-separation 583–586
Time-Correlated Single Photon Counting
(TCSPC) 824
time-of-ﬂight (TOF) 593
– detector system 770
– FRES (TOF-FRES) 769
time-of-ﬂight secondary ion mass spectrometry
(ToFSIMS) 579
– chemical maps 583
– F- images 581
– spectra 588
time-resolved light scattering 165
– crystallization by Hv light scattering 169, 170
– immiscible blends 165, 166
– spinodal decomposition 166–169
time-resolved SAXS measurements 229
– using synchrotron sources 229
time–temperature superposition (TTS)
principle 398
time-to-pulse height converter (TPHC) 889
titanium oxide (TiO2) 362
transesteriﬁcation 283
transition metal ions (TMIs) 731
translational entropy 10
transmission electron microscopy (TEM) 3,
311, 523
– morphological information 524
transmission IR spectra 636

trans-polyisoprene and liquid cis-polyisoprene
(TPI/CPI) 384
triglycidyl p-aminophenol (epoxy)/poly(ether
sulfone) (PES) 306
TTT (Time-Temperature-Transformation)
isothermal cure diagram 134
two-dimensional detector 210
tyrosine-derived polycarbonates 314

u
UCST (upper critical solution
temperature) 160
ultramicrotomy 553
ultrasonic attenuation 276
– temperature relationships 274
ultrasonic device 282
ultrasonic interferometer 271
ultrasonic technology 279, 280
ultrasonic velocity 271
ultrasound 269
– frequency range 270
– high-frequency 269
– lifetime of a cavitation bubble 270
– low-power 269
ultrathin ﬁlms. see also thin ﬁlms
– phase separation, applications of 586, 587
– of polymer blends 580–582
ultraviolet/visible (UV/VIS) spectroscopy 790
universal testing machines 3
unsaturated polyester resin (UPR) 380
upper critical solution temperature (UCST)
system 3, 24, 25, 103, 258, 330
Urbach band tail 801
Urbach energy 803
UV-absorbing species 791
UV-visible spectroscopy 789
– color/transparent spectrum, correspondence
of 796–798
– data acquisition 814
– detection area/detectors 812
– electromagnetic radiation 791–792
– electronic absorption spectrum 796
– electronic excitations nature in matter
793–796
– instrumentation 809
– monochromator 811, 812
– optical absorption spectra 802
– optical properties of semiconductors 801–802
– polymer blends to material
characterization 798–801
– polymer blend technology 790
– radiation (UV/VIS) interaction with
matter 792, 793
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– radiation sources 811
– semi-crystalline polymers 789
– spectrophotometer 809
– wavelength region 794

v
van’t Hoff-type plot 26
vapor permeation 437
– chitosan/CPA 437
– EEA-CB blends 442, 443
– LCP blends 441, 442
– natural rubber blends 437–440
– NBR blends 440, 441
– PHB/PEO blends 443
– PHB/PMMA blends 443
– PU/PDMS blends 442
– PVA/PAA blends 443, 444
– PVC/EVAc blends 443
variable angle spectroscopic ellipsometry
(VASE) 304
VFT equation 857
VFTH equation 381
vibrational energies 17
vinyl ester resin 137
vinyl polymer blends
– using FTIR spectroscopy 628
virtual UCST behavior, determination 197–204
viscoelastic behavior 153
– theoretical models to explain 374
viscoelastic creep compliance 397
viscoelasticity 134
– inﬂuence of chemical and physical
crosslinkers on 383, 384
– of polymer blend 365
viscoelastic materials 900
viscoelastic properties 143–148
– of polymers 886
viscosity 1, 135, 136, 137, 139, 150, 269, 283
– data 136
– dependent empirical model 136
vitriﬁcation 134, 139, 153, 160
Vogel–Fulcher–Tamman–Hesse model 380, 852

w
Waals surface 899
Waals-type dispersion force 886
water vapor sorption test 70/30 PP/PE/EVOH
ﬁlm 638
water vapor transmission rate (WVTR) 420
wide angle x-ray diffraction (WAXD) 218, 904
wide-angle x-ray scattering (WAXS) 209, 210,
218
– crystallinity of WAXS data 224
– time evolution, proﬁles for isothermal
crystallization of PCL/PEG blend 230
– transmission-mode for 210
Wigner–Seitz approximation 886
Williams–Landel–Ferry (WLF) equation 136,
151, 399, 852, 885
WITec alpha300R confocal Raman
microscope 710
Wolf’s theory 898

x
xenon lamps 811
xN-value 265
x-ray diffraction (XRD) 209, 311
– experimental X-ray set-up 210
x-ray photoelectron spectroscopy (XPS) 588
x-ray reﬂectivity (XR) 304
x-ray scattering 209
– basics 213
– elastic scattering, of electromagnetic
radiation 213–215
– scattered intensity 216–218
– scattering by assembly of electrons 215, 216

y
Young’s modulus 397

z
Zeeman effect 733
Zeeman interaction 734
Zhao–Choi procedure 335, 337, 341
Ziegler–Natta initiators 383
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