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Aims and Scope

Fluorescence spectroscopy, fluorescence imaging and fluorescent probes are
indispensible tools in numerous fields of modern medicine and science, including
molecular biology, biophysics, biochemistry, clinical diagnosis and analytical and
environmental chemistry. Applications stretch from spectroscopy and sensor tech-
nology to microscopy and imaging, to single molecule detection, to the develop-
ment of novel fluorescent probes, and to proteomics and genomics. The Springer
Series on Fluorescence aims at publishing state-of-the-art articles that can serve as
invaluable tools for both practitioners and researchers being active in this highly
interdisciplinary field. The carefully edited collection of papers in each volume will
give continuous inspiration for new research and will point to exciting new trends.






Preface

This book outlines and explains the application of fluorescence measurements in
polymer research. It shows examples of important studies of complex polymer-
containing systems by various fluorescence techniques. The book is not intended to
provide an exhaustive survey of all the important fluorescence studies of polymer
systems. It outlines several areas in polymer science where the application of fluores-
cence techniques can successfully contribute to research. The selection of topics and
the structure of the book were subject to the following criteria (1) the individual
chapters should give the reader an overview of both seminal works and relatively
recent studies of polymers using fluorescence techniques; (2) it draws attention to the
great potential of fluorescence for investigating complex polymer-containing systems;
(3) it accentuates the most important differences between the behavior of low- and
high-molar-mass systems and the consequences for the methodology of fluorescence
studies of both types of systems; (4) last but not least, the described examples and
analyses of their results should be inspiring for a fairly broad community of
researchers (both polymer scientists and experts in spectroscopy). It follows that the
text is not only a collection of specialized reviews for a relatively narrow group of
experts (i.e., for polymer scientists who have been actively using advanced fluores-
cence techniques for a long time), but its goal is multifold.

First, we would like to address polymer chemists and physicists who plan to
employ advanced fluorescence techniques (by themselves or in cooperation) and
would like to explore the potential of fluorescence measurements to as great a
degree as possible. The pertinent chapters outline the theoretical basis for fluores-
cence techniques, give hints about which polymer problems are worth studying by
fluorescence methods, and draw the attention of the reader to the non-negligible
risks associated with incorrect interpretation of the experimental data. Secondly, we
would like to help experts in spectroscopy who intend to cooperate with polymer
scientists to orient themselves in polymer physics and physical chemistry (at least in
several areas of polymer science and technology). The book is intended to facilitate
communication among the members of interdisciplinary research teams studying
systems containing polymers.

vii



viii Preface

The beginning of the book contains general chapters on the conformational
behavior of polymer chains and association processes in polymer solutions. The
first chapter on general conformational behavior is presented concisely in an almost
textbook-like manner. It summarizes the most important features of conformational
behavior. Even though this chapter is only of marginal interest for polymer scien-
tists, it provides useful information for experts in spectroscopy who plan to carry
out experimental studies of systems containing polymer components. The chapters
devoted to self-assembly are brief up-to-date review articles and may be interesting
for both groups of scientists. The middle part (chapter “Theoretical Principles of
Fluorescence Spectroscopy” and partly also chapter “Historical Perspective of
Advances in Fluorescence Research on Polymer Systems”) provides a brief over-
view on fluorescence techniques and outlines information relevant for studies of
both low- and high-molar mass systems. This part can serve as an introductory
(textbook-like) chapter for polymer scientists interested in learning more about the
theoretical basis of fluorescence spectroscopy. The last part contains several review
articles on the application of various fluorescence techniques for studying specific
aspects of the behavior of polymer solutions. We would like to stress that the book
is focused on synthetic polymers and particularly on their conformational and self-
assembling behavior in dilute solutions. We deliberately avoided biopolymer sys-
tems. The functional systems of biologically important polymers are very impor-
tant, and their behavior is in many respects similar to that of the systems of
synthetic polymers discussed here. However, other excellent books have already
been published on this topic (including in this series).

In summary, the book is intended to attract the interest of polymer scientists, as
well as that of experts in fluorescence spectroscopy, to facilitate their communica-
tion, help in their cooperation, and provide useful information for both communities.

Prague 2, Czech Republic Karel Prochazka
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Conformational and Dynamic Behavior
of Polymer and Polyelectrolyte Chains
in Dilute Solutions
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Abstract This introductory chapter provides a brief (textbook-like) survey of
important facts concerning the conformational and dynamic behavior of polymer
chains in dilute solutions. The effect of polymer—solvent interactions on the behav-
ior of polymer solutions is reviewed. The physical meanings of the terms good, 9-,
and poor thermodynamic quality of the solvent are discussed in detail. Basic
assumptions of the Kuhn model, which describes the conformational behavior of
ideal flexible chains, are outlined first. Then, the correction terms due to finite bond
angles and excluded volume of structural units are introduced, and their role is
discussed. Special attention is paid to the conformational behavior of polyelectro-
lytes. The “pearl necklace” model, which predicts the cascade of conformational
transitions of “quenched” polymer chains (i.e., of those with fixed position of
charges on the chain) in solvents with deteriorating solvent quality, is described
and discussed in detail. The incomplete (up-to-date) knowledge of the behavior of
“annealed” (i.e., weak) polyelectrolytes and some characteristics of semiflexible
chains are addressed at the end of the chapter.
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Solvent quality * Quenched polyelectrolyte * Annealed polyelectrolyte « Pearl
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2 K. Prochazka

Before the reader (presumably a scientist engaged in fluorescence studies) starts to
read this chapter, he should know the content and purpose of this introductory part
to decide whether he needs to refresh his memory about fundamental facts related to
the behavior of polymer chains or if he can skip this part. This short (textbook-like)
chapter is not aimed at providing an exhausting survey and explanation of the
conformational and dynamic behavior of dilute solutions of polymers, copolymers,
and polyelectrolytes of various chain architectures. There exist numerous chapters
in excellent textbooks explaining the fundamentals of the physical chemistry of
polymer solutions [1-5] and very good reviews on this topic [6, 7]. This chapter has
a different purpose. Here, we would like to emphasize differences in the behavior
of low- and high-molar-mass compounds caused by (i) asymmetry in the sizes
of the polymer species with respect to the other components of the mixture,
(i1) connectivity of the polymer chains, and (iii) their flexibility. We would like to
remind a researcher studying low-molar-mass compounds by fluorescence tech-
niques about what he should be aware of and prepared for when entering the
polymer field. We will focus particularly on the aspects of the conformational
and dynamic behavior that are important for understanding the results of fluores-
cence studies on aqueous polyelectrolyte systems. However, first we will outline the
basic features of the general behavior of flexible chains in simple solvents.

1 Neutral Chains

The behavior of real polymer chains (homopolymers and copolymers, also includ-
ing polyelectrolytes) in dilute solutions is a result of an intricate interplay of a
number of cooperating and competing forces. The dissolution process reflects both
enthalpy and entropy changes in the whole system, i.e., not only those directly
connected with polymer chains but also various solvent effects, e.g., rearrangement
of the solvent molecules in the solvation shell and counterion effects in polyelec-
trolyte solutions. Because the most important differences between the properties of
high- and low-molar-mass compounds follow from the unique properties of long
chains, classical theories of neutral polymer solutions ignore the structure of the
solvent and specific solvation effects, as well as tiny details in the chemical
composition of the polymer chains, etc. They treat polymer solutions at a simple
mean-field level, representing the polymer chain as a sequence of interconnected
(relatively short) linear parts (segments). Depending on the level of accuracy of the
physical description, the segments represent one or more repeating units and are
either freely joined (without any angular limitations) or the arrangement of two or
more successive segments is constrained (bond angles, restricted rotation around
single bonds, etc.). Furthermore, the simplest models assume that the segments are
short lines without excluded volumes and can intersect, while more advanced
models employ self-avoiding segments. In polymer thermodynamics, the segment—
solvent interactions, wps, are usually compared with segment—segment, wpp, and
solvent—solvent interactions, wss, which simplifies the description because the
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thermodynamic quality of the solvent can be characterized by a single parameter.
The commonly used Flory—Huggins parameter [8, 9] (proportional to T~ "), yrn = a/
T = (z-2)Aw/(kT), where z is the average number nearest neighbors and k is the
Boltzmann constant, is based on the difference between the cross-interaction and the
arithmetic average of homo-interactions, Aw =wpg—1/2(wpp+wss). It serves as a
basis for classification and sorting solvents into two categories: thermodynamically
good and bad (poor) solvents. Solvents of the first class dissolve high-molar-mass
polymers because the segment—solvent interactions are “reasonably good.” The latter
category comprises poor or alternatively called thermodynamically bad solvents,
which, from the practical point of view, are non-solvents (precipitants). The solvents
in a narrow region in between good and bad solvents are often called marginal
solvents. The critical marginal solvent in between the two categories of solvents is
called the “9-solvent.” From a practical point of view, it is necessary to keep in mind
that one particular solvent can be good for some polymers and bad for other polymers
(depending on the polarity, etc.).

Before we start discussing the physical meaning of the “J-solvent” (and its ygy
value), we would like to briefly mention “favorable” and “unfavorable” interac-
tions. In nonpolar systems of low-molar-mass organic molecules A and B, the
cross-term, wap, can usually be approximated by the geometric average of the
waa and wgg interactions as wag = \/(WAAWBB). This means (see any textbook on
the physical chemistry of simple liquids or polymers) [10—13] that Aw is positive
and the mixing of small nonpolar molecules (without specific interactions) is
always endothermic. In other words, the mixing of two nonpolar liquids is an
unfavorable process from the point of view of the enthalpy. However, it is also
true that an overwhelming number of nonpolar molecules mix spontaneously
because their intermixing is accompanied by a considerable increase in entropy.
The entropy of mixing of polymer chains with a low-molar-mass solvent is signif-
icantly lower than that accompanying the mixing of small mobile molecules. This
general feature of polymer solutions can be easily understood when we compare the
motion of ny; small monomer molecules dissolved in a solvent before and after
polymerization. Assume that this reaction leads to np flexible chains, each
containing on average N monomers (ny =npN). In the first case, i.e., before
polymerization, each monomer can move independently in the whole volume and
acquires high translational entropy, while, in the latter case, N connected monomer
units always have to be close to each other and have to move together, which
reduces the entropy of the system considerably (especially if N is high).

The popular and widely used F—H interaction parameter was originally intro-
duced in a successful theory developed independently by Flory [14] and Huggins
[8, 15] in the early 1940s to describe the properties of concentrated polymer
solutions. Their simple mean-field theory is based on a lattice (Bragg—Williams)
model of regular solutions [16] and derives the following expression for the Gibbs
energy of mixing a polymer with a solvent:
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AG = nRT(x1Ing, + x2lng, + x10,) (1)

where n; are the numbers of moles (n = Xn;); x; = n;/Zn;, the molar fractions; N; are
the degrees of polymerization (number of structural units in the chain: (1) solvent,
Ny =1; (2) polymer, N, >> 1); and ¢; = N;n;/ZN;n; are the volume fractions of the
components. It is obvious that the entropy, i.e., the first two terms in Eq. (1),
promotes the dissolution and the enthalpy (the last term) hinders it, but if ygy is
not very positive, the Gibbs function of mixing can be negative and the polymer
will dissolve in the solvent. As both the volume fractions, which are present in the
two first terms, and the product x;¢, ¥ appearing in the third term, depend on the
degree of polymerization, N,, increasing chain length hinders the dissolution and
short chains dissolve in moderately poor solvents while long ones do not dissolve.
Focusing on the behavior of infinitely long polymer chains, the theory yields the
following value of the interaction parameter for the J-solvent: (ygy)e = 2. This
value divides the solvents into the two categories described above. The F-H
interaction parameters of good solvents theoretically range from O to '2. Focusing
on nonpolar systems (where the cross-term interaction obeys the geometric average
rule), the best solvents (called “athermal” solvents) are those with ygy =0, but
actual good solvents often have ygy <0 as a result of specific interactions (some-
times simply because of the high polarity of the components). Poor (bad) solvents
are characterized by FH parameters ygy > 2. The values of the F-H parameter
depend on the temperature; the temperature, at which ygy = a/T =4, is often called
the J-temperature, 9 (or J-state). The simple F-H theory predicts that the solvent
quality for a given polymer will improve with temperature. Above 9, chains of any
length dissolve, i.e., also the infinitely long ones. At the 9-temperature, chains of
infinite length start to separate into two liquid phases: a concentrated phase (i.e., the
swollen polymer) and a dilute phase (in this case, the pure solvent). The chains of
finite lengths start to separate into two phases at lower critical temperatures 7.,
depending on the number of segments N5:

a/Te =%+ 1/\AN;y + 1/(2N;) (2)

and below T, both coexisting phases (i.e., also the dilute one) contain finite
concentrations of the polymer. The coexistence curves are schematically shown
in the lower part of Fig. 1. Because 9 is the highest critical temperature for a series
of coexistence curves for chains differing in length, it is called the upper critical
solution temperature (UCST), and the region of critical temperatures for chains of
different length is called the UCST region.

The 9-temperature has an analogous meaning for polymer—solvent mixtures to
the Boyle temperature for gasses: At this temperature, moderately unfavorable
interactions between polymer segments and solvent molecules compensate the
geometric excluded volume of the segments. The overall excluded volume
(which reduces the volume available for the motion of the molecules) [17] drops
to zero, and small as well as large molecules move as if the entire volume of the
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Fig. 1 The coexistence T
curves. Upper part: the

LCST region. Bottom part:

the UCST region. The

curves for infinitely long

chains (M = co) separate the
homogeneous (one-phase)

region from the

heterogeneous (two-phase)

region

\
\\

(1] 0, 1

system were available. Hence, the conformations of the polymer chain at the 9-
temperature are not affected by the excluded volume of the segments, and real self-
avoiding chains behave as intersecting random walks.

At the end of this part, we would like to emphasize two important facts: First,
because the F-H theory is a theory of regular polymer solutions and the cross-
interaction term can be expressed as a geometric average of homo-interactions, the
Gibbs function of mixing can be decomposed into parts corresponding to the pure
components and to the entropy of mixing. Consequently, it is possible to predict the
properties of polymer solutions at a semiquantitative level on the basis of the
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properties of the pure components alone (see the appropriate chapters on the
solubility parameters in any polymer textbook) [1, 16, 18].

Second, we have seen that the F-H theory predicts an improvement in the
solvent quality with temperature. However, at fairly high temperatures above the
normal boiling point of the pure solvent (ca. 0.7-0.8 T, where T, is the critical
temperature of the pure solvent), i.e., at elevated pressures, the solvent quality starts
to deteriorate with increasing temperature, and the polymer solution phase sepa-
rates upon heating. The worsening of solvent quality for high-molar-mass polymers
at high temperatures is a general feature of polymer solutions, reflecting the fact
that the thermal expansion of the solvent is significantly greater than that of the
polymer. The solvent expands at high temperatures, and the solvent molecules have
a quite large free volume for their motion; they move rapidly and acquire high
translational entropy. Polymer dissolution requires proper solvation of the seg-
ments, which means that part of mobile solvent molecules has to “condense” on
the chain. The solvating molecules lose their translational entropy, and since
entropy plays an important role at high temperatures, the dissolution of the polymer
chains is no longer favorable, and the solution separates into two phases. The
coexistence curves are the mirror image of those in the UCST region (see the
curves in the upper part of Fig. 1), and the critical temperature for the separation of
infinitely long chains, which in this case is the lowest one, is called (somewhat
paradoxically) the lower critical solution temperature (LCST). The F-H mean-field
theory does not predict LCST and is applicable only in the region of UCST. In some
aqueous solutions of neutral water-soluble polymers, LCST behavior is observed at
relatively low temperatures because it is caused by specific effects reflecting
changes in the water structure in the solvation layer, the formation of hydrogen
bonds, etc. (e.g., phase separation occurs below 40 °C in an aqueous solution of
polyoxypropylene) [19, 20].

The simplest model for predicting the conformational characteristics of isolated
flexible polymer chains was developed by Kuhn and Griin [21] and independently
by James and Guth [22]. The chain is approximated by a sequence of segments of
the same length / that are interconnected without any geometrical constrains, do not
occupy geometrical volume, and do not interact over large distances. The
corresponding interpenetrating chain is called an ideal chain. Mathematical treat-
ment yields the distribution function of probability density that the ends of a chain
composed of a large number N of segments are separated by distance r in the form
(Fig. 2):

3
3 2 —3y2
P(r)=4 — ) 7 3
(r) = 4a (2;:1\/12) exP(zNﬂ) ' 3)

Note that P(r) is the angularly averaged function and does not depend on the
direction of the end-to-end vector. In a narrow region of temperatures close to the
d-temperature, real chains behave as interpenetrating ones, and the model provides
a qualitatively correct picture of the conformational behavior of flexible chains.
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Fig. 2 The distribution 0.12
function of probability

density P(r) that the ends of 0.10 F 4
an ideal chain are separated

by distance r
0.08 | 1

0.06 f 1

P(r)

0 5 10 15 20 25 30

It predicts that (i) the chain adopts a random coil conformation, (ii) it responds to
deformation as an entropic spring, and (iii) both the mean-square average end-to-
end distance /(r?) and the radius of gyration Rg of the chain scale with N2,
Scaling exponent > means that an ideal 3D polymer chain behaves as a nontrivial
fractal object with fractal dimension 2, and its self-similar subunits exhibit the same
conformational and scaling behavior as the whole chain. (iv) The conformational
behavior of the chains is controlled by the entropy, and the characteristics of the coil
depend on the total number of segments N, e.g., the average segment density in the
coil domain is proportional to N2, which means that longer chains are relatively
more expanded (with respect to the unit contour length) and form less dense coils
than the shorter ones and (vi) the density profile decreases with the distance from
the center of gravity according to the Gaussian function. The Gaussian density
profile gave rise to the commonly used name “Gaussian chain.” The Monte Carlo
and molecular dynamics simulations show that the chain shape fluctuates greatly
and that the average ensemble shape is aspherical (the spherical symmetry of the
chain characteristics predicted by the simple Kuhn model is derived from the a
priori symmetry assumptions used in this theory) and corresponds to an elongated
ellipsoid with relative lengths of the axes 1:1.6:3.5 [23].

Various corrections reflecting fixed valence bond angles, hindered rotation
around single bonds, and the excluded volume of segments were developed later
and are described in detail in textbooks [12, 24]. The scaling behavior of self-
avoiding flexible chains was studied by de Gennes [25]. He proposed scaling of
\/(r?) and Rg with *°. Perturbation theories and detailed computer simulations
give a value of the scaling exponent of 0.588 and indicate that the average shape of
the self-avoiding chain is also reminiscent of an elongated ellipsoid, similar to that
representing the interpenetrating coil [26]. The conformational characteristics of
real chains with possible rotation around single C—C bonds can be reasonably
interpreted using the conclusions drawn from a simple analytical formula (3)
without correction terms if we assume that one Kuhn segment represents a short
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part of the chain. In this case, rotation around several single bonds ensures that the
first and last bonds that connect such an internally flexible segment to the rest of the
chain are oriented quite randomly without almost any limitations. The rescaling, i.e.,
evaluation of the number of Kuhn segments, N, and their effective length, /x, can
be based on the contour length, L, and the root-mean-square end-to-end distance,

/(). because it has to hold that Le = NI = Nglg and /() = N21 = NI I
the experimental values /; and the radius of gyration Rg = (1 N6W <r2> for real chains
in 9-solvents are used [18], then the angular restrictions and hindered rotation are
reasonably accounted for.

Another simple, albeit quite popular, model of flexible linear polymer chains is
the rotational isomeric state model (RIS) amply treated by Flory [12, 27]. This
model was in fact developed by three independent groups: Volkenstein et al. [28],
Lifson [29], and Nagai [30]. Analyzing the hindered internal rotation in butane and
in longer alkane chains (—CH,—),, the authors of this model realized that the “cis”
conformation of four successive bonds (or -CH,— groups) in the polyethylene chain
is very improbable because it is an unstable conformation (characterized by an
energy maximum on the energy vs. dihedral angle diagram—see Fig. 3) and its
energy is very high (it is ca. 15 kJ/mol larger than that of the stable “trans”
conformation characterized by a total energy minimum). Two other low-energy
conformations are “+ gauche” and “—gauche” with energy difference of only
+3.4 kJ/mol (local minimum) with respect to the “trans” conformation. They are
also quite stable because they are separated from the “trans” conformation by high
12.6 kJ/mol barriers. In Fig. 3, which shows the energy diagram of hindered internal
rotation in butane, the individual conformations are characterized by dihedral angle
@ between the plane formed by the first, second, and third C atoms and that formed
by the second, third, and fourth C atoms in the polyethylene chain: “cis,” @ =0°;
“+gauche,” @ =60°; “trans,” @ =180°; and “—gauche,” @ =2300°. The authors
considered only three conformations and used statistical thermodynamics to eval-
uate the partition function and the average conformational characteristics of the
ensemble. It may seem that the use of only three stable conformations of the part of

Fig. 3 Schematic energy
diagram of hindered
internal rotation in butane

cal2.6k]

U(o)

ca3.4kJI

1 1 1 |

0 60 120 180 240 300 360
D
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the chain containing four C atoms instead of a spectral continuum of a number of
conformations depending on the dihedral angle drastically reduces the number of
states in the evaluation of the average values of the ensemble. However, the total
number of all the considered conformations is 3!, which for N ca. 10°-10° yields
astronomically high values. The number of possible conformations is in fact less
than 3", because the “+g —g” and “—g + g” arrangements of two successive four-
member parts of the chain, i.e., C atoms i to (i+4) and (i+ 1) to (i +5), yield the
cyclopentane structure and the next C atom (i+6) would overlap with atom i.
Therefore, the+g-g and —g+g arrangements are not allowed, and the
corresponding interaction energy is u(+g—g) = u(—g+g) = oo.

Inherently stiff chains which contain multiple bonds, bulky pendant groups, etc.,
do not obey the predictions of the models developed for flexible chains. They form
expanded ellipsoidal or rodlike conformations, depending on the conformational
rigidity. The behavior of semiflexible chains can be described by the “wormlike
chain” model (WLC) developed by Kratky and Porod [31]. We will neither describe
this model nor analyze its predictions, but one conformational characteristic of
semiflexible chains based on this model, called the “persistence length,” will be
briefly mentioned at the end of this chapter. Its physical meaning will be explained
and discussed in relation to the behavior of polyelectrolytes, because electrostatic
interactions induce an additional stiffening effect in the chain and the highly
charged flexible chains thus behave as fairly stiff ones.

The Rouse and the Zimm models are two classical models developed for the
description of chain dynamics in the mid-1950s. In addition to dynamic character-
istics, they also provide information on the conformational behavior of flexible
chains. The Rouse model treats the diffusion of the chain as a collective motion of
beads of the same mass connected by elastic springs under the action of randomly
fluctuating thermal forces and drag forces [32]. This model neglects both the
excluded volume effect and hydrodynamic interactions. It provides correct scaling
of size characteristics, but overestimates the decrease in the diffusion coefficient of
the chain center of gravity, D, with the length of the chain (number of beads N)
predicting the dependence D  1/N. The Zimm model [33] is more accurate and
assumes both hydrodynamic interactions and excluded volume effects. It predicts
the scaling of the diffusion coefficient, D o< 1/N°®¥ which is in good agreement
with experimental data on self-avoiding chains. Both models neglect solvent effects
and the effects of the chemical structure, and hence they predict that the motion of
the whole chain can be described by universal formulas, i.e., it depends only on the
molar mass of the solvent and friction of the continuous medium in which the chain
is immersed (i.e., only on the bulk solvent viscosity). This is a simplification, but
the derived formulas describe the dynamic behavior of dilute solutions of nonpolar
polymers in nonpolar solvents reasonably well.

To summarize the part devoted to the general behavior of nonpolar polymers in
organic solvents, we would like to mention that both linear chains and those with
more complicated molecular architectures (stars, brushes, copolymers, etc.) have
been intensely studied experimentally, theoretically, and by computer simulations,
and their properties are now well understood. The message we would like to convey
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is that the fundamental features of the behavior can mostly be adequately explained
and understood at a semiquantitative level using the arguments of the simple
classical theories outlined above. In the next part, we will concentrate on the
more complex and less well-understood conformational and ionization behavior
of polyelectrolytes in aqueous media, but would first like to add several general
comments on concentrated polymer solutions and polymer melts without going to
details.

2 Comments on the Differences Between Dilute
and Concentrated Solutions

In dilute solutions, individual polymer chains are relatively far apart and form
separated random coils. They move randomly and come into contact from time to
time, but are well separated most of the time. The density of the segments, which is
proportional to N™% in 9-solvents, is in fact quite low—it is only several vol.% in
most real systems, i.e., the coils are very loose and fairly expanded fractal objects,
and the domain of the coil contains a high solvent excess. Good solvents interact
favorably with polymer segments, solvate them, and swell the chain—the chain
domain expands, and the density of the segments decreases, while the chain
contracts in poor solvents. Strictly speaking, dilute polymer solutions are
microheterogeneous—they contain separate coil domains immersed in bulk sol-
vent. In a mixture of a good and poor solvents, different interactions (favorable
vs. unfavorable) lead to preferential solvation of the chain by the good solvent
component, and, in this case, the solvent composition in the domain of the coil may
differ from the bulk.

If the concentration increases and the loose coils completely fill the whole
volume, they mutually touch and later start to overlap. The “concentration of the
first overlap,” ¢’ separates the regions of dilute and semi-dilute solutions. With a
further increase in concentration, the chains interpenetrate, and the viscosity of the
polymer solution increases tremendously. However, this does not mean that the
dimensions of the individual chains change very much. Because the chains are
loose fractal objects, their segments can easily mutually interpenetrate. In concen-
trated solutions and in polymer melts, the chains are, on average, uniformly
intermixed, and, in contrast to dilute solutions, the solution is homogeneous, but
the chains still form random coils. Flory predicted theoretically that the dimensions
of polymer coils in an amorphous bulk polymer (which behaves as a very viscous
“liquid” above the glass transition temperature) are the same as in a dilute solution
of a 9-solvent [9]. He explained his hypothesis by the following arguments: In bulk
polymers, there exists only one type of interaction between polymer segments
(which emulates the situation in a good solvent; there is no difference in interac-
tions, and hence y is theoretically zero), but the trial chain under consideration is
squeezed by neighboring chains. This trial chain fills the space delimited by its coil
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domain partially by its own segments, which affect the conformations of neighbor-
ing chains. The concentration of their segments in this particular place is lower, and
the concentration gradient of their segments (i.e., of their chemical potential)
generates a force (analogous to that which would cause diffusion in an inhomoge-
neous solution) which compresses the trial chain to dimensions corresponding to 9-
conditions. This assumption was later demonstrated experimentally by small-angle
X-ray scattering (SAXS) and small-angle neutron scattering (SANS). In the first
case [34], a homogeneous melt containing a significant excess of regular polysty-
rene and a low fraction of its derivative containing one -COOH group at the end of
the chain (converted in the -COO~ Ag" salt) was prepared at a fairly high
temperature—well above the glass transition temperature. Both polymers are com-
patible, i.e., they mix easily ensuring homogeneous intermixing. However, their
scattering power for X-rays differs because the presence of heavy Ag' ions
increases the scattering power of the minority component. Therefore, the mixture
can be studied by small-angle X-ray scattering (SAXS). From the scattering point of
view, the mixture behaves as a solution of “optically modified” polystyrene in
unmodified polystyrene. Because the so-called contrast, i.e., the difference in the
scattering power of the components, can be estimated independently, the charac-
teristics of the dissolved (minority) polymer, such as its molar mass, radius of
gyration, etc., could be estimated. For a given molar mass of the modified PS, the
measurement yielded a value of the radius of gyration that nicely corresponded to
that in a dilute solution in a 9-solvent. When viewed from the perspective of later
discoveries, this study is slightly problematic, because the presence of ions in a
nonpolar polymer matrix can provoke their aggregation and formation of ion
clusters (known from later studies of ionomers), which could have influenced the
data analysis. However, experimental data suggest that the low fraction of modified
polystyrene prevented the formation of ion clusters and the measurement yielded
the characteristics of the individual modified chains. SANS was also later used by
Cotton et al. [35] and by Kriste et al. [36]. Cotton studied deuterized polystyrene in
hydrogenated polystyrene, and Kriste investigated deuterized poly(methyl methac-
rylate) in the hydrogenated polymer. As deuterium and hydrogen atoms differ
strongly in their ability to scatter neutrons and the hydrogenated and deuterized
polymer chains of the same chemical structure are fully compatible, both research
groups obtained good-quality data and provided persuasive proof of the Flory
prediction.

3 Polyelectrolyte Chains

The chains of polyelectrolytes (PEs) contain charged groups. PEs can be divided in
two classes: Those with permanently charged groups, e.g., sulfonated polystyrene,
are called strong or “quenched” polyelectrolytes. The term “quenched” PE reflects
the fact that the positions of the charges are fixed (predetermined by the synthesis).
Weak or “annealed” PEs contain ionizable groups that can dissociate in polar
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solvents, leaving electric charges on the chain and releasing small mobile counter-
ions in the bulk solvent. In contrast to quenched PE, both the ionization (number of
charges on the chain) and the positions of the individual charges are not constant,
but depend on the external conditions (pH, temperature, ionic strength). Discrete
charges appear and disappear at different positions via reversible association/
dissociation processes with a relatively high frequency, and because close approach
of charges of the same sign is energetically unfavorable, the spatial distribution of
charges is correlated with instantaneous chain conformations and fluctuates (it is an
“annealed variable” which gave rise to the term annealed PEs).

Upon dissolution of PEs in polar solvents (most often water), a great majority of
the counterions escape into the bulk solvent, which increases the entropy of the
system and the thermodynamic stability of PE solutions. However, a certain
fraction of them concentrate close to the PE chain and screen (partially neutralize)
the multiple charge of the macro-ion. If the linear charge density along the chain
exceeds a certain critical value, some counterions actually condense on the
chain (Manning condensation) [37-39]. The condition for the onset of the Manning
condensation requires that the dimensionless Coulomb coupling strength I" = Ag//.,,
be equal to 1. Here, [, is the linear distance between charges in the chain, and Ap is
the Bjerrum length (1g = €*/(4nkT) ~ 0.7 nm in water; this is the distance between
the elementary charges at which the Coulomb interaction energy is the same as the
energy of thermal motion), e is the elementary charge, k is the Boltzmann constant,
and T is the temperature. Because charges of the same sign on the chain are never
fully compensated at short distances by counterions, the highly charged chains
adopt stretched conformations. Electric charges on the chain are separated as much
as possible, which lowers the spatial charge density and causes electrostatic repul-
sion. An intrinsically flexible linear PE thus behaves as an effectively stiff chain,
because the effective chain flexibility is affected and strongly reduced by electro-
static forces (depending on the charge density and ionic strength of the bulk
solution). However, in addition to the direct electrostatic effect, there is a second
important reason for stretching the chain. Stretched conformations provide a larger
volume for constrained motion of “bound” counterions (which compensate the
macro-ion charge) along the chain, which does not reduce their translational
entropy (and the overall entropy of the system) as much as in collapsed
conformations.

The behavior of an overwhelming majority of practically important PEs in
aqueous media is significantly affected by the fact that they contain a fairly
hydrophobic backbone (e.g., hydrocarbon chain) and their solubility in aqueous
media is due to the presence of charges, either on the chain or on pendant electrolyte
groups. In many cases, the presence of pendant ionizable groups (which are usually
hydrophilic) weakens the hydrophobicity of the chain, which becomes amphiphilic
at short distances. For example, the poly(methacrylic acid), PMAA, is well soluble
at high pH values, when the carboxylic groups are highly ionized, but is still fairly
well soluble in water at low pH values, where the pendant carboxylic groups are not
dissociated. However, the parent poly(isopropylene) backbone, from which PMMA
can be derived by attaching a pendant -COOH group at each monomer unit, is an
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extremely hydrophobic water-insoluble polymer. In contrast to PMAA, unionized
poly(2-vinylpyridine) is fairly hydrophobic and insoluble in neutral buffers, but it is
well soluble in acidic media (below pH 5) when the nitrogen atom is protonated and
charged. To summarize this paragraph, water is a thermodynamically bad solvent
for most PEs.

Experimental studies of PS in poor solvents began in the early 1950s with the
paper by Katchalski [40]. Early studies employing viscometry and calorimetry were
performed on PMAA and alternating copolymers containing electrolyte and non-
polar hydrophobic monomer units in aqueous buffers [40-43]. The most important
achievements were made by Strauss et al. [44—46], Morawetz et al. [47-50], and
Ghiggino et al. [51]. It was recognized that the behavior of PMAA differs from that
of less hydrophobic PEs, such as poly(acrylic acid), PAA. At that time, PMAA was
usually described as a polyelectrolyte similar to polysoaps. Ghiggino was the first to
propose the “hypercoiling model” specifically for PMAA on the basis of fluores-
cence studies more than 10 years before a similar Dobrynin “necklace of pearls
model” [52] became a widely used scheme for interpreting the conformational
behavior of PEs with hydrophobic backbone in aqueous media.

In the following chapters of this book, we will discuss fluorescence measure-
ments performed mainly on PE solutions in thermodynamically poor solvents.
Therefore, the behavior of PEs in poor solvents is our main sphere of interest, but
we will first mention the classical Kuhn treatment of polyelectrolytes in J-solvents
[53]. The potential energy of a polyelectrolyte chain in a given conformation
(described by a set of r; position vectors of segments) can be written within the
framework of the mean-field Debye—Hiickel (DH) theory [54] as a sum of three
contributions: the energy corresponding to (i) the entropic elasticity of harmonic
bonds, U, with bond lengths /, which connect the monomers in the polymer chain.
This contribution depends on the set of all position vectors, {r;}

3kT X
Ui ( =37 Z Figl — (4)

(ii) the screened electrostatic Coulomb (Yukawa) interaction potential, U,, between
all monomers bearing charges ¢; and g;

_kTZZ Bq,q, exp(—«|r; — ry|) (5)

=1 j<i Ti

and (iii) the short-range contribution of dispersion forces, Uz, which can be
expressed using, e.g., the Lennard-Jones potential, u; ;(r), which reasonably approx-
imates the short-range interaction between nonpolar spherical molecules by a
power function of their distance r
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At the level of the DH approximation, the interaction energy of segment—counterion
interactions and added salt-ion interactions does not appear explicitly in the
formula and enters indirectly via the concentration dependence of the Debye

screening length, 1‘52 =2 =4nlg E c‘vqf, where ¢, and ¢, are the concentrations

of small ions of the s type and their valences, respectively. Kuhn used a model of the
chain without short-range interactions (i.e., without U3) and minimized the expres-
sion for the free energy of the system. The crucial rough approximation which he
used consisted in the fact that he evaluated the conformational part neglecting the
interactions, and the interaction part neglecting the chain connectivity assuming
that (i) the charged monomers are distributed uniformly in the chain volume.
Taking into account the experimental findings, he further assumed that
(i1) electrostatic interactions lead to unidirectional elongation of the chain confor-
mations. He actually postulated that the PE chain adopts the shape of a rotationally
symmetrical elongated ellipsoid with one perturbed (electrostatically affected)
longitudinal size RE and two unperturbed perpendicular sizes, RY¥ = IN 12 For
RE, he obtained the relationship

RY = INu'3p?? {ln{eN(uf2)2/3H 1/3 o

where u is the “interaction parameter” defined as u = A/l and f denotes the fraction
of charged monomers.

The behavior of PE chains can be analyzed in more detail by the scaling
approach based on the concept of thermal and electrostatic blobs. The blob theory
assumes that, on small length scales shorter than the “correlation length” &t (called
also the “blob size”), the energy of random thermal motion counterbalances the
excluded volume effect of segments, and short parts of the chain behave as ideal
chains. Therefore, it holds that 5% = ng2, where gt is the number of segments per
blob and / is the bond (segment) length. At longer lengths, the effect of the excluded
volume dominates the conformational behavior, and the chain behaves as a self-
avoiding walk. Taking into account the balance of forces, the size of the thermal
blob can be related to the Flory—Huggins interaction parameter, &t = I/(1 — 2y). The
electrostatic blob is an extension of the blob concept. The assumption that the
conformations inside the electrostatic blob are not perturbed by electrostatic inter-
actions with the corresponding balance of forces yields the relationship between the
“interaction parameter” u, the fraction of charged units f, and the parameters that
characterize the blob, i.e., the number of segments, gg = (ufz)_z/ 3, and the electro-
static correlation length (blob size), {g= l(ufz)_l/ 3, Application of the scaling
approach to the problem of PEs predicts that, on length scales larger than &g, the
electric charges on the PE chain generate a force which nonuniformly deforms the
chain in one direction. This leads to a roughly uniaxial arrangement of electrostatic
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blobs in a “string of blobs.” The size of the blobs is not constant, but increases
toward both ends of the chain. This result is not surprising, because the central
section of the chain experiences stronger electrostatic repulsion than the ends of the
chain. What is slightly surprising is the finding that the evaluation of the elongated
chain size RE yields an identical result to the simple approximate Kuhn model.

Now, we will discuss the behavior of quenched PEs in poor solvents. Experi-
mental studies show that the effective solvent quality depends on a number of
factors, namely, the degree of ionization of PE and the ionic strength. A poor
solvent for a neutral chain can be a good solvent for the same charged polymer.
Sparsely ionized PEs have only low solubility and form compact globular confor-
mations in bad solvents (aqueous buffer), while a polymer of the same chemical
nature dissolves well when its chain is strongly ionized and forms a fairly stretched
conformation. We should recall that the variable ionization of a quenched PE
requires the incorporation of different fractions of permanently charged comono-
mers in different chains during synthesis, and hence the chemical compositions of
chains with different degrees of ionization are not identical. The first attempt to
theoretically treat the behavior of quenched PEs in poor solvents was made by
Khokhlov [55, 56]. He predicted that a spherically symmetrical globular confor-
mation would deform with increasing charge and would form a prolate ellipsoid. A
substantially more detailed description, which is at present generally accepted, was
published by Dobrynin, Rubinstein, and Obukhov in 1996 [52]. They combined the
scaling approach and Monte Carlo simulation and showed that the transition from
the globular to the stretched conformation proceeds as a cascade transition via a
series of “pearl necklace” structures (globules formed by collapsed parts of the
chain interconnected by relatively short stretched parts) with increasing numbers of
pearls of decreasing sizes. The proposed necklace concept was inspired by earlier
theoretical works by Kantor and Kardar [57], who explained the formation of
globules within one chain by the same physical arguments as used by Rayleigh in
1882 when he studied the instability of charged oil droplets [58]. When an oil
droplet is charged, the charge spreads over its surface. Discrete elementary charges
of the same sign aim at expanding the surface, because they try to be as far as
possible from each other. The corresponding electrostatic potential of repulsive
forces is proportional to the square of the total charge and to the reciprocal
(average) distance between the charges (r_1>, which is proportional to the radius
of the droplet, R, i.e., zQz/(eR), € is the dielectric permittivity. The surface energy
(proportional to yR?, y is the surface tension) tries to minimize the surface and
preserve the spherical shape. When the charge increases and exceeds the critical
value, at which both terms are equal, the “mother” droplet splits into two smaller
“daughter” droplets because the Gibbs energy of the two “daughter” droplets is
lower than that of the original “mother” droplet. As both “daughter” droplets
contain electric charges of the same sign, they mutually repel and move away
from each other.

The formation of pearls on the chain can be explained by analogous arguments.
In a poor solvent, minimization of the number of unfavorable interactions between
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non-ionized polymer segments and solvent molecules leads to a compact globular
arrangement with minimum surface-to-volume area. When the charge on the chain
increases, or the solvent quality improves and the effective surface tension
decreases, the condition for Rayleigh instability is reached, and the globular
conformation splits into two smaller globules. The globules cannot separate due
to the chain connectivity and are kept together at a certain distance by a relatively
short, albeit fairly stretched part of the chain. From a practical point of view, study
of a system with “continuously” increasing charge on the chain assumes synthesis
of a series of tailor-made PE samples with increasing numbers of charged groups
incorporated into the chain, which is very demanding. It is much easier to vary the
solvent quality by changing the temperature, but the range of solvent qualities for
temperatures preventing temperature-induced decomposition of the polymer chains
is fairly limited. If the chain charge (or temperature) continues to increase, a series
of conformation transitions (splitting of globules) will gradually occur. Based on
the scaling approach, Dobrynin et al. derived the following formula for the critical
charge fraction f,.;; which corresponds to the Rayleigh instability:

Feio = [Jel/N w)]"? (8)

where 7= (1-9/T), 9 is the theta temperature and N is the total number of segments
(monomer units). Theoretical description of the “pearl necklace” structure is
relatively complicated because it does not reflect only the Rayleigh instability but
also has to take into account other factors. The two charged globules electrostati-
cally repel each other, increasing the energy of the pearl structure. The formation of
a string connecting two globules requires that some monomers that were originally
hidden inside the large “mother” globule now be exposed to the poor solvent, which
is energetically unfavorable. In addition, the string contributes to the overall free
energy of the system by its elastic and electrostatic parts. By minimizing the free
energy, the authors derived the appropriate formulas for all the relevant parameters
that characterize the pearl necklace structure of a chain consisting of n;, globules
with size (diameter) Dy, containing m;, monomers each. The globules are connected
by strings, each having my monomers, and the total number of monomer units in the
PE chain is N. Here, we reproduce only the formula for the total length of the
necklace conformation, L:

2
Loee = Nify | n (N”f ) ©)
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where 7 = (1-9/T).

The above-described hypothesis was confirmed by many Monte Carlo and
molecular dynamics simulations and also by a number of experimental techniques
[59-76]. Because the globules are fairly dynamic structures which “move” along
the chain, the number of persuasive direct experimental proofs is still limited.
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Nevertheless, the above “pearl necklace” scheme is now a generally accepted
scheme for the conformational behavior of PEs in poor solvents.

The behavior of annealed PEs in poor solvents is more complex than that of
quenched PEs. The probability of dissociation of a particular ionizable group
depends, among other factors, on its distances from already ionized neighbor
groups. It should be borne in mind that the simultaneous dissociation of two closely
spaced ionizable groups is unfavorable, which can be documented by the low ratio
of the second-to-first step dissociation constants in oxalic acid, K»/K; approx. 107>,
Hence, the distribution of annealed charges along the chain and its fluctuations are
closely related to the instantaneous chain conformations. Therefore, it is not
surprising that recent theoretical and computer studies predict different conforma-
tional behavior than for quenched PEs.

Conformational transitions in annealed PE solutions have been studied theoret-
ically by Raphael and Joanny [77]. They predicted that annealed PEs should
undergo a sudden first-order transition from a highly charged expanded conforma-
tion to a collapsed and very little ionized one with a pH-controlled change
(decrease) in the degree of ionization. Recent semi-grand canonical Monte Carlo
(MC) simulations performed at a constant chemical potential of the charged species
indicate some ambiguity and do not support a first-order transition. Several authors
observed a first-order transition for annealed PEs only in very poor solvents, while
they observed the formation of pearls in marginal poor solvents (close to 9-
conditions) [68]. Other authors claim that pearl necklace structures are also formed
in very poor solvents [63]. At present, the debate concerning the transition from the
expanded to the collapsed state is still ongoing, but most researchers believe
(or incline to the opinion) that a cascade of pearl necklace transitions proceeds in
a broad range of solvent qualities.

4 Comments on Computer Studies of Polymer
Conformations and Dynamics

Computer studies (both Monte Carlo and molecular dynamic simulations) have
become a very powerful tool for studying the conformational and dynamic behavior
of polymer chains. They can be used for testing the predictions of theoretical
models concerning the equilibrium properties and moreover they provide informa-
tion on dynamic characteristics, e.g., on instantaneous fluctuations of chain shapes
which is important because most experimental techniques (e.g., scattering tech-
niques) yield the ensemble-average characteristics only. Large numbers of studies
have been performed on neutral chains—not only on linear ones but also on stars,
combs, etc. [78—85]. The most important advances in understanding the behavior of
polyelectrolytes have been made mainly thanks to computer studies. As already
mentioned, quenched PEs have been studied both by Monte Carlo [86—89] and by
molecular dynamics simulations [59, 63, 71, 73, 87, 90]. Simulation of annealed
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Fig. 4 Simulation snapshots of chain conformations in a bad solvent for three degrees of
ionization a. Adapted with kind permission from Collection of Czechoslovak Chemical Commu-
nications 73, 2008, 439-458, figure 4, [93]. Copyright 2011

PEs is a very complex and delicate problem, because correct treatment of the
dissociation equilibrium at constant pH assumes constant chemical potential of
the hydrated protons and other small ions.

So far, almost all computer studies of annealed PEs have been performed by
grand canonical Monte Carlo methods (or by reaction ensemble MC), because these
simulation variants can treat variable dissociation relatively easily keeping the
chemical potentials of small charged species constant [59, 63, 68, 69, 91, 92]. Cur-
rent molecular dynamics (MD) studies usually use the degree of ionization as an
input parameter and cannot correctly treat systems with “mobile charges.” How-
ever, an interesting MD attempt for annealed PEs was published by Kosovan
et al. [93]. The authors combined common molecular dynamics and Monte Carlo
methodology. They incorporated a MC exchange of the positions of charges in the
chain (submitted to the Metropolis acceptance criterion) [94] in a MD run which
made it possible to emulate the appearance and disappearance of mobile charges in
different positions on the chain. The authors analyzed the behavior of annealed
chains under the condition of a fixed overall degree of ionization using several
ensemble-averaged functions: the probability of ionization of monomer units P(g,i)
as a function of their position (running number /) in the chain contour and the
average bond cosines, i.e., by (ri.; - #;)/(|ris1| - |ri]), where r; is the bond vector i.
The ensemble average cosine of the angle between two successive bonds i and
(i +1) is a good indicator of the local behavior: It equals zero (or low) in stretched
parts of the chain and can increase up to 0.5 in coiled globular parts of the chain.
Simulation data for a chain with 500 unimer units and three overall degrees of
ionization ¢ =0.1, 0.2, and 0.33 in a bad solvent with the reduced Lennard-Jones
interaction parameter € = 1.0 are shown in Fig. 4. Figure 5 presents the schematics
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Fig. 5 Schematic illustration of the possible values of bond-angle cosines. Adapted with kind
permission from Collection of Czechoslovak Chemical Communications 73, 2008, 439458,
figure 6, [93]. Copyright 2011

explaining the evaluation of bond-angle cosines, Fig. 6 depicts the distribution
functions of bond-angle cosines as functions of the position of monomer units in the
polymer chain for the above overall degree of ionization, and Fig. 7 shows the
probability of ionization of individual beads. Note that e =0.34 describes the 9-
temperature [70]. The data show that the chain forms a pearl necklace structure and
the units inside compact globules are considerably less ionized than those exposed
to the solvent in the stretched part of the chain.

S5 The Persistence Length

In the part devoted to neutral polymers, we mentioned that semiflexible and stiff
chains do not obey the behavior predicted by the Kuhn model. Restricted flexibility
of the chain can be caused by the presence of stiff units with multiple bonds or
bulky pendant groups, but it can be a result of external conditions or stimuli. In the
preceding part, it was explained in detail that repulsive interactions together with
entropic forces increase the stiffness of PE chains. Hence, a sudden pH change can
be used as a stimulus affecting the stiffness of annealed PE chains. The properties of
semiflexible polymers are usually treated at the level of the wormlike chain (WLC)
model developed by Kratky and Porod [31]. The “persistence length,” Ip, is an
important parameter strongly related to the WLC model and has been used as the
most common characteristic of chain flexibility—in both theoretical and experi-
mental studies. It is used to describe orientational correlations between successive
bond vectors in a polymer chain in terms of the normalized orientation correlation
function, C(s) = (r;.r;;). For the WRC model, this function decays exponentially:
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Fig. 6 Average bond-angle
cosines as functions of the
position of the monomer
unit in the polymer chain for
the polymer in a bad solvent
for three degrees of
ionization a. Adapted with
kind permission from
Collection of Czechoslovak
Chemical Communications
73, 2008, 439-458, figure
7, [93]. Copyright 2011
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and the persistence length /p is related to the bending modulus x of the chain by
lp=x/kT. The persistent length /p is the length at which the chain “forgets” the
orientation of its first segment, i.e., at distances shorter than /p, short parts of the
chain behave like an elastic rod, while at longer distances, the conformational
properties can be described statistically by a random walk model. Equation (10)
actually describes the rate of decay of the ensemble average cosine of the angle
between the orientations of the first and the s-st segment (generally between the n-st
and (n + s)-st segment) in the chain. From the geometrical point of view, /p equals
the average projection of the end-to-end vector on the tangent to the chain contour
at chain end at the limit of infinite length. For the freely jointed chain (Kuhn model),
the persistence length is only one half of the segment length, (1/2)/.
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The effect of electrostatics on the persistence length of polyelectrolytes has been
studied by a number of researchers. The first theoretical model was developed
independently by Odijk [95] and by Skolnick and Fixman [96]. They expressed the
total persistence length, /p, as the sum of the natural persistence length, /,, and the
electrostatic persistence length, /g, i.e., [p =1y + [g. For long chains, they obtained
the following formula:

Ig = (aN)*ApA3 /4 (11)

where g is the Bjerrum length, Ap is the Debye screening length, N is the number of
monomer units, and « is the normalized linear charge density on the chain. Later,
Khokhlov et al. [97] reformulated the problem for a chain of blobs and also
obtained the scaling of /5 on A3. However, there is a strong controversy about the
dependence of /g on Ap. This problem has been amply studied by computer



22 K. Prochazka

simulations [98—100]. Computer simulations suggest that the correlation function
of the segment orientations in PE chains cannot be expressed as a single exponential
function. The fact that the short-range behavior is dominated by intrinsic stiffness,
while the long-range part of orientational correlations is controlled by electrostat-
ics, and that there exists a crossover between these two regimes were suggested
originally by Barrat and Joanny [101] and later confirmed by simulations
[102]. Gubarev et al. [103] proposed the double-exponential decay of C(s):

C(s) = Bexp (—li) + (1 — B)exp (—li> (12)

1 2

where /; and [, are two different decay lengths. Manghi and Netz [104], Dobrynin
et al. [103], and others [105] studied the problem in detail and proposed the relation
between /;, [y, and Ig. They also confirmed that the dependence of /g on Ap is more
complex than that proposed by Odijk and Skolnick with Fixman.
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Abstract For the last decades, amphiphilic block copolymers have been at the
focus of extensive scientific interest, due to their unique properties and numerous
potential applications. Their technological potential evolves from their ability to
self-assemble into a plethora of morphologically diverse nanostructures such as
micelles, polymersomes, cylinders and others. In this chapter, we discuss the basic
principles governing amphiphilic block copolymer self-organisation in solutions
and the variety of morphologies observed so far, as well as the experimental
techniques available for characterising such nanostructures. Some representative
examples of self-assembly from nonionic and ionic amphiphilic block copolymers
of different macromolecular architectures are also presented.
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Abbreviations

AFM Atomic force microscopy

AUC Analytical ultracentrifugation

cmc Critical micelle concentration

(cryo-)TEM  (cryogenic) Transmission electron microscopy
DLS Dynamic light scattering

DMF Dimethylformamide

NMR Nuclear magnetic resonance

P2VPp Poly(2-vinylpyridine)

P4VP Poly(4-vinylpyridine)

P4VPDecl Poly(4-vinylpyridine decyliodide)
P4VPMel Poly(4-vinylpyridine methyliodide)

PAA Poly(acrylic acid)

PAI Poly(5-(IVN-diethylaminoisoprene))
PBD Polybutadiene

PBO Poly(butylene oxide)

PCL Poly(e-caprolactone)

PDEAEMA  Poly(N,N-diethylaminoethyl methacrylate)
PDMAEMA  Poly(N,N-dimethylaminoethyl methacrylate)

PDMS Poly(dimethylsiloxane)

PEE Poly(ethylethylene)

PEG Poly(ethylene glycol)

PEHA Poly(2-ethylhexyl acrylate)
PEO Poly(ethylene oxide)

PEP Poly(ethylene-alt-propylene)
PSGMA Poly(sulfonated glycidyl methacrylate)
PI Polyisoprene

PIB Poly(isobutylene)

PISC Poly((sulfamate-carboxylate)isoprene)
PMA Poly(methyl acrylate)

PMAA Poly(methacrylic acid)
PMMA Poly(methyl methacrylate)
PMOXA Poly(2-methyloxazoline)
PnBA Poly(n-butyl acrylate)

PnBMA Poly(n-butyl methacrylate)
PPO Poly(propylene oxide)

PS Polystyrene

PSS Poly(styrene sulfonate)

PSSH Poly(styrene sulfonic acid)
PSSNa Poly(sodium styrene sulfonate)
PrBA Poly(tert-butyl acrylate)
PrBMA Poly(tert-butyl methacrylate)

SANS Small-angle neutron scattering
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SAXS Small-angle X-ray scattering
SEC Size exclusion chromatography
SEM Scanning electron microscopy
SLS Static light scattering

THF Tetrahydrofuran

1 Introduction

During the last decades, amphiphilic block copolymers have been at the focus of
extensive scientific interest, both from an experimental and a theoretical point of
view, owing to their unique properties and numerous potential applications involv-
ing medicine, biology, biomaterials, microelectronics, photoelectric materials, cat-
alysts, etc. Their most important feature is the ability to self-assemble in solution
giving rise to a plethora of resulting morphologies including spherical micelles,
cylindrical micelles, lamellae and vesicles and bicontinuous structures, among
others. A major contribution to this respect has been the recent development in
the synthetic techniques, especially ionic and living radical polymerisation
methods, which facilitate the preparation of block copolymers with well-defined
compositions, molecular weights, and elaborate architectures. The growing range
of available block copolymer architectures includes linear block copolymers, graft
copolymers, dendritic polymers, starlike polymers, cyclic polymers and so on,
which can self-organise into aggregates of diverse morphologies under certain
conditions [1-3].

Among these, the most common and extensively studied systems are those of
linear amphiphilic block copolymers which are generally defined as macromole-
cules consisting of two or more chemically distinct and frequently immiscible
blocks linked together by covalent bonds. This immiscibility results in their self-
assembly in solutions of a selective solvent of one of the blocks. In particular, when
a block copolymer is dissolved in a liquid that is a thermodynamically good solvent
for one block and at the same time a precipitant for the other, the copolymer chains
associate reversibly thus forming micellar aggregates of nanoscopic dimensions
and of various shapes, similar to those obtained from low molecular weight
surfactants. The resulting micelles consist of a more or less swollen core of the
insoluble blocks surrounded by a flexible corona of the soluble blocks. As far as the
micellar morphology is concerned, when the soluble block is predominant, the
insoluble block aggregates to form spherical micelles, while cylindrical micelles or
vesicles are formed as the length of the soluble block decreases relatively to that of
the insoluble block. Nevertheless, for a given copolymer, unusual micelles differing
from the spherical morphology can be produced depending on the specific solution
conditions [1-3].

As can be expected, the number of studies, both experimental and theoretical, on
copolymer self-assembly is vast, and their results have been thoroughly reviewed
by various authors including Price [4], Tuzar and Kratochvil [5], Webber et al. [6],
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Hamley [7], Alexandridis and Lindman [8], Riess and co-workers [1, 9], Gohy [2],
Quémener et al. [10] and Eisenberg et al. [3], to name but a few. In the following,
we intend to present a brief overview on the main aspects of micelle formation and
morphology, the experimental methods used for their characterisation, as well as
theoretical and computer simulation predictions of their structural parameters.
Furthermore, representative examples of the main classes of different amphiphilic
copolymer-selective solvent systems will be presented, along with possible appli-
cations of such systems.

2 Amphiphilic Block Copolymer Micelles

2.1 General Features

It is well established that when an amphiphilic block copolymer is dissolved in a
selective solvent at a fixed temperature, above a specific concentration called the
critical micelle concentration (cmc), micellisation occurs. Below the cmc, only
molecularly dissolved copolymer chains (unimers) are present in the solution, while
above the cmc multimolecular micelles are in thermodynamic equilibrium with the
unimers. This process is in analogy to classical low molecular weight surfactants,
differing in that the cmc is much lower in the case of block copolymers macrosur-
factants. The self-assembly arises from the need of the copolymer chains to
minimise energetically unfavourable solvophobic interactions. Therefore, micelle
formation is dictated by two opposite forces, the attractive force between the
insoluble blocks, which leads to aggregation, and the repulsive one between the
soluble blocks preventing unlimited growth of the micelle. At the same time, the
interaction of the soluble blocks and the solvent is responsible for the stabilisation
of the micelles [1, 10].

The morphology of the resulting micellar aggregates is primarily a result of the
inherent molecular curvature arising from the relative sizes of the soluble and
insoluble domains, and of the way, this influences the packing of the copolymer
chains within the aggregates. The dimensionless packing parameter, p, can be used
to define the relative size of the insoluble region of a copolymer. The balance
between solvophobic and solvophilic interactions gives rise to an optimal surface
area, ag, of the insoluble block at the interface between the soluble and insoluble
blocks. This area together with the length, /., and the volume, v, of the insoluble
block contributes to the packing parameter, which is defined as:

p=— (1)

B a()lc

The packing parameter expresses the ratio of the insoluble chain molecular
volume to the volume actually occupied by the copolymer in the assembly, thus
usually dictating the most likely self-assembled morphology. As a general rule,
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Fig. 1 Various self-assembled structures formed by amphiphilic block copolymers in a block-
selective solvent. The type of structure formed is due to the inherent curvature of the molecule,
which can be estimated through calculation of its dimensionless packing parameter, p. Reproduced
with permission from [12]. Copyright (2009) WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

spherical micelles are formed when p < 1/3, cylindrical micelles are formed when
1/3 <p <1/2 and enclosed membrane structures (vesicles, a.k.a. polymersomes)
arise when 1/2 <p <1 [11, 12], as depicted schematically in Fig. 1.

2.2 Micelle Preparation

The preparation of amphiphilic block copolymer micelles is usually achieved by
one of the two following methods [1, 2, 5, 13]. The first method is the most
straightforward way to prepare a block copolymer micellar solution and consists
in the direct dissolution of the bulk sample in a selective solvent for one of the
blocks. However, it should be noted that this method is generally suitable for block
copolymers with relatively low molecular weight, M,, and rather short length of the
insoluble block. The solubility can be improved by a subsequent annealing pro-
cesses of the solution such as standing, prolonged stirring, thermal or ultrasound
treatments. The main disadvantage of these techniques is that depending on the
block copolymer system, an equilibrium situation is not necessarily reached,
especially when the insoluble, core-forming block is characterised by a high glass
transition temperature (7,), for example, PS. In this case, the so-called frozen
micelles are formed, meaning that a unimer-micelle exchange does not take place
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Fig. 2 Schematic representation of AB diblock copolymer micelles in a selective solvent of the A
block. R, core radius; L, shell (corona) thickness. Adapted from [1]. Copyright (2003) Elsevier

in the solution. The features of these micelles usually depend on the two-phase
morphology of the bulk block copolymer sample, as well as on the interactions of
the selective solvent and the polymer microphases.

The second method is based on the dissolution of the copolymer in a
nonselective solvent, i.e. a common good solvent for both blocks, thus forming
molecularly dissolved chains. In order to induce micelle formation, the properties
of the solvent are then changed, either by stepwise addition of a selective solvent for
one block and precipitant for the other or by changing the temperature or pH of the
solution, thus forming stimulus-responsive micelles. In the former case, the initial
common solvent can be further eliminated by evaporation or gradually replaced by
the selective solvent via a dialysis process. This technique is generally considered
the preferred preparation method for micellar systems, mainly in aqueous solutions,
since it prevents the formation of large aggregates and allows the formation of
micelles from highly asymmetric block copolymers with a large insoluble block.
However, it does not always avoid the production of “frozen micelles”, due to the
formation of a glassy micellar core at a given temperature and/or at a specific
common/selective solvent composition. Moreover, if the starting copolymer sample
has a polydispersity in composition or My, the dialysis process can generate
polydisperse micelles regarding to their characteristics.

2.3 Micellar Morphology
2.3.1 Spherical Micelles

The most abundant micellar morphology is that of spherical micelles [1, 10]. The
self-assembly of a classical amphiphilic diblock copolymer AB (A and B denote the
two different blocks) leads to two different micellar structures, depending on the
relative length of the blocks. These two types of spherical micelles are schemati-
cally presented in Fig. 2. When the soluble block A is larger than the insoluble
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block B, the resulting micelles consist of a small dense core and a very large corona,
i.e. the core radius, R, is much smaller than the corona thickness, L. These micelles
are usually called “hairy”, “starlike” or “core-shell” micelles. In the other extrem-
ity, if the insoluble block B is larger than the soluble block A, the micelles that are
formed are characterised by a large dense core and a rather short highly stretched
corona, with L > R, and the term “crew-cut” micelles is usually used to describe
them.

Apart from the core radius and the corona thickness, other characteristic param-
eters of a micellar system are the aggregation number, N,q,, Which denotes the
average number of polymer chains in a micelle, the radius of gyration, R, and the
hydrodynamic radius, Rj, of the micelle, as well as the distance between
neighbouring blocks at the core/corona interface, called the grafting distance b,
with b* expressing the area per corona chain on the core surface. These parameters
are mainly controlled by the degree of polymerisation of the two blocks, N and Ng,
and the Flory-Huggins interaction parameter y. Moreover, the interfacial energy of
the core/corona interface, the stretching energy of the block copolymer chains and
the repulsion among coronal chains determine the total free energy of the micelle,
which must be minimised in order to obtain an equilibrium micellar structure [2].

It is quite evident that both micellar structures can be obtained by the same
amphiphilic diblock copolymer system only by changing the structural parameters
of the AB copolymer. The relative lengths of the two blocks and the total M|, of the
copolymer not only dictate the morphology of the resulting micelles (‘“hairy”
vs. “crew-cut”) but also determine the rest of the micellar characteristics (Nogg,
R, b, etc.). Numerous experimental studies have been dedicated to the investigation
of this notion, and most typical examples of the studied diblock copolymer systems
include PS-PEO, PS-PI, PS-PAA and PPO-PEO among others [1, 2, 10].

Spherical micelles can also result from the self-assembly of triblock copolymers
of the ABA type. When these copolymers are dissolved in a selective solvent for the
outer A blocks, they form “starlike” micelles, as seen in Fig. 3a. The situation is
more complex for the micellisation of ABA copolymers in a selective solvent of the
middle B block. If the concentration of the copolymer is low and/or the A blocks
have a relatively small M, isolated “flower-like” micelles can be assembled, where
the B block is looped and the A blocks participate in the same micellar core
(Fig. 3b). However, an increase in the concentration of the copolymer or the M,,
of the A blocks could lead to micelle association into larger aggregates due to
partial conversion from loops to bridges, i.e. the A blocks of the copolymer chain
can be located in two different micellar cores (Fig. 3c). Both theoretical [14] and
experimental investigations of the self-assembly of ABA triblock copolymers have
been carried out, e.g. studies on PAI-PS-PAI copolymers dissolved in DMF [15], as
well as PBO-PEO-PBO in water [16, 17].

The introduction of a third block leads to another intriguing class of triblock
copolymers that of the ABC type, since it can provide interesting new functional-
ities and higher diversity of micellar organisations. Depending on the selective
solvent, one or two of the triblock copolymer blocks can be insoluble. In the first
case, micelles with a compartmentalised corona are formed, while in the second
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Fig. 3 Self-assembly of ABA triblock copolymers under different conditions. (a) “Starlike”
micelles. (b) “Flower-like” micelles. (¢) Micelle assembly. Reproduced with permission from
[10]. Copyright (2011) Springer-Verlag

case, a compartmentalisation of the core is observed. More specifically, ABC
copolymers in a selective solvent for the C block (or equivalently the A block)
self-assemble into micelles where the first insoluble A block forms the core, the
second insoluble B block is located around the core and the third soluble block C
extends in the solution, thus forming the micellar corona. This type of micelles is
called “onion”, “three-layer” or “core-shell-corona” micelles. When one of the
three blocks is insoluble in the specific solvent, the block sequence, i.e. the copol-
ymer architecture, influences the resulting micellar structure. If the insoluble block
is located at one extremity of the triblock (A or C block), “core-shell-corona”
micelles with a compartmentalised (two-layer) corona are assembled, while when
the insoluble block is located between the two soluble ones (B block), “core-
corona” micelles are formed. The latter can be further distinguished into two
categories: micelles that have a mixed corona and micelles with a laterally
compartmentalised corona known as “Janus” micelles. This segregation of the
corona in “Janus” micelles usually occurs due to high incompatibility of the two
soluble blocks. All the above-mentioned types of micelles are schematically
presented in Fig. 4. Characteristic examples of ABC triblock copolymer micellar
systems can be found in the review of Gohy et al. [18], including studies of PEHA-
PMMA-PAA, PS-P2VP-PEO, PI-P2VP-PEO, PS-PMMA-PAA and so on triblock
copolymers in various selective solvents.
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Fig. 4 Schematic representation of different types of micelles formed by ABC triblock copoly-
mers. (a) “Core-shell-corona” micelles with insoluble core and shell, (b) “core-shell-corona”
micelles with radially compartmentalised corona, (¢) “core-corona” micelles with mixed corona
and (d) “Janus” micelles with laterally compartmentalised corona. Adapted from [18]. Copyright
(2005) Springer-Verlag

2.3.2 Cylindrical Micelles

The second of the three basic micellar morphologies is that of cylindrical micelles,
which are often referred to as “worm-like”, “rod-like” or even “thread-like”
micelles. The fact that this morphology corresponds to the smallest range of
packing parameter values (1/3 <p <1/2) explains why “worm-like” aggregates
are less frequently observed, compared to spherical micelles and polymersomes
[19]. A schematic representation of a “worm-like” micelle, along with its charac-
teristic dimensions, i.e. total length L, overall diameter d and core radius R, is given
in Fig. 5.

In general “worm-like” micelles are classical one-dimensional structures for
which the length is several times greater than their cross-sectional diameter.
However, they exhibit rich structural polymorphism, in the sense that they can be
relatively short (finite length) or very long (reaching the micrometre length scale),
while at the same time they can either be rigid or thin and flexible. Thus, relatively
short and rigid micelles are usually termed as cylindrical or “rod-like”, whereas the
ones that are long and thin are called “thread-like” micelles.
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Fig. 5 Schematic
representation of a “worm-
like” micelle. The d
characteristic dimensions
including total length L,
overall diameter d and core
radius R, are shown.
Reproduced in part with
permission from

[20]. Copyright (2003) The
Royal Society of Chemistry

From an energetic point of view, infinitely long cylinders are more favourable
than shortened cylinders with incorporated end defects, since these structures allow
uniform curvature across the entire aggregate. Nevertheless, entropic demands and
molecular frustration result in the formation of defects such as end caps and branch
points, which are respectively more or less energetically favourable [12, 19, 21]. As
a result, a great variety of cylindrical micellar morphologies have been observed,
including giant [22] and short [23, 24] “worms”, y-junction and end cap defects
[25, 26], networks [27, 28] or even toroidal/ring-shaped micelles [29-31], which
result when cylindrical structures bend and close up their ends. From these studies,
it is evident that all previously mentioned types of amphiphilic copolymers, AB,
ABA and ABC, can self-assemble into “worm-like” aggregates, depending on their
composition. Finally, because of the cylindrical shape, these micelles provide
particularly interesting potential applications in nanotechnology and medicine.
For example, a great enhancement of the toughness of epoxy resins was facilitated
by the incorporation of PEO-PEP cylinders [32]. In the same manner, cylindrical
micelles can orient and stretch in a flowing stream, a fact that makes them ideal for
flow-intensive delivery applications such as phage-mimetic drug carriers and
micropore delivery agents [33, 34].

2.3.3 Polymersomes

Polymer vesicles or polymersomes constitute an extremely interesting class of
macromolecular self-assembly, and since their first observation 20 years ago [35],
they have attracted a rapidly increasing degree of scientific attention. This is mainly
because of their resemblance to natural cellular membranes, the ability to control
their size along with their interactions with the environment, their tailorable
membrane properties, as well as their versatile potential applications spanning
from (bio-) electronics and catalysis to medical therapy. In the last decade, the
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Fig. 6 Schematic representation of a polymer vesicle. Reproduced with permission from
[43]. Copyright (2009) The Royal Society of Chemistry

number of studies in this field shows a substantial growth, and a significant amount
of reviews on the subject is already available in the literature [12, 36-45].

As mentioned before, if the right hydrophobic/hydrophilic balance is achieved,
amphiphilic block copolymers can self-assemble in water into membranes. These
membranes usually close, thus forming hollow spheres with an aqueous core, as
shown in Fig. 6, with sizes that vary from tens to thousands of nanometres. The
resulting structures known as polymer vesicles are commonly referred to as
polymersomes in analogy to the lipid-based vesicles which are called liposomes.
Contrary to liposomes, polymersomes exhibit enhanced stability and toughness,
reduced permeability, restricted chain mobility within the membrane and better
resistance to dissolution. These characteristics are attributed to the considerably
higher molecular weight of the amphiphilic copolymers compared to that of lipids.
Copolymer M, also determines the vesicular membrane thickness, which can reach
up to 50 nm, whereas the liposome bilayer membranes have thicknesses of 3—5 nm.
Furthermore, the enhanced mechanical properties of the polymeric vesicle mem-
branes are a consequence of the entanglement and interdigitation that can occur
between the hydrophobic chains within the membrane [12, 19].

The chain architecture and chemical composition of the polymersome-forming
amphiphilic block copolymers can be either simple or rather complex giving the
corresponding polymersomes their peculiar properties. The AB copolymer type,
where A and B, respectively, denote the hydrophilic and hydrophobic blocks, is the
simplest possible chain architecture, and the majority of polymer vesicles are
produced by such copolymers, including PEO-PPO, PS-PAA, PS-PEO, PBD-PAA,
PB-PEO and P2VP-PEO among others. Even so, copolymers of more complex
linear architecture such as ABA, BAB, ABABA, ABC and ABCA (with C being
either hydrophilic or hydrophobic) have also been reported to assemble into
polymersomes [43]. A very comprehensive representation of the various membrane
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Fig. 7 Membrane conformation of polymersomes formed by diblock, triblock and multiblock
copolymers. Reproduced with permission from [43]. Copyright (2009) The Royal Society of
Chemistry

conformations of polymersomes formed by diblock, triblock and multiblock amphi-
philic copolymers is given in Fig. 7.

Only one membrane conformation is possible for AB copolymers, where the B
blocks constitute the hydrophobic layer and the A blocks extend outwards on both
sides of the membrane. In the case of the ABA triblocks, the hydrophobic B block
either can form a loop so as the hydrophilic A chains are on the same side of the
membrane (U shape) or can stretch forming a monolayer with the two A blocks at
the opposite sides of the membrane (I shape), while for the BAB type only, the
U-shaped conformation is possible since the hydrophobic B chain ends must
assemble into a membrane and the hydrophilic A blocks must form a loop. Similar
conformations can be anticipated for ABABA pentablock copolymers. The same
general rules apply when a third chemically different block is added, and although
the overall geometry is the same, multiblock copolymers have an extra level of
control over the polymersome structure introduced by the extra interaction between
the blocks. Hence, ABC triblock copolymers assemble into asymmetric or “Janus”
membranes, and the resulting vesicles are characterised by different external and
internal surface chemical properties. Even more interestingly, ABCA tetrablocks
(where A is hydrophilic and B and C are both hydrophobic) have been shown to
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Fig. 8 Micrographs of vesicles with complex morphology. (a) Small uniform vesicles, (b) large
polydisperse vesicles, (c) entrapped vesicles, (d) hollow concentric vesicles, (e) “onion-like”
vesicles and (f) vesicles with tubes in the wall. Reproduced with permission from [36]. Copyright
(2001) WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany

form vesicles whose membrane has an internal morphology that changes from
lamellae to cylinders upon changing the volume fraction between B and C [46].
Contrary to the ideal notion that polymer vesicles are unilamellar spherical
objects with uniform size and shape, in practice, a great variety of vesicular
morphologies have been observed. Polymersome morphology is critically
influenced by a number of factors such as the nature of the copolymers and their
constituent blocks; the presence of ionisable groups or groups capable of hydrogen
bonding; the solution conditions, e.g. temperature, concentration and pH; the
presence of additives (salts, acids, bases, cosolvents, surfactants); as well as the
method of preparation. This fact suggests that the great majority of polymersomes
are nonequilibrium structures. As characteristically shown in Fig. 8, Eisenberg and
co-workers [36] have managed to produce vesicles with multiple complex
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Fig. 9 Self-assembly of ABA triblock copolymers in aqueous solution and TEM image of a
polymer nanotube. Reproduced with permission from [47]. Copyright (2004) The Royal Society of
Chemistry

morphologies such as small uniform vesicles, large polydisperse vesicles,
entrapped vesicles, hollow concentric vesicles, “onion-like” vesicles and vesicles
with tubes in the wall, using six different types of polymers (PS-PAA, PS-PEO,
PBD-PAA, PS-P4VPMel, PS-P4VPDecl and PS-PMMA-PAA), only by changing
parameters like the copolymer concentration and relative block lengths, the solvent
composition, the temperature and the addition of ions to the system. Another
interesting morphology is that observed by Grumelard et al. [47] from the self-
assembly of an amphiphilic ABA copolymer (PMOXA-PDMS-PMOXA) in water,
which led to the formation of a vesicular nanotube seen in Fig. 9.

Apart from their morphological diversity, polymer vesicles have been at the
focus of extensive research also because of their potential applications, especially
in medical fields. These kinds of applications usually exploit the unique ability of
polymersomes to encapsulate hydrophilic compounds within the core and, at the
same time, hydrophobic and amphiphilic molecules within the membrane. This
feature combined with the enhanced mechanical properties of polymeric mem-
branes renders them ideal delivery devices. As a result, polymer vesicles have been
extensively utilised in drug delivery, gene therapy, protein delivery, medical
imaging, cancer diagnosis and therapy, etc. [48—54].

2.3.4 Other Morphologies

Although spherical and cylindrical micelles, as well as polymersomes, constitute
the majority of structures formed through the self-assembly of amphiphilic copol-
ymers, lately there has been a substantial effort to create new intriguing morphol-
ogies, including multicompartment, “disc-like” and bicontinuous micelles. These
classes of novel micellar morphology have been recently reviewed by Holder and
Sommerdijk [55].

The term multicompartment micelles is used to describe micelles with water-
soluble shells and internally segmented cores, where two (or more) separate types
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Fig. 10 Structure of a u-((PEE)-(PEO)-(poly(y-methyl-e-caprolactone))) miktoarm block terpoly-
mer, along with schematic representations and cryo-TEM micrographs of the resulting self-
assembled micellar structures: “hamburger”, segmented “worm-like” and “raspberry” micelles
(from left to right). Reproduced with permission from [56]. Copyright (2008) American Chemical
Society

of hydrophobic regions exist. Obviously, this kind of structure provides the advan-
tage of storing two or more incompatible compounds in the different
nanocompartments of the core, and it can thus be used in the simultaneous delivery
of different types of pharmaceutical and/or bioactive agents which are otherwise
incompatible. The overall morphology of such micelles is similar to that of spher-
ical, “worm-like” or even vesicular structures previously discussed, while for their
preparation, usually ABC-type copolymers with linear and non-linear
(e.g. miktoarm star) chain architecture are used. A characteristic example is that
of the self-assembly of a miktoarm star terpolymer with PEE, PEO and poly(y-methyl-
e-caprolactone) arms (u-EOC) studied by Lodge, Hillmyer, et al. [56]. Depending on
the initial composition of the x-EOC copolymer, different types of resulting structures
with distinct hydrophobic core regions were found, i.e. “hamburger” (where a lamellar
region is sandwiched between two other regions), segmented “worm-like” (where the
hydrophobic regions alternate along the length of the micelles) or “raspberry” (where
one region adopts spherical shapes embedded in the matrix of the other) micelles. A
schematic representation of these structures is shown in Fig. 10. Another similar
example is that of the multicompartment micelles formed by a linear PISC-PS-PEO
triblock terpolymer, where the micellar structure is dictated by the random architecture
of the PISC block, which includes hydrophilic and hydrophobic segments [57].

“Disc-like” micelles are relatively rarely observed [58—63], and they are not
considered stable equilibrium morphologies, but rather transient intermediate struc-
tures which occur under specific circumstances. The latter include (a) extremely
strong interfacial tension between the amphiphilic blocks typically manifested by
fluoro-containing copolymers, (b) alteration of the interfacial curvature by manip-
ulating the volumes of the core and/or corona regions (usually via the addition of
organic or inorganic substances), (c) the presence of “rod-like”” corona- and/or core-
forming blocks thus leading to parallel arrangement of the chains in the corona/core
interface or (d) the presence of crystallisable core-forming blocks which can
develop closely packed flat structures [19].
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Finally, in limited occasions, self-assembled aggregates with a bicontinuous
structure have been reported. For example, in the case of a PS-PAA diblock
copolymer in a water/DMF mixture [64], of PEO-PPO-PEO triblock copolymers
in water or water/oil mixtures [65—-67] and PAA-PMA-PS in water/THF mixture
[68], or more complex chain architectures, like a linear-comb [69] and a comb-
comb [70] diblock copolymer, are considered.

2.4 Micelle Characterisation: Experimental Techniques

Several experimental techniques are available for the investigation of micellar
systems, capable of elucidating different aspects of the micellisation process, as
well as the micellar structure and morphology. In a first approach, these techniques
can be categorised in three subclasses: microscopy, scattering and spectroscopic
techniques. Extensive reviews on the various experimental methods suitable for
block copolymer micelle characterisation have been provided [6—8]. Therefore, in
this section, our aim is to briefly outline the different methods used and the
information they provide, along with some of their main advantages and limitations
[1,2,71].

2.4.1 Microscopy Techniques

Atomic force, scanning and transmission electron microscopies (AFM, SEM and
TEM) have been widely used for the direct visualisation of block copolymer
micelles and the determination of micellar size, shape, size distribution and internal
structure. All three techniques require deposition of the micelles on a flat substrate
and subsequent evaporation of the solvent, while additional coating or staining of
the dried samples is usually necessary for SEM or TEM imaging, respectively.
Thus, one could argue that the obtained information, especially about the size of the
micelles, does not correspond to that in the initial micellar solution, since the
surface deposition perturbs in some extend the original micellar size. The more
lately developed cryo-TEM technique overcomes these limitations, since the micel-
lar solution is rapidly frozen by liquid nitrogen and the micelles are observed
unperturbed in a glassy water phase. This comparative advantage of cryo-TEM
has increased its popularity as a standard characterisation technique of macromo-
lecular self-assembly, as highlighted in the recent review of Zhong and
Pochan [72].

2.4.2 Scattering Techniques

This subcategory includes static and dynamic light scattering (SLS and DLS), along
with small-angle X-ray and neutron scattering (SAXS and SANS) techniques,
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which provide information on micellar morphology with the advantage of giving a
mean value calculated over a large number of micelles. These are also in situ
techniques that produce minimal perturbation in the state of the micelles in solution.
Light scattering is a very common technique used for micelle characterisation. SLS
allows for the determination of the weight average M,, and thus N, of the micelles,
as well as their R,, while information about the quality of the solvent for the coronal
chains can be obtained through the estimated second virial coefficient, A,. More-
over, due to its greater sensitivity in larger particles, SLS can be used for the
measurement of cmc. The Ry, of the micelles can be calculated from their diffusion
coefficient obtained through DLS measurements, while at the same time informa-
tion on the size distribution of the micelles and the relative amounts of individual
species in the initial copolymer solution can be extracted. It should also be noted
that from the combination of these two techniques, the characteristic ratio p = Ry/Rj,
can be derived, which provides valuable insight on micellar morphology [73].

Small-angle scattering methods rely on the assumption of suitable models for the
analysis of scattering data and have been proven very well suited for studying the
structure of block copolymer micelles, as well as their interactions or ordering
[74]. One of their most important features is that they allow for the independent
study of the core or the corona of the micelles. More specifically, SAXS measure-
ments yield parameters like the molecular weight, the overall size and the internal
structure of the micelles, while through the appropriate model fitting, additional
information on the individual dimensions of the micellar core and corona, as well as
on the core/corona interface sharpness, can be acquired. In a similar manner, SANS
experiments are usually conducted in deuterated solvents and/or with partially
deuterated copolymers, in order to generate a sufficient scattering contrast between
the core and the corona of the micelles, thus making possible the determination of
their respective dimensions. Of course, the overall micellar characteristics can also
be estimated in analogy to SAXS measurements.

2.4.3 Spectroscopic Techniques

From the various available spectroscopic techniques, fluorescence [75, 76] and
nuclear magnetic resonance (NMR) [182] spectroscopy have been employed in
the study of micellar solutions and are considered especially helpful in the inves-
tigation of local phenomena within the micelles. In fluorescence spectroscopy,
probe molecules are usually utilised, which either are attached by covalent bonds
to specific sites of the copolymer chain or can be easily distributed within the
micelle core or corona. Energy transfer, fluorescence quenching and time-
dependent fluorescence depolarisation techniques allow for the inspection of the
micellar microenvironment. Owing to this local sensitivity determination of very
small cmc values, probing the internal viscosity of the micelle core, as well as
observation of the solubilisation of low M, substances into the micelles, is possible.
Unimer-micelle equilibrium or chain exchange between micelles can also be
studied, by the use of copolymers suitably labelled with fluorophore groups.
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Additional information on potential alterations of chain conformations or core/
corona interface due to micellisation can also be gained. Similarly, the application
of NMR spectroscopy for the study of chain dynamics in micellar systems is based
mainly on the fact that block copolymer segment mobility is directly correlated to
the intensity of respective NMR spectrum peaks. Thus, when the core of the
micelles is formed and the mobility of the insoluble blocks is significantly reduced,
the intensity of the corresponding NMR peaks is reduced accordingly.

2.4.4 Other Techniques

Other more or less commonly used experimental methods include analytical ultra-
centrifugation (AUC), size exclusion chromatography (SEC), viscometry and stop-
flow techniques. AUC measures the velocity at which each species in solution is
displaced under the influence of a strong centrifugal force [77]. Since the sedimen-
tation velocity depends on the size, M, and density of the species, as well as on the
frictional forces developed by the solvent, information regarding these parameters
can be extracted. Furthermore, this method allows for the determination of the
weight fraction of micelles and unimers in the solution or even other species such as
micelle aggregates. Likewise, SEC has been used to characterise the unimer/
micelle distribution in the solution, along with the corresponding hydrodynamic
sizes. Nevertheless, it should be noted that perturbation of the unimer-micelle
equilibrium is possible during SEC experiments, so this technique is more suited
for concentrations far away from the cmc or block copolymer systems that form
“frozen” micelles. Viscometry is an extensively used method for the investigation
of the hydrodynamic properties of block copolymer micellar solutions, providing
information on the hydrodynamic size and the intrinsic viscosity of the micelles,
together with an approximate estimation of their compactness. Finally, various
stop-flow techniques have been employed in order to investigate the kinetics of
micelle formation and dissociation.

2.5 Theoretical Aspects of Micellisation

Numerous theories, models and mathematical approaches have been developed
over the years in order to describe the micellisation process and the dependence
of fundamental structural parameters of the micelles, like cmc, aggregation number
(Nagg), overall size (R,,), core radius (R.) and corona thickness (L), on the molec-
ular characteristics of the block copolymer, with respect to the degrees of polymer-
isation of the constituent blocks (N5 and Ng), as well as the Flory-Huggins
interaction parameters y between the blocks and between the blocks and the
solvent. Some of these approaches use the minimisation of the total free energy
of the micellar system so as to extract relations between the copolymer and micelle
features, while others are based on the scaling concept of Alexander-de Gennes and
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on the proposed mean-field theories [78—81]. Thorough overviews on the thermo-
dynamic background and the different theoretical approaches have been presented
by Tuzar and Kratochvil [5], Hamley [7], Linse [82], Riess [1] and Zhulina and
Borisov [83].

In scaling theories, two limiting cases have to be considered for a monodisperse
AB diblock copolymer in a selective solvent for the A block [82]. These are the
“hairy” or “starlike” micelles, with N5 >> Ny and accordingly L >R, and the
“crew-cut” micelles for which Ng >> N, and R. > L (see Fig. 2). For the case of
“hairy” micelles, based on the star polymer theory of Daoud and Cotton [84], the
following scaling relations for N,,, and L have been derived:

Nagg ~ N4B/5 (2)
L~NYS NP (3)

Zhulina and Birshtein [85] and Halperin [183] have obtained similar results for
Nyge, while the corresponding scaling relations for R, (~ Ni;/ 5) and L (~ Ni/ SNg/ 25)
are in agreement with the ones of Daoud and Cotton. For the total micellar radius,
R, Halperin found:

Ry ~ NN (4)

that demonstrates the predominant contribution of the coronal chains (A block) to
the total micelle size.

For “crew-cut” micelles, the theories of Alexander and de Gennes for polymer
brushes have been used, assuming micelles with uniformly stretched chains in the
core and the corresponding scaling relations are:

R ~7'*Na (5)
Nagg ~ 7 NB (6)

where y is the interfacial tension between the A and B blocks and « is the segment
length. These relations demonstrate that in this case, the dependence of the micellar
parameters on N disappears.

However, scaling theories are not able to predict finite chain effects and
polymer-solvent interactions, since they are restricted to long polymer chains in
good solvents. More detailed mean-field calculations and molecular simulations are
needed in order to complement these models.

Regarding semianalytical mean-field theories, Noolandi and Hong [78] and
Leibler et al. [79] derived the micellar characteristics by minimising the free energy
of both isolated micelles and the whole micellar system. A further development was
achieved by Nagarajan and Ganesh [80], who took into account the molar volumes
of the solvent and blocks A and B, the interfacial tension between the B block and
the solvent and the interaction parameter between the A block and the solvent. This
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way they acquired scaling relations for PPO-PEO micelles in water, which show the
strong influence of the coronal block on the micellar characteristics. Specifically:

RC ~ N;0.17N%73 (7)
L~ N NS ®)
Nagg ~ N;O'Sl N]13.19 (9)

In a similar manner, the lattice self-consistent mean-field theory has been used to
calculate the effects of the copolymer architecture on the self-assembly behaviour
of nonionic and ionic copolymers [82, 86, 87].

Also complementary to the study of block copolymer self-assembly are analyt-
ical theories and computational simulations, mainly Monte Carlo-type simulations,
as demonstrated by Mattice and Haliloglu [88] and by Binder et al. [89]. Detailed
revisions of simulation studies, along with the background of these techniques, can
be found in the reviews of Binder and Muller [90] and Shelley and Shelley [91]. The
main advantage of computer simulations is that they are generally straightforward
methods with relatively few approximations and without any presumptions of
micelle geometry or chain conformation. Moreover, they also provide the possibil-
ity to vary intermolecular forces at will in a well-controlled manner. Several aspects
of the self-assembly process and basic characteristics of micelles formed by
amphiphilic copolymers with different chain architectures, such as AB, ABA,
BAB linear and A,B, miktoarm star, have been established and compared
[82, 92, 93]. Other aspects including chain-length dependence [89], dynamics of
chain exchange [88], formation of surface micelles [94], solubilisation of low
molecular weight substances [95, 96], chain density profiles and thickness of the
interfacial region [82] have also been considered.

As a closing remark, the universality of the self-assembly mechanism should be
noted. Based on experimental results from a series of PS-P4VP block copolymers in
toluene, a selective solvent for PS, Forster et al. [97] obtained the following general
scaling relation for Nyg,:

Nagg = Nagg,oNXO'SNzB (10)

When plotted as NaggN%g/Nagg,O versus N, a master curve (spanning the range of
three orders of magnitude for Ng) is produced, which includes data of various
diblock, triblock, graft and miktoarm star amphiphilic block copolymers, as well as
low molecular weight ionic and nonionic surfactants. Most importantly, Ny, o is
related to the surfactant packing parameter and is known for many block copolymer
systems, thus allowing tuning of the aggregation number by variations in the
molecular masses of the constituent blocks.
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3 Representative Amphiphilic Block Copolymer-Selective
Solvent Systems

As already mentioned, there has been an extensive amount of studies on the self-
assembly of amphiphilic block copolymers in selective solvents over the years. In
this section, we will try to give representative examples of these studies divided into
two main categories regarding the solvation medium, i.e. amphiphilic copolymers
in organic solvents or in aqueous solutions. The latter can be further distinguished
in nonionic or ionic containing copolymers. These examples will be limited to the
more commonly studied di- and triblock linear copolymers, but concise reviews on
the self-assembly of amphiphilic copolymers with more complex non-linear chain
architectures can be found elsewhere [98—100].

3.1 Amphiphilic Copolymers in Organic Solvents

Detailed overviews on the micellisation of amphiphilic copolymers in organic
solvents are provided in the reviews of Riess [1], Gohy [2], Hamley [7] and Chu
et al. [101]. Apparently, a wide range of styrene, acrylate or methacrylate and
diene-based block copolymers have been investigated, while AB diblock and ABA
triblock architectures have been systematically compared. One of the main conclu-
sions is that the formation of micelles in organic solvents can generally be consid-
ered as an entropy-driven process.

Micellisation in organic media leads to the formation of the so-called reverse
micelles. These micelles usually contain a polar core formed from PEO, PAA,
PMMA or P2VP blocks, surrounded by a less polar corona consisting of PS, PB or
PPO chains. Among the most characteristic of such systems are PEO-based di- and
triblock copolymers, which have attracted considerable attention. Exemplary stud-
ies on the self-assembly of PEO-PPO and PEO-PPO-PEO copolymers in organic
solvents, such as formamides, have been conducted by Lindman et al. [102, 103]
and Alexandridis and Yang [104, 105]. Due to the ability of PEO to crystallise, the
formation of reverse micelles in organic solvents from PEO-based block copoly-
mers is considered in general a more complex process.

This interesting feature of PEO crystallisation has been studied for PS-PEO and
PB-PEO micelles by Gervais and Gallot [106] and Gast et al. [107-109], while Wu
and Chu [110] and Guo et al. [111] investigated this effect in the case of PEO-PPO-
PEO copolymers. These authors have clearly demonstrated that one of the most
important parameters in the crystallisation of PEO is the amount of residual water.
For instance, Gast et al. [107] showed that PS-PEO copolymers in cyclopentane
form micelles with N, between 17 and 100 depending on the copolymer concen-
tration and on the water content. However, in the absence of water, the chain-
folding crystallisation of PEO leads to the formation of lamellar microcrystals or
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Fig. 11 Schematic structure of lamellar microcrystals or “platelets” formed by the crystallisation
of PS-PEO or PB-PEO copolymer micelles in organic solvents, along with a typical micrograph of
“platelets” from a PS;0o-PEO,50y copolymer in methylcyclohexane. Reproduced with permission
from [1]. Copyright (2003) Elsevier

“shish-kebab” structures. The resulting micelles are known as “platelets” and have
an unusual lamellar morphology, as shown in Fig. 11.

Another intriguing study is that of Lodge et al. [24] for an asymmetric PS-PI
copolymer in a series of organic solvents. By varying the solvent selectivity for PS,
these authors documented the morphological transition of the resulting micelles
from spheres to cylinders to vesicles. The various micellar structures were
characterised in detail by means of SAXS and cryo-TEM measurements.

Although the majority of the investigations on amphiphilic block copolymers
with an ionic block are usually considered in aqueous solutions, some studies of
their self-assembly in organic solvents have also been performed. For example,
diblock copolymers with a major PS block linked to ionic PAA or PMAA segments
have been extensively studied by Eisenberg et al. [112, 113]. In organic solvents,
such as toluene, these copolymers formed stable spherical “reverse micelles”,
consisting of an ionic core and a PS corona. Their characteristic size was system-
atically investigated by a combination of experimental techniques including TEM,
SAXS, DLS and SLS. Similarly, Forster et al. [97] have conducted detailed
investigations for PS-P4VP copolymers in toluene, as mentioned in Sect. 2.5. In
general, PS-P2VP and PS-P4VP micelles in organic solvents have been widely used
as templates for the synthesis of metallic nanoparticles [114—117].

Finally, very few studies have been devoted on the self-assembly of ABC-type
amphiphilic triblock copolymers in organic solvents, especially when compared to
the corresponding in aqueous media. Tsitsilianis and Sfika [118] studied the
formation of spherical micelles from PS-P2VP-PMMA triblocks in toluene, a bad
solvent for P2VP, by light scattering, viscometry and TEM. Mixed corona micelles
were formed, with their aggregation number and size depending mainly on the
molecular characteristics of the three blocks. Comparison with micelles formed
from PS-P2VP diblock copolymer of similar composition revealed that the
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Fig. 12 Schematic representation of the bulk morphology of a PS-PB-PMMA triblock copolymer,
along with the resulting “Janus” micelles after PB cross-linking and solubilisation. Reproduced
with permission from [120]. Copyright (2001) American Chemical Society

terpolymers form micelles of lower N,,, due to the presence of the second end
block. In a similar manner, the effect of solvent selectivity on the micellar charac-
teristics of PS-PI-PMMA triblock terpolymers was investigated by Fernyhough
et al. [119]. Light scattering and viscosity experiments revealed the formation of
spherical mixed corona micelles with high N,., and increased compactness in DMF
(a nonselective solvent for PI). The size of the micelles was controlled mainly by
the molecular characteristics of the soluble PS and PMMA blocks, but the molec-
ular weight and content of the insoluble PI block also played a role. Another
interesting case is that of the formation of “Janus” micelles by cross-linking the
PB domains of a PS-PB-PMMA triblock copolymer in the solid state, as seen in the
study of Abetz, Miiller et al. [120]. The bulk morphology of this copolymer consists
of lamellae of the outer PS and PMMA blocks embedding spherical domains of the
PB middle block (the so-called lamellae-sphere morphology). When the PB spher-
ical domains are cross-linked and the bulk phase is dissolved in THF, a good solvent
for the outer blocks, spherical micelles with two distinct coronal hemispheres of PS
and PMMA chains are formed. A schematic representation of the bulk morphology,
as well as the resulting “Janus” micelles, is given in Fig. 12.

3.2 Amphiphilic Block Copolymers in Aqueous Solutions

The self-assembly of amphiphilic block copolymers in aqueous solutions has
attracted considerable interest not only because of their unique properties but also
due to their widespread application possibilities in technical and especially bio-
medical areas. As far as representative examples of such systems are concerned, a
categorisation into nonionic and ionic containing copolymers is feasible.
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3.2.1 Nonionic Amphiphilic Block Copolymers

This class of amphiphilic block copolymers typically includes copolymers with a
PEO hydrophilic block linked to various hydrophobic blocks like PPO, PBO, PS,
PMMA, etc. One of the main advantages of PEO is its non-toxic and
non-immunogenic properties, which are the requirements for biomedical use.

The most extensively studied systems are apparently those of PEO-PPO and
PEO-PBO di- and triblock copolymers in water. Their micellisation behaviour has
been summarised in the review articles of Riess [1], Gohy [2], Hamley [7], Almgren
et al. [121], Chu and Zhou [122] and Booth et al. [123, 124]. These studies showed
that various micellar morphologies or even physical gels can be formed, depending
on parameters such as molecular weight, composition, temperature and concentra-
tion. A number of techniques including DLS, SLS, SAXS, SANS and NMR have
been utilised in order to characterise these micellar systems. A rather detailed
picture of the morphology of spherical micelles formed by PEO-PPO-PEO copol-
ymers has been established by Mortensen and Pedersen [125], who showed that the
PPO core is surrounded by a dense layer of PEO segments and an outer corona of
flexible PEO chains. Other similar investigations include that of Bahadur
et al. [126] who examined the role of various additives on the micellisation
behaviour, of Booth and co-workers [127] who were mainly interested in
PEO-PBO block copolymers with long PEO sequences and of Hamley
et al. [128, 129] who used in situ AFM measurements in water to characterise the
morphology of PEO-PPO micelles.

Another well-studied family of PEO-based amphiphilic copolymers is that of
PS-PEO diblock and PEO-PS-PEO triblock copolymers, as seen in the works of
Riess and co-workers [1]. In summary, the N,,, for PS-PEO was found to increase
as a function of the copolymer M,, at constant composition, while it decreased with
PEO content for a given M,,. Moreover, it was shown that PEO-PS-PEO triblocks
had lower N, than the corresponding PS-PEO diblocks. These types of micelles
are generally characterised by two interesting features. The first one is that due to
the high T, of the PS blocks, the resulting micelles belong in the special category of
“frozen micelles”, i.e. they are nonequilibrium structures with a “glassy” core.
Their second feature is that they are prone to secondary aggregation through
clustering of the PEO coronal chains, as observed in various cases [130—132]. In
the case of highly asymmetric PS-PEO copolymers with short PEO blocks, various
“crew-cut” micellar morphologies including spheres, rods, lamellae and vesicles
have been observed by Eisenberg et al. [133].

The self-assembly of copolymers containing nonionic hydrophilic PEO blocks
and other hydrophobic blocks, such as PI [134] and PB [25], has also been
investigated. Of particular interest is the case of PEO-PCL block copolymers,
since they are biocompatible and partly biodegradable and they are thus ideal
candidates for drug delivery applications [135, 136].

Contrary to AB and ABA type, ABC nonionic amphiphilic copolymers and the
corresponding self-assembly studies are rather scarce. One example is that of the
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investigation of the micellar properties in water of a PEO-PS-PB copolymer and its
fluorinated analogue, which resulted from the selective fluorination of the PB block.
The unmodified triblocks formed spherical “core-corona” micelles in aqueous
solution, whereas the fluorinated analogues formed “core-shell-corona” oblate
elliptical micelles. This behaviour was ascribed to the stronger segregation of the
insoluble blocks and the increase in the hydrophobicity of the PB block in the latter
case due to fluorination [137].

3.2.2 Ionic Amphiphilic Block Copolymers

Amphiphilic block copolymers with one ionic block constitute an intriguing class
of macromolecules, since their self-assembly in aqueous solution usually leads to
the formation of spherical micelles with a hydrophobic core and a polyelectrolyte
corona. These micelles are particularly interesting because the intrinsic properties
of their polyelectrolyte corona are strongly influenced by many parameters like pH,
salt concentration, degree of dissociation, polar interactions and so on. Moreover,
they can be considered as a model to spherical polyelectrolyte brushes and thus
provide a unique opportunity to study polyelectrolyte properties in high concentra-
tion conditions. The micellisation behaviour of ionic amphiphilic copolymers has
been reviewed by Riess [1], Gohy [2], Eisenberg et al. [112, 113], Forster
et al. [138] and Cohen Stuart et al. [139].

Anionic polyelectrolyte block copolymers based on PAA or PMAA ionisable
blocks have been extensively studied. Their self-assembly has been examined for a
very wide compositional and molecular weight range in aqueous medium, as well
as in various water/organic solvent, like dioxane or DMF, mixtures. At high pH, the
(meth)acrylic blocks are ionised resulting in stable micelles with extended coronas,
due to electrostatic repulsions, which exhibit typical polyelectrolyte behaviour.
Characteristic examples of such systems concerning PS-PMAA diblock and
PMAA-PS-PMAA triblock copolymers can be found in the studies of Munk,
Tuzar, Webber and their co-workers [6, 140-142] and of Prochazka et al. [143—
146]. Similarly, PS-PAA copolymers have been at the focus of extensive investi-
gations especially by the group of Eisenberg [3, 35, 37, 64, 112, 113], as well as van
der Maarel et al. [147—149]. As mentioned before, Eisenberg and co-workers have
studied a series of highly asymmetric PS-PAA copolymers with a long PS and a
very short PAA block, and their results have been recently reviewed [3]. These
copolymers led to the formation of “crew-cut” micelles, whose morphology could
be changed from spheres to rods to vesicles and other complex micellar structures
by decreasing the PAA/PS ratio in the starting copolymer, by adding salt or by
changing the initial common organic solvent. The underlying thermodynamic and
kinetic principles explaining the formation of such morphologies have also been
thoroughly discussed. Some of the observed intricate morphologies formed from
asymmetric PS-PAA copolymers micelles are shown in Fig. 13.

Besides PS, other hydrophobic blocks have been combined with ionic PAA or
PMAA sequences as in the cases of PuBA-PAA and PIB-PMAA copolymers
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Fig. 13 TEM micrographs and corresponding schematic diagrams of various morphologies
formed from amphiphilic PS,-PAA,, copolymers. Note: m and n denote the degrees of polymer-
isation of PS and PAA, respectively. In the schematic diagrams, red represents hydrophobic PS
parts, while blue denotes hydrophilic PAA segments. HHHs, hexagonally packed hollow hoops.
LCMs, large compound micelles, in which inverse micelles consist of a PAA core surrounded by
PS coronal chains. Reproduced with permission from [3]. Copyright (2012) The Royal Society of
Chemistry

studied by Miiller et al. [150, 151] or PMMA-PMAA di- and triblocks investigated
by Tam et al. [152, 153]. Nevertheless, it should be noted that the ionisation degree
of these anionic blocks is strongly dependent on pH and this could be a disadvan-
tage for applications that require pH-independent ionisation behaviour. This draw-
back can be overcome by the use of anionic polymers derived from strong acids like
PSS or PSGMA. PSS-based block copolymer like PrBS-PSSNa or PEE-PSSH have
been the subject of studies by Guenoun et al. [154, 155] or Forster et al. [156, 157],
respectively. In a similar manner, Gohy et al. [158, 159] have examined the
micellisation of PSGMA-containing block copolymers like PMMA-PSGMA or
PrBMA-PSGMA.

As far as cationic polyelectrolyte block copolymers are concerned, the number
of studies is considerably smaller. The majority of the works in this area are devoted
to quaternised P2VP- or P4VP-containing copolymers like the works of Selb and
Gallot [160], Riess et al. [1] and Eisenberg and co-workers [36] on PS-P4VP
copolymers or those of Forster et al. on PB-P2VP [138] and Prochazka et al. on
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PrBA-P2VP [161]. Another class of cationic block copolymers is that developed by
Armes and co-workers [162—164], who studied the solution properties of various
amino-containing poly(methacrylates), such as PDMAEMA and PDEAEMA,
which exhibit stimuli responsive properties and were combined together or with
other typical hydrophobic blocks.

A significant number of ABC triblock copolymers with at least one ionic block
have also been investigated. One of the first examples is that of Patrickios
et al. [165-167] who studied a series of triblock copolymers containing mainly
PDMAEMA, PMMA and PMAA blocks. By changing the block sequence and the
pH of the solution, they observed the formation of either “core-shell-corona” or
mixed corona micelles. PEHA-PMMA-PAA and PS-PMMA-PAA triblocks studied
by Kriz et al. [168] and Yu and Eisenberg [169], respectively, also formed “core-
shell-corona” micelles in water. P2VP-containing ABC triblocks like PS-P2VP-
PEO [170-172], PI-P2VP-PEO [173] and PB-P2VP-PEO [1] are the subject of
various studies. Gohy and Jérome [170, 171] showed that an interesting feature of
these copolymers is that they form pH-responsive three-layered micelles, with a
collapsed (pH > 5) or a swollen (pH < 5) P2VP middle shell, due to the protonation
of the pyridine groups.

Less common are the ABC copolymers with one middle polyelectrolyte and two
hydrophobic blocks, whose self-assembly in water usually leads to the formation of
“flower-like” micelles. Such micelles have been reported by Tsitsilianis et al. in the
case of PS-PAA-PnBMA [174] or P2VP-PAA-PnBMA at pH above 5 [31]. Finally,
two more examples of the formation of mixed corona micelles are those observed
from the micellisation of a PEO-PS-P4VP triblock copolymer studied by Chen
etal. [175] or in the case of PEG-PnBA-PDMAEMA triblock investigated by Won
et al. [176].

4 Potential Applications and Conclusions

From early on, the unique properties of amphiphilic block copolymers have been
exploited in numerous applications, since their surface activity renders them suit-
able candidates for many industrial and pharmaceutical preparations as dispersants,
emulsifiers, wetting agents, foam stabilisers, flocculants, demulsifies, viscosity
modifiers, etc. [1, 8].

Among the various possible utilisations of block copolymers, one of the most
important categories is that of biomedical applications, as evidenced by the signif-
icantly large number of relative studies and reviews [12, 19, 49, 177-181]. Block
copolymers in their colloidal form, i.e. micelles or vesicles, have been extensively
used as drug delivery systems and carriers of diagnostic agents and in gene therapy.
Especially in drug delivery, three major strategies have been developed concerning
(a) micelle-forming conjugates of drugs and block copolymers, where the drug is
covalently linked to one of the sequences of the copolymer; (b) drugs
non-covalently incorporated into the block copolymer, that is, the formation of
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the so-called micellar microcontainers; and (c) polyion complex micelles formed
between oppositely charged polyelectrolyte block copolymers. The major interest
of block copolymers as drug delivery nanosystems stems from the ability to adjust
the chemical nature of the blocks along with the molecular characteristics of the
copolymer (molecular weight, composition, presence of functional groups for
active targeting), thus optimising the performance of the delivery system. Further-
more, block copolymers offer the advantages of tunable dimensions in the range of
10-100 nm, of relatively high cmc and thus enhanced thermodynamic and kinetic
stability of the micelles during dilution occurring in biological fluids, of increased
targeting efficiency through suitable corona block end-group functionalisation and
finally of adjustable distribution, as well as total amount of solubilised drug.

In a similar manner, several nanoparticles have been produced in the presence of
block copolymers in selective solvents so as to form micelles that encapsulate
particles such as metal salts. Consequently, these micelles are chemically converted
to finely disperse colloidal hybrid polymer/metal particles with interesting cata-
Iytic, non-linear optic, semiconductor and magnetic properties [1, 20]. Finally,
another area of potential application of amphiphilic block copolymers is that
involving surface modification through the adsorption of block copolymer micelles
or film formation. The use of a suitable micellar system allows for the alteration of
specific surface characteristics, such as wetting and biocompatibility, or even
enables the dispersion and stabilisation of solid pigment particles in a liquid or
solid phase [1, 178].

In conclusion, the self-assembly of amphiphilic block copolymers in selective
solvents constitutes a scientific field of ever increasing interest not only from the
fundamental understanding point of view but also due to the variety of practical
application possibilities. The virtually countless studies that have been devoted in
this area so far have revealed a cornucopia of possible self-aggregated structures,
from simple spherical micelles and vesicles to sophisticated multicompartment
segregated nano-objects. Nevertheless, as our understanding of the basic intramo-
lecular and intermolecular interactions, which govern the self-assembly process,
grows and the synthetic capabilities continue to advance, allowing the preparation
of copolymers with remarkably diverse architectures and intriguing functionalities,
this field of research will always remain active providing new pathways for
exploration.
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Abstract Screened electrostatic interactions are commonly employed in colloid
and polymer science for stabilization in aqueous solutions to avoid macroscopic
phase separation, but these are equally versatile as driving force for complexation
(or microscopic phase separation) into micelles, vesicles, multilayers and other
nanostructured materials. In this introductory chapter, we present an overview of
the field of electrostatically driven assembly of polyelectrolytes into nanometre-
sized association colloids focusing in particular on the fundamentals followed by a
discussion of selected application areas.
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1 Electrostatically Driven Self- and Co-assembly

Screened electrostatic interactions are commonly employed in polymer science to
avoid macroscopic phase separation by electrostatic stabilization of single polymer
chains, micelles and vesicles. Far less investigated but equally versatile is the usage
of electrostatic interactions as driving force for complexation into association
colloids (such as micelles and vesicles) and other nanostructured materials (such
as polyelectrolyte multilayers). Both co-assembly of two oppositely charged poly-
electrolytes and self-assembly of polymers comprising oppositely charged blocks
(polyampholytes) may lead under the right circumstances to electrostatically driven
microphase separation.

In this chapter we aim to introduce the reader to the field of electrostatically
driven assembly in aqueous solutions. We focus in particular on micelles compris-
ing two polyelectrolytes, which we denote as ‘complex coacervate core micelles’,
in short C3Ms (Fig. 1). We do not provide an exhaustive overview of the available
literature on this topic, but instead, specific examples are highlighted, including the
utility of fluorescence-based techniques. First, we discuss the fundamentals of
electrostatically driven assembly, after which selected application areas are
presented including drug delivery and coating technology. For more information
on theoretical aspects, we refer the reader elsewhere [1-14].

1.1 Nomenclature

A series of publications on electrostatically driven assembly in the mid-1990s [15—
17] sparked interest in the polymer community since the resulting aggregates
showed promise as well-defined nanocarriers for all sorts of charged compounds

Fig. 1 Schematic representation of co-assembly of two oppositely charged ionic-neutral diblock
copolymers in water into complex coacervate core micelles, in short C3Ms, with a core comprising
the oppositely charged monomers surrounded by a shell of neutral, water-soluble monomers. The
two monomer types in the corona may mix (/eft) or segregate radially (mid-left), laterally (mid-
right) or both radially and laterally (right) depending on the chemical composition of the block
copolymers and hence the miscibility and differential solvent quality of the neutral monomers.
This may lead to the formation of onion-like micelles, also known as core-shell-corona structures
(mid-left), Janus micelles (mid-right) or patchy micelles, also known as raspberry-like micelles
(right). Figure from Ref. [188]
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which cannot easily be transported by micelles of (polymeric) amphiphiles since
their hydrophobic interior prevents efficient solubilization. These pioneering stud-
ies were followed by numerous papers on the co-assembly in aqueous solution of
neutral-ionic (hence double hydrophilic) block, graft and random copolymers with
oppositely charged species such as synthetic and biological (co)polymers, supra-
molecular polymers, multivalent ions, metallic nanoparticles, low molecular weight
surfactants (and micelles thereof), polymeric micelles with a polyelectrolyte
corona, etc.

Several different terms are in use to describe co-assembled polymeric micelles
with a neutral, water-soluble corona surrounding a core of oppositely charged
compounds aiming to differentiate these from polymeric micelles with a hydro-
phobic core self-assembled from amphiphilic polymers. The nomenclatures are:
complex coacervate core micelles (C3Ms, used throughout this text), polyion
complex (PIC) micelles, block ionomer complex (BIC) micelles and interpolye-
lectrolyte complex (IPEC) micelles. All names refer to the driving force for
association which is interpolyelectrolyte complexation: complexation of positively
charged (cationic) polymers with negatively charged (anionic) polymers known as
polyelectrolytes, macro-ions, polyions and ionomers.

Strictly speaking, the term C3Ms only applies to micelles with a liquid-like core
consisting of a complex coacervate phase and excludes micelles with a solid-like
core consisting of a complex precipitate. This follows from the definitions of
complex coacervation and complex precipitation by Bungenberg and de Jong
who coined the term complex coacervation to describe the associative macrophase
separation of two colloids (such as two polyelectrolytes) into two liguid phases, of
which one phase is enriched and the other phase depleted in both colloids [18]. In
practice, however, all four terms—C3/PIC/BIC/IPEC micelle—are used
irrespective of the liquid- or solid-like nature of the micellar core which is mostly
unknown. A fascinating recent study by Han and co-workers established beyond
doubt the liquid-like nature of the interior of network-forming C3Ms [19]. Herein,
contrast variation small-angle neutron scattering experiments were performed in
combination with electron paramagnetic resonance (EPR) and Overhauser dynamic
nuclear polarization (ODNP) experiments to probe the water content and dynamics
within coacervate-based terpolymer gels.

Most but not all C3Ms are co-assemblies; furthermore, not all electrostatically
driven co-assembly processes lead to C3Ms. Association of polyelectrolytes and
oppositely charged spherical micelles with a polyelectrolyte corona generates, for
example, layered structures with a hydrophobic core, not with a ‘coacervate’ core
[20-24]. Polyampholytes—polymer chains that carry both negatively and posi-
tively charged monomers—may form co-assembled C3Ms via interpolyelectrolyte
complexation or ‘unimolecular C3Ms’ via intrapolyelectrolyte complexation
(i.e. ‘collapse’ of a single polymer chain) [25, 26].
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2 Fundamentals of Electrostatically Driven Assembly

Electrostatically driven assembly into complex coacervate core micelles (C3Ms)
requires a sufficiently strong interaction between two compounds of opposite
charge to overcome (translational) entropy and associate into a composite supra-
molecular architecture. Each parameter of chemical or of physical nature (molec-
ular weight, monomer type, chain stiffness, ionic strength, pH, temperature) that
affects the balance between driving and opposing forces tunes assembly. In the
following paragraphs, we first discuss the thermodynamics of C3M formation
followed by several other fundamental aspects including morphology, stability,
formation, dissolution and exchange dynamics.

2.1 Thermodynamics

The thermodynamic framework to describe electrostatically driven micellization
naturally builds upon previous work on the micellization of amphiphilic polymers
and theories of macro-ion complex formation [1-5, 7, 9, 10, 12, 13, 27, 28]. A full
treatise of the state of the art is beyond the scope of this chapter; we here restrict
ourselves to a simple description of the free energy of micellization per chain as the
sum of several terms which are positive when opposing and negative when driving
micellization (Eq. 1).

FC3M:FCC +Fsurf+Fcore+Fcorona (1>

The first term herein, F, is related to polyelectrolyte complexation or complex
coacervation. This includes enthalpic and entropic terms due to changes in the
electrostatic free energy which favour micellization and the entropy of mixing
which disfavour C3M formation. The second term, Fg,f=yag, is given by the
interfacial tension of the core-corona interface and the area per chain, ao. Since
the density of corona segments is low at the core-corona interface of a micelle, we
may use for y the interfacial tension of the coacervate phase, which can be
determined by atomic force spectroscopy [29]. F .o is governed by the interaction
free energy between core monomers as well as monomer/solvent interactions (since
the water volume fraction in the core is non-negligible) and an elastic free energy
associated with stretching of core blocks. Fiorona 18 associated with an entropic
penalty due to the dense packing of monomers in the corona which leads to
stretching of the polymer blocks.

Interestingly, this simple equation already reveals that C3Ms form only if the
electrostatic interactions between the oppositely charged compounds are suffi-
ciently attractive (negative F.) to overcome the entropic penalties opposing asso-
ciation, which makes that micelles occur in a limited range of polyelectrolyte
concentration, ionic strength, composition and pH values. The latter governs the
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degree of dissociation a in case of weak polyelectrolytes with a pH-dependent
degree of dissociation. Micelles will form only in solutions with a composition
fr=cy/(cy + c_) close to charge neutrality when ¢_oa_ =c,a,. For strong poly-
electrolytes with a pH-independent «, this simply corresponds to equal concentra-
tions of positively and negatively charged monomers c¢_ = c,, thus f, =0.5, since
o_ =oa, =1 if counterion condensation and specific ion binding are negligible. In
case of weak polyelectrolytes, charge stoichiometry depends on the relative mono-
mer concentrations and on pH, which determines a. Furthermore, the attractive
interaction between oppositely charged polymers diminishes with increasing ionic
strength which ‘screens’ the electrostatic interactions. C3Ms therefore form at low
ionic strength and dissociate above a critical ionic strength, /., which is dependent
on polymer concentration, cp, f,, pH, and the degree of polymerization of the
polyelectrolyte blocks [14, 30, 31].

Whether C3M formation is enthalpically or entropically driven has long been
topic of scientific debate. This is because complexation of oppositely charged
compounds brings about changes in the electrochemical double layer (EDL) that
surrounds the macro-ions, which may be of enthalpic or entropic nature. The EDL
is a region around a macro-ion of increased counterion and decreased co-ion
concentration relative to their bulk concentration. EDL formation is spontaneous
in aqueous solution (AG < 0), which means that the enthalpy gain due to a slightly
reduced (resp. increased) distance between oppositely (resp. like) charged ions
must outweigh the reduced entropy due to translational constraints. Complexation
of two macro-ions partially destroys their EDLs, which is entropically favourable if
the entropic gain due to counterion release is larger than the macro-ion entropy loss
due to configurational and translational restraints. This balance naturally depends
on the macro-ion molecular weight and solution ionic strength. Complexation is
also enthalpically favourable at low ionic strength upon tight binding of the macro-
ions, whereas at high ionic strength AH >0 as the macro-ion complexes are too
dilute to outweigh the enthalpic loss due to EDL disintegration. This means that
electrostatically driven assembly in weakly charged systems is both enthalpy and
entropy-driven at low ionic strength (exothermic), entropy-driven at intermediate
ionic strength (endothermic), and prohibited above the critical ionic strength /.,
[12, 32]. Complexation is entropically driven below I, in highly charged systems
with considerable counterion condensation [32].

Experimental verification of these theoretical considerations is surprisingly
sparse for both macro- and mesoscopic polyelectrolyte complexes [33—38]. Hofs
et al. deduced from isothermal titration calorimetry (ITC) experiments at a fixed
ionic strength of 50 mM NaNO; on C3Ms of poly(acrylic acid)-b-poly(acrylamide)
and poly(N,N-dimethylaminoethyl methacrylate) that the driving force for com-
plexation of PAA4,-b-PAAm,; and PDMAEMA 5, into C3Ms comprised both
coulombic attraction between the polyelectrolytes and counterion release
[34]. Courtois and Berret concluded from the endothermic response in ITC titra-
tions of PAA-b-PAAm copolymers with dodecyltrimethylammonium bromide (and
vice versa) that PAA-b-PAAm/DTAB complexation is driven by counterion
entropy [35]. Prochazka and co-workers observe stoichiometry-dependent
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endothermic and exothermic heat responses upon titration of N-dodecylpyridinium
chloride into an aqueous solution of poly(methacrylic acid)-b-poly(ethylene
oxide) [36].

Finally, we note that assembly into C3Ms by weakly charged polyelectrolytes
may occur in thermodynamic equilibrium, but this is not always the case. Metasta-
ble arrested states may persist when the free energy gain of complexation far
exceeds thermal energy k7. One facile way to test experimentally if thermodynamic
equilibrium is likely reached is to prepare samples in multiplicate following
different procedures. Since equilibrium properties are independent of the pathway
towards the final state, observable differences in, for example, micellar size and
aggregation number arising from differences during sample preparation
(e.g. addition of the polycation to the polyanion and vice versa) imply incomplete
equilibration [35, 39—41].

2.2 Stoichiometry

Colloidal complexes form upon complexation between oppositely charged macro-
ions if the forces driving and opposing association are properly balanced. Com-
plexation is absent if the driving forces are too weak or the opposing forces too
strong and vice versa; macroscopic phase separation occurs if the driving forces are
too strong or the opposing forces too weak. In practice, this means that neutral
association colloids with a relatively high aggregation number—most often
micelles—may form under charge stoichiometric conditions, while smaller,
charged complexes are typically abundant at non-stoichiometric compositions
[27]. As discussed in the above, charge stoichiometry always corresponds to
equal anionic and cationic monomer concentrations, f, =c./(c; + ¢_)=0.5 in
case of strong polyelectrolytes, since the degree of dissociation a_ =, =1. By
contrast, as pH influences o for weak polyelectrolytes, charge stoichiometry always
corresponds to ¢_a_ = c, o, but deviates from f, = 0.5 when a_ # a,.

Van der Burgh et al. proposed that a speciation diagram with five components—
four charged species, one neutral species—captures the evolution of colloidal
complexes as a function of composition f, in aqueous solutions of oppositely
charged copolymers (Fig. 2) [27]. Let us consider the speciation diagram for a
mixture of one ionic-neutral copolymer and a homopolymer with identical poly-
electrolyte block length N, =N _ and a neutral block length N,.. In such a diagram,
the relative abundance of each of the species is shown on the vertical axis as a
function of the solution composition f, on the horizontal axis. If we consider a
titration of a weak polycation to a weak polyanion with identical chain length
N, =N_ and degree of dissociation a_ = o, = &, the composition runs from a pure
polyanion solution (f, =0) to a pure polycation solution (f, =1) via a stoichio-
metric mixture at f, =0.5. Initially, at low values of f,, small, water-soluble
complexes (denoted as SCP_) comprising a polycation and a few polyanions
coexist with excess polyanions (denoted as dbp). At intermediate f, values, these
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Fig. 2 Speciation diagram as proposed by van der Burgh et al. for the complexation of an ionic-
neutral copolymer (dbp) and oppositely charged homopolymer (hp) in aqueous solution. The
composition of the mixture, f, =c,/(cy + c¢_) determines the relative abundance of the five
different species: free polymers (dbp, hp), cationic and anionic soluble complex particles
(SCP*"), and neutral micelles (C3Ms). The critical excess anionic charge (CEAC), critical excess
cationic charge (CECC), and the preferred micellar composition (PMC) are indicated by dotted
lines. (a) The free polymers are present far off stoichiometry at low f, up to the CEAC and at high
f+ above the CECC. (b) Soluble complex particles are present at all compositions except f,. =0,
fr=1 and at the PMC. The amount of negatively charged SCP increases with increasing f, for
0 <f, <CEAC and decreases with increasing f, for CEAC <f, <PMC. Similarly, the concentra-
tion of SCP™ increases with increasing f,. for PCM < f, < CECC and decreases with increasing f..
for CECC <f, < 1. (¢) Micelles (C3Ms) persist only in a narrow region of compositions close to
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complexes assemble into charge-neutral micelles with a more or less constant size
and aggregation number (denoted as C3Ms), such that the number of SCP™
decreases as the number of micelles increases. The amount of C3Ms passes through
a maximum at the preferred micellar composition (here PMC =f, =0.5), after
which neutral C3Ms dissociate into smaller charged complexes. Whereas the
SCPs formed at low f, are negatively charged, the SCPs are positively charged at
high f.. When all C3Ms have disappeared and the amount of SCPs (denoted as
SCP") has passed through a maximum, cationic SCPs coexist with individual
polycations until finally the SCPs vanish and only polycations remain at f, = 1.
Since the majority of research has focused on the stoichiometric complexes,
little is known about the structure, composition and relative abundance of the
non-stoichiometric complexes [9, 42—47]. Definite proof of the structural evolution
proposed by van der Burgh et al. is still lacking, but experimental observations are
consistent with the described trends [27]. Recent studies by Prochazka and
co-workers demonstrate that a combination of experimental techniques such as
various scattering methods and 'H NMR spectroscopy may provide valuable
insights in this area [36, 46]. The authors demonstrated coexistence of multiple
species both on and off stoichiometric mixing fractions. Moreover, the structure of
the different species was elucidated, revealing a sequence of morphological transi-
tions from loose aggregates coexisting with free polymer coils at low surfactant-to-
polyelectrolyte charge ratios Z to beads-on-a-string nanoparticles followed by core-
shell micelles at higher Z coexisting with free surfactant micelles at Z > > 1 [46].

2.3 Composition

The chemical composition of neutral C3Ms present at (near-) charge stoichiometric
f+1s generally assumed constant and identical to the overall solution composition at
the preferred micellar composition (PMC). These assumptions allow computation
of micellar aggregation numbers, P,,,, from the average mass determined by, for
example, scattering methods. C3Ms are typically smaller than micelles of poly-
meric amphiphiles of similar block length with aggregation numbers ranging from
tens up to a few hundred polymers [11, 34, 48—50]. As added salt reduces the
driving force for micellization, P,g, is strongly salt-dependent [31, 51, 52]. An
almost linear decrease of P,g, with increasing c,, is consistent with experimental
data [31, 52]. Interestingly, in diblock copolymer/homopolymer C3Ms, the number
of encapsulated homopolymers can be precisely controlled by their degree of
polymerization, Ny, [30, 50]. This is because the size of C3Ms depends critically
on the interfacial tension of the coacervate core, y, and the effective area per corona

Fig. 2 (continued) charge stoichiometry, more specifically, for CEAC < f, < CECC. The amount
of C3Ms is maximum at the PMC. Figure from Ref. [27]
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chain, ay. The latter is dependent on the ionic-to-neutral block length ratio of the
copolymer but not on Ny,. This means that the choice of the diblock copolymer
fixes the total amount of charged monomers within the C3M core n.=n" +n~ and
thereby the number of homopolymer chains per micelle, 7y, since npp = 0.51/Nyp,.
Consequently, the number of incorporated homopolymers decreases with increas-
ing Nyp, until Ny, = 0.51, when the micelles contain no more than a single homo-
polymer chain [30, 50].

Whereas micellar aggregation numbers are now routinely determined, we know
much less about the water and ion content of the micelles. Estimates of the water
content of C3Ms range up to 92 %, similar to values obtained for macroscopic
coacervates [19, 53-55]. Several groups have used fluorescent probes, such as
auramine O, pyrene and 1,3-di-(1-pyrenyl)-propane (P3P), to assay the polarity
and microviscosity of the micellar core and C3V membrane [47, 56, 57]. Estimates
of the micro-ion content of microscopic coacervates are lacking. Experimental and
theoretical studies on the salt concentration of macroscopic coacervates report at
most small differences in ionic strength inside and outside the coacervate phase
[7, 8, 58]. Exceptionally, for example, in coacervates of poorly water-soluble
polyelectrolytes, there may be larger differences in salt content [7, 8].

Viewing C3Ms as promising nanocarriers, one could consider the ionic-neutral
copolymer as the carrier material for the oppositely charged cargo. In the simplest
case, C3Ms comprise two types of linear polyelectrolytes. These are H-C3Ms
composed of a diblock copolymer/homopolymer pair and D-C3Ms with two
diblock copolymers [49]. Recently, increasingly complex polymeric architectures
are incorporated, such as star polymers [59], dendritic polymers [60], graft copol-
ymers [56, 61-64], random and gradient copolymers [38, 63], multiblock copoly-
mers [52, 65, 66], dendrimers [50, 67, 68], amphiphilic copolymers [20] and
supramolecular polymers [31, 43, 51, 61, 69, 70]. Moreover, one of the polymers
may be replaced by inorganic particles [71-75], multivalent ions [73], small
complexes [76], surfactants [35, 36, 46, 77-79] or biopolymers, such as DNA and
RNA [80], antibodies [81] and enzymes [82—84]. This versatility in loading capac-
ity is a clear advantage of C3Ms, allowing through co-assembly precise control
over the encapsulation of a broad range of charged compounds. Recently, C3Ms
have also been loaded (or decorated) with additional (charged) components, often
with complementary functionality for (multimodal) detection, targeting and treat-
ment [8§5—-87]. Incorporation can be evaluated with fluorescence spectroscopy after
covalent coupling or selective binding with a suitable dye [88].

2.4 Morphology

Oppositely charged polyelectrolytes assemble into colloidal aggregates of various
morphologies, including spherical micelles, wormlike micelles, vesicles, etc. By far
most abundant are spherical C3Ms. The structural data collected to date for
spherical core-shell C3Ms is qualitatively consistent with scaling models developed
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Fig. 3 (a) Light and X-ray scattering experiments on H-C3Ms of poly(N-methyl-2-
vinylpyridinium)-b-poly(ethylene oxide) (PM2VP,4,-b-PEO,(,) and poly(acrylic acid) (PAA;3)
reveal a salt-induced sphere-to-cylinder transition (SCT) for short PAA chains, as evidenced by a
power-law slope of approximately —1 in a log-log plot of excess scattering vs. the scattering wave
vector ¢. Adapted with permission from Ref. [30] (b) Light scattering salt titration of C3Ms of poly
(4-(2-amino hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide) PAETB,9-b-PEO;;,
and poly(4-(2-sodium carboxylate-ethylthio)butylene)-block-poly(ethylene oxide) (PCETB4;-b-
PEO,,) at pH=7.2, C;,=0.90-0.64 g L', £,=0.490, T=25.0 °C demonstrating an unusually
high critical ionic strength far exceeding physiological salt concentrations (~150 mM NaCl). From
Ref. [40]

for polymeric amphiphiles [27, 89]. For example, the micellar aggregation number
P s, and hydrodynamic radius Ry, decrease with increasing copolymer block length
ratio Neorona/Neore [27, 48, 64, 90-94]. Interestingly, the size of H-C3Ms is entirely
independent of Ny, up to a critical molecular weight beyond which micellar size
increases with increasing Ny, [27, 30].

Co-assembly under stoichiometric conditions at low salt concentrations mostly
generates spherical micelles, but it is possible to access other morphologies. A
variety of cylindrical micelles has been observed, [30, 43, 69, 70, 95-97] as well as
rod-like and pearl-necklace complexes comprising a single, high molecular weight
(co)polymer chain onto which many low molecular weight surfactants or copoly-
mer chains attach [98, 99]. Transitions from spheres to cylinders have been induced
by an increase in ionic strength (Fig. 3a) [30], an increase in the overall concen-
tration of polymer/surfactant complex [95] and mixing fraction away from stoi-
chiometric compositions [43, 70]. The salt-induced sphere-to-cylinder transition
(SCT) can be rationalized using simple geometrical arguments much alike the SCT
of micelles of polymeric amphiphiles in selective solvents. An increase in ionic
strength may concomitantly swell the coacervate core and compactify polymeric
chains in the micellar corona, increasing hereby the critical packing parameter, P,
favouring a sphere-to-cylinder transition [30, 100]. Rubinstein and Zhulina predict
that this morphological transition only occurs in micellar solutions of polymeric
amphiphiles when the micelles are of the so-called crew-cut morphology [101], that
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is, the core radius, R, exceeds the shell radius, R,. Scattering studies on C3Ms
confirm that they are indeed within or close to the crew-cut regime [48, 50].

Ellipsoidal C3Ms were obtained upon co-assembly of two dissimilar block
copolymers with the relatively immiscible corona blocks poly(ethylene oxide)
and poly(acryl amide) [102—-104]. Needlelike hybrid C3Ms containing lanthanum
hydroxide nanoparticles form upon mineralization within C3Ms of poly(acrylic
acid)-based copolymers and multivalent precursors for the nanoparticles [73, 105,
106]. Several other unusual morphologies have been observed, such as stringlike
complexes [107], ringlike complexes [107], buckle-like structures [108], stiff
nanorods [75, 109] and irregularly shaped large particles [110].

Complex coacervate core vesicles (C3Vs) have been reported by various groups
upon incorporation of miktoarm star polymers, (fluorinated) surfactants and
neutral-ionic copolymers with short ionic blocks [57, 59, 78, 111-119]. Plamper
and co-workers successfully imaged relatively large adsorbed C3Vs with in situ
liquid cell TEM, which may pave the way for future imaging studies on morphol-
ogy transitions [59]. As in C3Ms [53, 81-83, 120—-126], proteins can be effectively
encapsulated and protected from enzymatic degradation in C3Vs [111]. Fluores-
cence microscopy is often used to demonstrate entrapment of molecules and poly-
mers within the vesicles [111, 114-116].

2.5 Stability

Since the electrostatic driving force for micellization weakens with increasing ionic
strength, the critical polymer concentration above which micelles form (known as
the CMC) is salt-dependent [31, 51, 127]. Based on the mean-field model for
complex coacervation by Voorn and Overbeek [10], Wang et al. argued that the
CMC increases exponentially with the square root of the salt concentration, CMC
exp(\/csah), and found good agreement with their light scattering experiments
[31]. As a consequence of the /.-dependent CMC, addition of salt at a fixed polymer
concentration ¢, may increase the CMC so much that it exceeds ¢, The ionic
strength above which micelles disintegrate is called the critical ionic strength /.,
where ¢,~CMC. This dissociation is typically reversible [82, 127]. Spruijt
et al. demonstrated that I, is predictably dependent on the degree of polymerization
N of the polyelectrolyte blocks [30]. Other important factors besides ¢, and N are
the type of oppositely charged species, solution pH, mixing fraction, as well as the
type and valency of the added salt [127, 128]. The /., of C3M solutions at charge
stoichiometry in the presence of monovalent salts typically ranges from tens to
hundreds of mM (see Ref. [49] for an overview). A facile route to increase the /., of
C3Ms by a factor 10-100 is to exploit additional driving forces for micellization,
such as hydrophobic interactions and metal-ligand coordination [40, 73, 74,
129]. For example, Voets et al. have shown that additional hydrophobic interactions
can be utilized to increase the stability of C3Ms to prevent dissociation at physio-
logical salt concentrations (Fig. 3b) [40], which is vital for biomedical application
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as carriers of therapeutics. Moreover, (reversible) cross-linking of segments in the
micellar core and corona was shown to be effective in vitro and in vivo [130-134].

Various methods can be used to probe micellar disintegration below the CMC
and above the /;; light scattering and fluorescence spectroscopy are most common
[31, 49, 57, 135, 136]. Pyrene is suitable if the C3Ms contain sufficiently hydro-
phobic compartments, such as surfactant micelles or collapsed chains like poly(N-
isopropylacrylamide) above their lower critical solution temperature [57, 79,
136]. Otherwise, more polar dyes like eosin B and auramine O can be utilized
[56, 135].

2.6 Exchange Dynamics and Formation/Dissolution Kinetics

While static properties of C3Ms are widely investigated, little is known about the
kinetics of C3M formation and dissolution [82, 84]. This may seem surprising given
the relevance of these aspects for mundane yet vital aspects like sample equilibra-
tion as well as properties of applied interest such as controlled release and phar-
macokinetic profiles [39, 80, 137, 138]. Studies on polyelectrolyte multilayers
(PEM) and macroscopic coacervates demonstrate that ionic strength has a dramatic
impact on the strength of individual ionic bonds, relaxation dynamics, PEM
structure and dissolution [139—143]. A similarly large impact of ionic strength on
the kinetics of C3M formation and disruption is anticipated. Force measurements
on polyelectrolyte complexes have shown that the energetic cost of breaking up
such a complex strongly depends on how it is broken up. Separation of individual
polyelectrolytes requires much higher forces than redistribution of ion pairs
[29, 144], which implies that C3M formation, C3M dissociation and exchange
dynamics may strongly depend on molecular weight (differences) and involve ion
pairs rather than individual polyelectrolytes whenever possible. This may also
(partially) explain the chain length recognition observed by Harada and Kataoka,
who reported selective complexation of oppositely charged diblock copolymers of
matched length from mixtures of both matched and unmatched lengths [145]. Com-
plexes of unmatched pairs carry excess charge which may make them more soluble
and less prone to micellization. Furthermore, based on ITC and rheological data,
Laugel et al. proposed that the mechanics and thermodynamics of macroscopic
coacervates are linked: the authors found that coacervates behave solid-like when
their formation is exothermic and liquid-like when their formation is endothermic
[33]. In micelles this will likely be accompanied by a large change in the exchange
dynamics.

So what is known about the kinetics of C3M association and dissociation? In
1998, Cohen Stuart and co-workers first studied the formation kinetics of H-C3Ms
for poly((dimethylamino)ethyl methacrylate)-co-poly-(glyceryl methacrylate)
(PDMAEMA-co-PGMA) and poly(acrylic acid) (PAA) [17]. A strong excess
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scattering was observed in stopped-flow experiments which relaxed to a long-time
baseline in a salt-dependent manner: the higher the salt concentration, the faster the
decay. Interestingly, the timescale of the intensity decay decreases a factor 10* upon
an increase in ionic strength from pure water to 0.3M NaCl. These findings were
attributed to macroscopic phase separation at short timescales after which the dense
phase rearranges into micelles. The results are in line with salt-dependent time-
scales reported in various other studies of exchange and structural reorganization
processes within polyelectrolyte complexes [146—149]. In a more recent study on
H-C3Ms of poly(acrylic acid) and poly([4-(2-aminoethylthio)butylene] hydrochlo-
ride)49-block-poly(ethylene oxide),;,, Hofs et al. attribute a similar large excess
scattering to the formation of a transient network of C3Ms which disintegrates into
individual C3Ms within a timeframe of several milliseconds to several (tens of)
hours [150]. Holappa et al. observed two processes in the kinetics of micellization
of H-C3Ms of PEO-b-PMAA and PMOTAC probed by fluorescence spectroscopy.
By analogy with micellization of amphiphilic polymers, these were attributed to
‘merging and splitting” of C3Ms and ‘insertion and expulsion’ of single chains, the
latter supposedly being the faster process [151]. Liu and co-workers observed two
distinct processes during stopped-flow light scattering experiments on the forma-
tion and dissociation of D-C3Ms of poly(ethylene oxide)-b-poly(sodium 4-styrene
sulfonate) and poly(ethylene oxide)-b-poly(quaternized 2-(dimethylamino)ethyl
methacrylate) [47]. Stopped-flow small-angle X-ray scattering experiments of
Uchman et al. showed that ordered structures form very fast (<50 ms) within the
core of C3Ms composed of block copolymers and surfactant micelles [36].

Polymer exchange (rates) between DNA-containing C3Ms has (have) been
studied by several groups aiming to tune drug delivery, release and efficacy
[41, 152—155]. Premature DNA release in the blood stream by exchange reactions
with BSA should be prevented. Katayose et al. demonstrated that the nuclease
resistance of DNA in the blood stream is inversely proportional to the rate of
exchange [153]. By contrast, exchange reactions with intracellular polyions such
as mRNA, chromatin and sulphonated sugars should be promoted to release the
DNA at the target location. Thus, it is important to identify C3Ms which promote
intracellular exchange on-site and block extracellular exchange during trafficking
as much as possible. Key parameters are core block affinity, solubility and pH
(charge density) [40]. In addition, various chemical routes have been explored to
tune (or prevent) unimer exchange, such as covalent or reversible (e.g. with
disulphide bonds) cross-linking of core or corona segments [132].

3 Applications of Electrostatically Driven Assembly

Applications particularly in the field of drug delivery, controlled release and bio-
materials have been a major research interest since the earliest reports on C3Ms
from about 20 years ago. A wide selection of reviews is available on this topic
[68, 86, 137, 138, 156—158]. Here, we briefly highlight recent work dedicated to



78 LK. Voets

usage of C3Ms as responsive, nanostructured building blocks for functional soft
materials.

3.1 Responsive Materials

The inherently responsive character of C3Ms makes them interesting building
blocks for a wide range of technologies. In solution, C3Ms have been used as
nanoreactor for mineralization and gelation [73, 105, 106, 159, 160]. C3Ms loaded
with catalytically active nanoparticles and/or fluorescent dyes may find use as
thermoswitchable and recyclable catalysts, sensors or diffusional nanoprobes
[134, 161-165]. Co-assemblies with magnetic particles may find use in micro-
rheology and as micro-actuators in microfluidics and in therapeutics [75, 109, 166—
168]. Furthermore, C3Ms are powerful nanocontainers for fragile compounds, such
as enzymes, antibodies and DNA, which require protection to prevent enzymatic
degradation, aggregation and denaturation [82, 86]. The incorporation of inorganic
nanoparticles may enhance stability and reduce drug release rates considerably
[45, 74].

Transient networks may form at elevated micellar volume fractions, due to
non-covalent cross-linking of the cores of multiple micelles. Both disordered
[42, 52, 65, 71] and ordered hydrogels [19, 66, 169] have been engineered with
interesting properties, such as shear-thinning, self-healing and shape-memory
behaviour [170]. Incorporation of inorganic particles such as clay may further
improve the mechanical properties [71, 170]. Oscillatory rheology studies of
Lemmers et al. demonstrated that the zero-shear plateau modulus of transient
homopolymer/terpolymer networks is virtually salt-independent despite a strong
salt dependence of the characteristic relaxation times. Small-angle X-ray scattering
experiments revealed that this is because the number of elastically active chains
(bridges) spanning the micellar cores is virtually salt-independent as is the bridging
distance, since micellar size decreases while the number of micelles increases with
increasing salt concentration [52]. Another particularly insightful study is the work
of Ortony et al., who observed that the nanometre-sized coacervate domains in their
triblock copolymer gels contain less water and more polymer than the micron-sized
coacervate domains of the corresponding homopolymers. The authors attributed
this difference to the elevated osmotic pressure in the hydrogel caused by the dense
PEO microenvironment surrounding the spherical coacervate nodes in the transient
network [19]. In future, (drug) loading and controlled release will likely gain
increasing attention as well as the structure and mechanics of composite networks.

C3Ms are also responsive to the presence of surfaces; generally, they partially
wet solids to which they are exposed, which makes C3M solutions a readily
applicable formulation for coating of surfaces irrespective of surface chemistry,
shape, dimensions and surface roughness. Adhesion is strongly dependent on a
multitude of factors including coacervate cohesive energy, surface affinity and
ionic strength, which may be exploited for regeneration. Surfaces coated with
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C3Ms suppress adsorption of various proteins to an extent which is dependent on
surface chemistry, protein type, etc. [62, 171-174]. A promising strategy towards
denser brushes with improved antifouling characteristics has been introduced by de
Vos et al. [175]. Herein, ionic-neutral copolymers are adsorbed onto a surface
grafted with polymers of opposite charge.

3.2 Multicompartment Micelles

The internal organization of C3Ms can be directed beyond segregation into two
distinguishable domains: the core and the corona. A combination of techniques is
typically used to demonstrate such compartmentalization experimentally, including
scattering methods, electron microscopy, 2D 'H NMR spectroscopy and fluores-
cence spectroscopy [36, 102, 104, 176]. Micelles with heterogeneous coronas have
been realized (Fig. 1) by co-assembly of oppositely charged block copolymers with
two different neutral, water-soluble blocks that are relatively immiscible and/or
vary greatly in hydrophilicity (i.e. segment-solvent interaction parameter). Lateral
segregation generates so-called Janus micelles [102—104], radial segregation gives
core-shell-corona structures [177] and simultaneous lateral and radial segregation
results in patchy or raspberry-like micelles [178]. By contrast, sufficiently miscible
coronal segments give rise to core-shell C3Ms with a homogeneous core and corona
[176, 177].

Micelles displaying a precise spatial arrangement of components within their
core have also been reported. For example, Yan and co-workers prepared wormlike
C3Ms from a conventional and a supramolecular polyelectrolyte that co-assemble
into long tapes (‘nanoladders’) with a ‘grid-like’ internal structure due to precise
arrangement of metal ions [69]. Voets and co-workers reported that spherical silver
nanoparticles could be positioned either in the core of C3Ms or shell of core-shell-
corona micelles due to their selective interaction with the 2MVP monomers of
P2MVP-bH-PEO copolymers [72].

Combining electrostatic and hydrophobic driving forces of assembly is an
attractive strategy towards multicompartment micelles [4-6, 12—14, 46, 95, 179—
183] and may find use as a handle towards control over secondary aggregation into
superstructures [184]. The core of C3Ms assembled from surfactant micelles and
copolymers is disordered at low to intermediate and may be ordered at high
surfactant packing fractions. Disordered phases within the micellar core exhibit a
single structure peak in small-angle scattering experiments [77, 185—187], while
ordered core structures such as locally hexagonal and fcc/Pm3n cubic phases are
evidenced by the appearance of multiple Bragg peaks [41, 95].
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Abstract The chapter outlines general principles of fluorescence spectroscopy.
Basic principles of radiative and nonradiative transitions (including the Jablonski
diagram and Franck—Condon principle) are described and explained. The funda-
mentals of important fluorescence techniques, such as the steady-state and time-
resolved measurements, fluorescence anisotropy, solvent relaxation method, fluo-
rescence quenching, and nonradiative energy transfer, are discussed in detail.
Special attention is devoted to the fast dynamics of individual transitions and
processes influencing them at the molecular level. The end of the chapter focuses
on excimers and exciplexes and mainly on the weakly bound complexes (so-called J
and H aggregates), because the literature describing their behavior is relatively rare
and pertinent pieces of information are not easy to find.
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1 Introduction

Fluorescence spectroscopy is a technique that is frequently used for studying the
conformation and dynamics of natural and synthetic macromolecules. This is a very
versatile experimental method, which has been used in both macromolecular and
colloid science and in biomedical research and also in a number of studies of low-
molar-mass compounds. At present, various sophisticated fluorometers can be
found among the equipment of a number of laboratories that perform polymer,
biopolymer, and biomedical research (not only standard high-resolution steady-
state and time-resolved apparatuses, but also fluorescent microscopes equipped
with detectors and software packages that enable monitoring and analysis of
multicolor time-resolved emissions from tiny polymeric nanodomains or individual
organelles in living cells, etc.). The widespread use of hi-tech and simultaneously
user-friendly fluorescence techniques offers new possibilities for research in vari-
ous fields, but simultaneously leads to the danger of misinterpretation of the results
of advanced fluorescence techniques in routine studies. Fluorescence spectroscopy
is an indirect technique. The emission characteristics are influenced by an intricate
interplay of different factors and should be interpreted with care and precaution.
Plausible and unambiguous conclusions not only depend on profound knowledge of
fluorescence principles, but almost always require additional information on the
studied system provided by independent methods.

In addition to the complicated response of the fluorophore to various stimuli,
one more aspect should be borne in mind. Only a small number of systems
contain intrinsic fluorophores and are inherently fluorescent. Such systems (e.g.,
tryptophan-containing proteins) can be studied directly and reliable information on
the positions, mobility, and accessibility of tryptophan residues for different mol-
ecules can be relatively easily obtained. In a majority of cases, a successful
fluorescence study requires the addition of a low content of an extrinsic fluorescent
probe, which modifies not only optical but also other properties of the studied
system. An extrinsic probe “feels” only the effect of its immediate microenviron-
ment, which has undoubtedly been altered by its insertion. Even though the change
in the system is negligible at a macroscopic level, most fluorescence methods report
the behavior of the tiny perturbed part of the system. Therefore, the extent and
nature of possible perturbation of the system must also be investigated to enable
description of the behavior of the unperturbed system.

The broad applicability of various fluorescence methods for investigation of both
the static and the dynamic properties of different systems is based on two pillars:
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1. Fluorescence is a spontaneous spin-allowed emission of a photon from the
excited state, accompanied by the transition of the fluorophore to the ground
state. It is a phenomenon that concerns energetically rich species (excited
fluorophores) that strongly interact with the surrounding molecules and their
properties (including the fluorescence characteristics) are influenced by interac-
tions with the microenvironment. Therefore, fluorescence measurements pro-
vide useful (even though indirect) information on the host system. Because only
the immediately neighboring molecules interact with the fluorophore, fluores-
cence techniques can be used for probing micro- and nanodomains, in which the
fluorescent probe is embedded, over very short distances.

2. The excitation (absorption of a photon) and the red-shifted emission are two
distinct events that are separated by a time window ranging from units to
hundreds of nanoseconds depending on the fluorophore and the host system.
This enables monitoring fast kinetics, because a number of molecular processes
proceed on this timescale in small volumes delimited by distances comparable
with the range of intermolecular interactions and affect the time-dependent
emission characteristics. They include translational and rotational diffusion of
the fluorophore, reorientation of molecules in the solvation shell, segmental
dynamics of flexible macromolecules, and nonradiative excitation energy
transfer, etc.

2 The Jablonski Diagram and Characteristics
of Time-Dependent Fluorescence

It is common and convenient to discuss radiative and nonradiative transitions, as
well as other processes that either lead to photochemical reactions or influence
emission on the basis of the Jablonski diagram (Fig. 1), which provides a scheme of
the energy levels of the electronic and vibrational states of a molecule and outlines
possible routes between the states [1]. The vertical axis corresponds to increasing
energy of different stable states with optimum geometry (i.e., with a minima on the
energy hypersurfaces). The horizontal axis does not have any physical meaning. It
is used to provide sufficient space for inclusion and description of the relevant
processes. When discussing the spectroscopic characteristics of single molecules,
the lines usually represent energies that can be obtained by quantum chemistry
calculations in vacuum, while in condensed systems, e.g., in solutions, they repre-
sent the Gibbs free energies (i.e., potentials of the mean force) of the solvated
fluorophores. The arrows (straight and curved) indicate possible transitions between
different states. Typical values of the rate constants of the relevant processes are
given next to the arrows.

The observation and investigation of a spontaneous emission of photons from a
macroscopic sample assumes the excitation of a certain fraction of molecules to
higher electronic energy states. Excitation can be achieved by different means
(absorption of light, excitation energy transfer, chemical reaction, etc.). This part
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of the review focuses on the spectroscopic process (absorption of photons), which
assumes irradiation of the sample by incident light of an appropriate wavelength.
Under the current conditions of spectroscopic measurements, which employ fairly
weak excitation light intensity, only a low fraction of the molecules of the
fluorophore (less that 10~°) interact (collide) with passing photons, absorb them,
and become excited. Before discussing emission from a macroscopic sample, we
will analyze all the processes that can occur at the level of a single molecule.

We will concentrate on the behavior of common fluorophores at ambient tem-
peratures, i.e., on molecules with fully paired spin only of the valence electrons, i.e.,
we will not discuss the photophysical behavior of radicals, biradicals, etc. Under
ambient conditions, the fluorophore occurs in the lowest vibrational state of the
lowest electronic state (ground state, Sg). The probability of absorption of a photon
is proportional to the square of the transition dipole moment (which, to a first
approximation, represents the difference between the dipole moments in the excited
and ground states). It is convenient to formulate the optical selection rules which
summarize the roles of several important factors [3—5]. The most severe restriction
concerns the spin. Within the Born—Oppenheimer approximation, which postulates
that the slow motion of nuclei can be (from a mechanistic point of view) separated
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from the fast motion of electrons, the spin must be conserved. In the opposite case,
the transition is strictly forbidden. In reality, the spin—orbit interaction in molecules
containing atoms with several valence electrons (carbon, nitrogen, oxygen, etc.)
relaxes this selection rule and, in addition to spin-allowed transitions (fluores-
cence), also singlet—triplet and triplet—singlet transitions (intersystem crossing)
can be observed in some systems. In the latter case, the radiative transition is called
phosphorescence. However, the probability of intersystem crossing is very low. It is
weakened by a factor of ca. 107°-107 in comparison with a fully allowed
transition. The second restriction concerns the symmetry of the wave functions of
states involved in the transition. As the transition dipole moment operator is
antisymmetric and its product with the wave functions of both states must be
symmetric to yield a nonzero value after 3D integration over the space, a strictly
symmetry-allowed transition can occur only between two states described by
symmetric and antisymmetric wave functions (or vice versa). Nevertheless, anti-
symmetric vibrations can relax the symmetry selection rule and various “forbidden”
transitions (weakened only by a factor of 10~ to 10~%) can be observed in a number
of systems (e.g., some strong bands in the fluorescence spectra of condensed
aromatic molecules, such as naphthalene, anthracene, etc., are, strictly speaking,
symmetry-forbidden transitions and occur only thanks to antisymmetric vibrations).
The last condition concerns the overlap of wave functions: a large value of the
transition dipole moment (difference between the dipole moments in the two states)
requires the redistribution of the cloud of electrons during the transition, but the
electronic wave functions of both states should acquire nonzero (preferentially
large) values in the same places, i.e., the wave functions must overlap reasonably
in space to yield a nonzero value after the integration of their product with the
transition dipole moment operator. The overlap of the ground and exited wave
functions differs from one fluorophore to another and the weakening factor ranges
from 107" to 107>; e.g., then — = transition (absorption) in compounds containing
an aliphatic carbonyl group involves a transition from the non-bonding orbital
localized on the oxygen atom to the antibonding orbital localized mainly on the
carbon atom—in this particular case, the overlap is small and the absorption is weak
in spite of considerable redistribution of electrons.

The transition of a molecule to a higher excited state due to the absorption of a
photon is one of the fastest processes on Earth. It is accomplished in times shorter
than 10~ '3 s. No chemical process can proceed with a comparable speed and only a
few nuclear processes, which occur over extremely short length scales of 107"> m,
are faster. This means that the transition proceeds adiabatically without interaction
of the fluorophore with the microenvironment and there is no change in either the
positions of the nuclei of atoms forming the fluorophore or in the arrangement of the
surrounding molecules. It follows that the molecule retains the ground-state geom-
etry immediately upon excitation. The consequences of the high transition speed
can be easily illustrated for a diatomic molecule (see Fig. 2). In this case, the energy
of the states depends only on the distance between the two nuclei and can be
expressed by the Morse function. A detailed energy scheme can be appropriately
depicted in 2D representation and individual photophysical processes can be
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comprehensively discussed and simply explained. The lowest curve shows the
energy of the ground state (vertical axis) as a function of the separation of the
two nuclei (horizontal axis). The horizontal wave lines depict several selected
vibrational states. The grey curves show the corresponding wave functions (note
that the geometry of the molecule with a given separation of nuclei is proportional
to the square of the corresponding wave function value for this distance). The curve
corresponding to the bonding excited state is shifted to the right because the excited
(energetically richer) bimolecular molecule is generally larger.

At ambient temperatures, the ground-state molecule occurs in the lowest vibra-
tional state and the most probable distance between the nuclei rg lies close to the
position of the minimum of the lowest Morse curve. As the distance of the nuclei
does not change during excitation, it is evident that the absorption of a photon
generates not only electronically, but also vibrationally excited states (to satisfy the
condition of sufficient overlap of the vibrational wave functions of the two states—
the Franck—Condon principle [6, 7]—see Fig. 2).

The most probable transitions are depicted by the upward pointing vertical
arrows. Upon excitation, the molecule tries to get rid of the excess energy as fast
as possible. The fastest process possible in condensed media (although slower by
several orders of magnitude than the absorption) is vibrational relaxation. This is a
nonradiative process and it proceeds in most nonviscous solutions on timescales of
10~"*to 10~'% 5. The excess energy (of excited vibrations) is rapidly and efficiently
transferred to the surrounding medium during collisions with neighboring mole-
cules, because the masses of the colliding particles are comparable and the fre-
quency coincides with the frequency of intermolecular collisions. After the
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vibrational relaxation, the excited molecule ends up in the lowest vibrational state
of the electronic excited state and then the emission of a photon, i.e., radiative
transition to the ground state (fluorescence) can occur. However, a number of fast
nonradiative processes compete with fluorescence. They will be discussed later.

The probability of the spin-allowed S; — S emission of a photon (fluorescence)
depends, similarly to the absorption probability, on a change in the dipole moment
during the transition and on the energy difference between the states. For a fully
(spin, symmetry, and overlap) allowed transition, the quantum mechanics calcula-
tion yields a rate constant of about 10° s~'. This means that the natural mean
lifetimes of the excited state of common fluorophores are nanoseconds. The real
lifetimes of a number of important fluorophores can be longer (tens to hundreds of
nanoseconds) if the transition is not fully allowed, but it can be much shorter (in the
picosecond range) if nonradiative processes efficiently deplete the excited state. In
both cases, the normalized fluorescence intensity (number of photons emitted per
second from a unit volume of a macroscopic ensemble of fluorophores normalized
by a number of incident photons passing this volume) is weaker than expected. In
an overwhelming majority of cases (flexible molecules strongly interacting with the
surrounding medium), the nonradiative depletion of the excited state quenches the
fluorescence completely and only a small number of rigid molecules (e.g., con-
densed aromatic rings) are fluorophores of practical use. It is necessary to realize
that, regardless of the actual lifetime of the excited state, the single act of emission
of a photon and the S; — S, transition proceed in times of ca. 10" ns and the
ground-state fluorophore ends up in a vibrationally excited state (see Fig. 2, where
the emission is depicted by the downward pointing arrows). Then a fast vibrational
relaxation takes place on a ps timescale and the fluorophore returns to its lowest
possible energetic state, which (together with vibrational relaxation after the exci-
tation) explains the intrinsic Stokes shift of the emission towards the red part of the
spectral region with respect to the absorption wavelength [8].

Because both the absorption and emission proceed between states Sy and S; and
their probabilities depend on the same dipole moments, it is not surprising that there
is (in most cases) a linear relationship between the molar absorption coefficient and
the rate constant of the spontaneous emission (the higher the absorption probability,
the higher the emission intensity). However, because the competing processes often
deplete the excited state faster than fluorescence, the observed emission intensity is
usually considerably weaker than expected. The relationship between the absorp-
tion coefficients of Sy — S; excitations (i > 2) and the rate of S; — S, emission is
not straightforward. If the molecule is excited to higher electronic states S,, S3, etc.,
in an overwhelming majority of cases, the excited molecule reaches the lowest
vibrational level of the lowest excited S state by a cascade of vibrational relaxation
processes on a ps timescale before the emission of a photon occurs. There are only a
few exceptions from the rule postulating that the emission always proceeds from Sy,
e.g., azulene [9] exhibits fluorescence from S,.

So far we have considered various processes at the level of only one molecule.
However, fluorescence spectroscopy is used for studying macroscopic samples.
Thus, the emission of photons from a large number of excited fluorophores is
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monitored and analyzed (except for single-molecule fluorescence spectroscopy and
fluorescence-correlation spectroscopy). Under current spectroscopic conditions, the
concentration of fluorophores is usually low (typically 10 °~10"> mol L™ ") and the
intensity of the irradiation is fairly weak. Hence, only a small fraction of the
fluorophore molecules are excited, typically less than 10, but this still represents
a large ensemble of 10° excited molecules per milliliter. Therefore, it is necessary to
discuss the kinetics of depletion of excited states in a large (macroscopic) ensemble
of fluorophores. The depletion of excited states is a stochastic process that involves
a number of independent competing contributions (internal conversion, intersystem
crossing, etc.). The probabilities of the individual processes depend on the chemical
nature of the fluorophore and on its interaction with its microenvironment [10]. Indi-
vidual processes will be discussed later.

First, we will describe the fluorescence kinetics after excitation with an ultrafast
excitation pulse that can be approximated by a dJ-pulse in the absence of
nonradiative processes that could deplete the excited state (idealized case of time-
resolved fluorescence decay measurements) [11, 12]. In a system of equivalent
fluorophores (embedded in a homogeneous medium and interacting equally with
the microenvironment), all the excited molecules have the same probability of
emission of a photon but, due to the stochastic nature of the spontaneous emission,
only the relationships concerning large numbers of fluorophores can be formulated.
It is obvious that the number of photons released per unit time (rate of emission, or
fluorescence intensity, F o< dNg/dt) in the system without competing nonradiative
processes equals the total rate of de-excitation (depletion of the excited state),
—dN/dt, which is proportional to the number of fluorophores excited at a given
time, N(¢). Hence, we can write: — dN/dt = kg N(t), where kg is the rate constant of
the radiative transition (in this case, it is the rate constant of fluorescence, k).
Integration yields kinetics that obeys the single exponential decay (first-order
kinetics), i.e.,

N(r) = Noexp(—kgr t), or F(t) = Foexp(—kgr 1), (1)

where Ny or Fj is the number of excited molecules or fluorescence intensity,
respectively, immediately upon excitation. In a great majority of practically impor-
tant cases, the experimental decay is not single exponential because either the
underlying photophysics is more complicated or the fluorophores embedded in a
nonhomogeneous medium are not equivalent (individual fluorophores interact
differently with their microenvironment). In almost all cases, some nonradiative
processes compete to a certain extent with fluorescence. They contribute to the
depletion of the excited state upon excitation and the fluorescence is weaker and
decays faster. In this case, the experimental rate constant k., is the sum of the rate
constants k; of all the processes depleting the excited state (including the radiative
process), kexp = Zk;. The fluorescence quantum yield (the ratio of the number of
emitted photons N to the number of absorbed photons N ), @r = Ng/Nps, 18 lower
than one (given by the relationship @g = kgr/2k;) and the fluorescence intensity is
weaker; it is attenuated (with respect to the ideal value) by the same factor kr/2k;.
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The fluorescence lifetime is defined as the time at which the intensity of emission
decays to 1/e of its initial value, i.e., 7p = 1/kexp.

As was explained above, a number of nonradiative processes can deplete the
excited state and quench the fluorescence. The first common process is internal
conversion, IC. Its probability depends on the structure and properties of the
molecule and on interaction with the surrounding molecules, and its rate varies
over a wide range of orders of magnitude. For flexible and strongly interacting
molecules, IC can proceed on a picosecond timescale and can efficiently deplete the
excited state before considerably slower emission takes place. This process actually
means that most molecules are nonfluorescent and only a relatively small number of
rigid molecules are strong fluorophores. This also explains why the fluorescence
intensity decreases with increasing temperature, with increasing polarity of the
solvent and with its decreasing viscosity.

The second important nonradiative process is S; — T intersystem crossing, ISC,
which is strictly forbidden by the spin selection rule at the level of the Born—
Oppenheimer approximation, but the selection rule is relaxed in real systems by
spin—orbital interaction for almost all the molecules that contain atoms with more
electrons. The easiness of ISC depends on the energy difference between states S
and T and, for molecules with energetically close S| and T states, this process can
be very fast and efficient (kics ca. 102 s71) due to the resonance effect and
intermixing of the S; and T, states, while it practically does not come into account
for molecules with a large energy difference. If the S; — T transition takes place,
the molecule occurs in an unenviable situation. The probability of the radiative
T, — Sy transition (phosphorescence) is low because the process is spin forbidden
and the energy difference between the states is large. The molecule contains a
considerable amount of excess energy and therefore is very reactive and on average
remains in the reactive state for quite a long time and undergoes a number of
collisions with the surrounding molecules. Therefore, the probability of photo-
chemical reaction (i.e., the transformation of the original molecule in another
one) is high and most photochemical reactions involve molecules (reactants or
photosensitizers) in the excited T, state. Because the energy of the T state is lower
than that of the S; state, the phosphorescence is red shifted with respect to the
fluorescence. Its intensity is very low due, in part, to its low natural rate (rate
constant kp ca. 107> to 10% s™") and to competitive depletion of the excited state by
vibrational relaxation, collision energy transfer, etc.

If states S; and T are energetically close, the molecule can “escape” from the T,
state and return to the S; state. It is obvious that the T; molecule must gain some
energy to reach the level where the energies of states T; and S; overlap. The
required excess energy can be generated by intermolecular collisions with the
surrounded molecules or by triplet—triplet annihilation, which requires interaction
of two excited species. In both cases, delayed emission from S; occurs. The first
mechanism is called delayed fluorescence of type E (because eosin is an important
molecule which exhibits this type of delayed fluorescence) and the second mech-
anism is referred as type P (according to pyrene). In both cases, it is a slow radiative
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Fig. 3 The outline of fast dynamic processes that proceed at rates comparable with that of the
radiative depletion of the excited state and can be studied by time-resolved fluorescence tech-
niques (TRF): the rate of the polymer chain dynamics (vibrational motion and relaxation) strongly
overlaps that of electronic relaxation and can be studied by TRF. Adapted from Springer, Self
Organized Nanostructures of Amphiphilic Block Copolymers I, 241, 2011, 187-249, figure
3, [2]. Copyright 2011. With kind permission from Springer Science and Business Media

process with low intensity. In the first case, the rate constant equals that of
phosphorescence, i.e., kp; in the second case it equals "2kp.

The advantage of fluorescence measurement for studying the dynamic behavior
of various systems follows from the fact that a number of processes can occur in the
time window between absorption and emission. Either the fluorophore itself can
undergo some changes (transition between electronic states, conformational
changes, changes in position due to rotational or translational diffusion) or the
surrounding molecules can reorganize (solvent relaxation, close approach of
quenchers, etc.). Figure 3 gives a survey of practically important dynamic processes
that proceed at rates comparable with fluorescence, affect the fluorescence
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characteristics (position, width and shape of the fluorescence spectra, quantum
yield, decay time, etc.), and can be studied by time-resolved fluorescence spectros-
copy (TRFS). Some of them, which play an important role in fluorescence studies of
polymer dynamics, conformations, and assembly, will be discussed in detail in the
following text.

3 Fluorescence Quenching

All nonradiative processes that contribute to the depletion of the excited state
shorten the fluorescence lifetime and weaken the emission intensity. Some of
them arise as inherent features of the fluorophore (e.g., internal conversion) and
their effect depends on its interaction with solvent and on temperature. They
predetermine the natural fluorescence lifetime, 7gy, which is defined as the lifetime
in the absence of additional components that can quench the fluorescence.

Compounds that strongly interact with an excited fluorophore and quench its
fluorescence are called “quenchers.” Efficient quenching requires close approach of
the quencher to the fluorophore, which means that a fluorescence quenching study
yields information on a tiny volume element in which the fluorophore is embedded
and on the processes that proceed in its vicinity. Hence, it can be used for probing
tiny nanodomains of the system. Fluorescence quenching experiments are usually
not difficult from the experimental point of view and they have often been used in
biochemistry and polymer science since the early 1950s [13]. In homogeneous bulk
solutions, the time-resolved data provide information on the rate of diffusion; in
nanoheterogeneous systems with specifically embedded probes (e.g., covalently
attached to the polymer chain), they can answer the question of whether a particular
domain is accessible to the particular (polar or nonpolar) quencher, i.e., if the
domain itself is polar or nonpolar.

Fluorescence quenching processes can be divided into two main categories:
(1) dynamic (collision) and (2) static quenching. In the first case, the quencher
(usually a transition or heavy metal ion or its complex, a molecule containing a
heavy atom, or just oxygen dissolved in the solution) collides with the fluorophore
and the excitation energy is transferred to the quencher and later dissipated in the
surrounding medium. This quenching mechanism contributes to the depletion of the
excited state, shortens the fluorescence lifetime, and weakens the fluorescence
intensity. Both the fluorescence intensity F and lifetime 7g obey the well-known
Stern—Volmer relation [14].

Fo o
=——=14K 2
Fooo + Ksvcq (2)

where the symbols without and with subscript ( apply to the system with and
without quencher, respectively, Kgy is the Stern—Volmer quenching constant
which can be expressed as a product of the dynamic quenching rate constant kg
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and the fluorescence lifetime in the absence of the quencher, 7gy, and cq is the
concentration of the quencher. Detailed mechanism is relatively complicated and
involves several steps. If we assume only free diffusion of both the fluorophore and
quencher in the bulk solution and neglect the transient terms, kq is a product of the
quenching efficiency, which depends on the fluorophore—quencher pair, and the
diffusion-limited bimolecular collision rate constant, k (defined by the
Smoluchowski equation, k=4zDR,N,, where Dy and R, are the sum of the
effective diffusion constants and the molecular radii of the components, respec-
tively, and N4 is the Avogadro number).

Static quenching does not assume diffusion of components. It is a result of the
reversible formation of a nonfluorescent fluorophore—quencher complex in the
ground state. A fraction of the fluorophore is bound in a complex and makes no
contribution to the emission, but the remaining fraction is not affected and exhibits
fluorescence with the natural lifetime, 7go. The emission intensity is weaker and
obeys the Stern—Volmer plot

F
FO: 1 +Kacq (3)

where K, is the association constant describing the reversible formation of the
complex and where the fluorescence lifetime is not affected by the presence of the
quencher. A combination of steady-state and time-resolved measurements allows
unambiguous discrimination between the different types of quenching. Moreover,
the static and dynamic quenching mechanisms differ significantly in the tempera-
ture dependence of their efficiency. Increasing temperature accelerates diffusion
and amplifies dynamic quenching but promotes the dissociation of the complex and
restricts static quenching. Hence Kgy (and the slope of Stern—Volmer plot)
increases and K, (and the slope) decreases with temperature.

In some real systems, it is possible to encounter a combination of both types of
quenching. The Stern—Volmer plots are frequently not linear because various
transient effects may cause the upward curvature of the plot. On the other hand,
downward curvature and leveling-off of the plots can be a result of uneven
(hindered) accessibility of a fraction of fluorophores in micro-heterogeneous
media. A number of specific models for analyzing fluorescence decays affected
by quenching have been proposed in the literature [8, 15].

4 Resonance Energy Transfer

The fluorescence resonance energy transfer (FRET), also called nonradiative exci-
tation energy transfer (NRET) or direct energy transfer (DET), is one of the
processes that quench the fluorescence of an excited fluorophore. In contrast to
collision quenching, the excitation energy of the donor is transferred to another
molecule (acceptor) over nanometer distances and the underlying mechanism does
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not require the close contact of interacting species. When the energy is transferred,
the originally excited donor returns nonradiatively to the ground state and the
acceptor becomes excited. The acceptor can be a practically important fluorophore,
which then exhibits its characteristic fluorescence, or a molecule that is efficiently
deactivated by a nonradiative internal conversion. Analogously to collision
quenching, NRET is a widely used fluorescence variant that has been employed
in polymer and colloid science since the middle of the twentieth century. The FRET
mechanism was first elucidated by Forster more than 60 years ago. It assumes a
“long-range” interaction of the dipole moment of the excited donor with the dipole
moment of the ground-state acceptor (in the nanometer range). The orbitals of the
two species do not overlap and the resonance mechanism of weakly coupled dipoles
controls the rate of the transfer. Efficient energy transfer requires approximately the
same or slightly lower energy of the excited acceptor than that of the donor, because
some excess energy can be dissipated in vibrational energy. From the spectroscopic
point of view, the condition of total energy conservation means that the absorption
spectrum of the acceptor has to overlap with the emission spectrum of the donor.
The greater the overlap, the more efficient and faster is the energy transfer. The
theory [16—18] predicts a steep dependence of the transfer rate constant, kt, on the
distance between the donor and the acceptor

b= (1)’ )

Tp \I

where 7p is the fluorescence lifetime of the donor in the absence of the acceptor and
o is the Forster radius, defined as the critical donor—acceptor distance for which the
rate of fluorescence emission of photons (in a macroscopic sample) and energy
transfer are the same. At the level of a single donor—acceptor pair, this means that, if
the molecules are separated by r(_the probability of emission of a photon from an
excited donor is the same as that of resonant energy transfer. As already indicated,
ro depends on the overlap of the emission and absorption spectra of the donor and
acceptor, respectively. The normalized overlap integral J is defined by the follow-
ing formula

JFD (A)ea(A)A%dA
J= (5)

JFD(),)d/I

where Fp(4) and e4(4) are the emission spectrum of the donor and molar absorption
coefficient of the acceptor as functions of the wavelength A, respectively. However,
the Forster radius also depends on the mutual orientation of the dipoles (expressed
by the orientation factor, ) and on the fluorescence quantum yield of the donor in
the absence of the acceptor, Op. The complete formula reads
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9(In10)x*QpJ
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(ro)" = (6)

where 7 is the refractive index and Ny is the Avogadro number. This formula shows
that the larger the overlap, the larger is the region of efficient interaction and longer is
ro. If the current chemical units are used, i.e., (mol/L)f1 cm? for the absorption
coefficient, and cm for the wavelength, then the value of (ro)6 can be enumerated
(in A) using the following mathematical prescription: 1y =9.78 x 10°(n*QpKI)'S.

The transfer efficiency, E, is defined as the ratio of the transfer rate constant, &,
to the sum of rate constants, k;, of all the processes that deplete the excited state
(radiative and nonradiative, i.e., including the rate of unaffected fluorescence and
that of FRET, kt and kg, respectively), E =ky/d k;. Experimentally, E can be
determined by measurement of the quantum yields (or fluorescence intensities of
the donor in the presence and absence of the acceptor, Fpa and Fp, respectively, or
by time-resolved measurement of the corresponding fluorescence lifetimes, 7pa and
7p). If the acceptor is fluorescent (which is not a necessary condition), its emission
can also be used for evaluation of E. However, the latter approach is not often used
and its precision is usually lower (because the acceptor intensity can be affected by
a number of complicating factors and also direct acceptor excitation contributes to
its emission):

Fpa TDA 5AD(11) (FAD(Az) _ 1) (7)

E=1 Fp ! D epa(d1) \ Fa(h)
where exp(41) and epa(4,) are the absorption coefficients of the donor and acceptor,
respectively, at the wavelength of the absorption, 4;, in the sample containing both
donor and acceptor and Fa(4,) and Fap(4,) are the fluorescence intensities of the
same concentrations of acceptor at A, in the absence and presence of the donor,
respectively, both excited at A; and monitored at 1.

The orientation factor between fixed dipoles is given by

k> = (cos 91 — 3cos Ip cos 9,) (8)

where Jr is the angle between the donor emission dipole and the acceptor absorp-
tion dipole, and 9p and 9, are the angle between the vector joining the donor and
the acceptor and the corresponding dipoles, respectively. The factor x* ranges from
0 for perpendicular orientation to 4 for parallel orientation of the dipoles. However,
in solutions, the fluorophores are randomly oriented and undergo fairly rapid
rotational diffusion. For very fast rotation in an isotropic, low viscosity solvent,
when the molecules assume all mutual orientations with equal probability, time and
ensemble averaging yields the “fast dynamic random limit” x> = 2/3.
Nonradiative excitation energy transfer affects the time-resolved fluorescence
decay and shortens the experimental values of the average fluorescence lifetime of
the donor. In a macroscopic system, the shape of the decay curve depends on the
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spatial distribution of the quenchers with respect to the donors and the time-
resolved measurements can be used for studying the distribution and motion of
the quenchers in complex systems. Early theoretical works [16, 19] were focused on
isotropic systems with randomly distributed fluorophores and quenchers. In such
systems, all fluorophores are influenced evenly by surrounding quenchers and the
average number of quenchers in a thin spherical layer with radius » around each
donor is proportional to 2. The decay rate in a macroscopic system of fluorophores
and quenchers can be generally obtained as the solution of the stochastic master
equation which describes the time derivative of the average probability (p(r)) that
the excitation at time ¢ is still localized at the same fluorophore which was excited at
time = 0. The derivative gives the rate of deactivation of the excited fluorophores
and (similarly to other common stochastic processes) is proportional to the number
of excited fluorophores at a given time, i.e.,d(p(t)) /dt =— kexp(p(t)). The effective
rate constant depends on the spatial distribution of the quenchers with respect to the
fluorophores

R ("))6 — b [ () ©)

D D = I'k D D r

where r; are the distances of the quenchers from a randomly chosen fluorophore and
W(r) is the distribution function of the numbers of quenchers at a distance r (in
a random mixture proportional to 7). Solution of the differential equation
— dNJdt = kexy'N(t), or —dFpaldt = kexp Fpa(?), wWith key, given by Eq. (9) and
W(r) proportional to 7* yields the following time-resolved decay of the fluorescence

intensity, Fpa(?):
Fpa(t) = Foexp {— (é) - 2(%) é } (10)

where c is the critical concentration, co = 3000/(27[3/ ’N Ar03 ). The derived equation
has been checked experimentally and was found to describe the experimental
decays reasonably well. When the fluorophores and quenchers are embedded in
small volumes, the decays must be described by more complicated relationships.
The complication derives from the fact that individual fluorophores, which are
located at different places with respect to the center of the closed volume element or
in volumes differing in size, are surrounded by different numbers of quenchers and
cannot be considered to be equivalent probes, e.g., those located close to the walls
are affected only from one side, while those in the middle are affected on average
by a spherically symmetrical set of quenchers (see Fig. 4). The NRET effect in
small volumes was studied by Fayer and independently also by Winnik and
appropriate formulas have been proposed and tested [20-25] and they will be
discussed in the next chapters.

Fluorescence quenching and FRET belong among very popular and frequently
employed fluorescence variants. They have been widely used in various fields
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Fig. 4 Distribution of acceptors around a donor in small restricted volumes; the figure shows the
importance of the location of the donor in confined and spatially restricted systems

including polymer and biopolymer research. FRET has been used in studies of
polymer miscibility [26, 27] and polymer chain conformations [28-30]. Collision
quenching, which provides information on the accessibility of fluorophores embed-
ded in heterogeneous materials for different quenchers, has been used to study the
properties of nanodomains, etc. [2, 31-34]. Both methods represent classical
“benchmark” fluorescence techniques in polymer science. Their specific use for
studies of polymer conformations, dynamics, and self-assembly will be discussed in
detail in the following chapters.

5 The Solvent Relaxation Method

The solvent relaxation method (SRM) belongs to specific, fairly advanced variants
of time-resolved fluorescence measurements. It has been used less in polymer
science than fluorescence depolarization, quenching, or FRET, but it provides
unique information on the polarity and microviscosity of the solvate shell of the
probe (or more precisely on the mobility of molecules in the solvate shell) and
interesting papers on the systems of low-molar-mass compound and also on self-
assembled colloid and polymer systems have appeared in recognized journals in
recent years [35-43]. Before discussing the use of SRM for the investigation of
polymer systems, we will outline the principle of the method for a dilute solution of
fluorophores in an isotropic polar solvent. We would like to point out that the
probes used in SMR should be polarity dependent, i.e., they should exhibit a large
shift in the emission band with polarity, but their photophysics should be simple
(see the later discussion); otherwise interpretation of the data becomes complicated
and specific for a given system—without the possibility of formulating general
conclusions.

The principle of the solvent relaxation method is depicted in Fig. 5 for a
fluorophore immersed in a polar solvent (with equilibrium ground-state relative
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Fig. S Solvent relaxation: energies of the electronic states of a solvated fluorophore are depicted
by bold lines, vibrational states by thin lines; the long arrows and wavy lines show individual
processes; the changes of the dipole moment and geometry of the fluorophore upon excitation and
emission are depicted by different orientations of the short arrow and the ellipsoidal prolongation.
The changes in the arrangement and orientation of polar solvent molecules are indicated by bicolor
circles. Adapted from Springer, Self Organized Nanostructures of Amphiphilic Block
Copolymers I, 241, 2011, 187-249, figure 4, [2]. Copyright 2011. With kind permission from
Springer Science and Business Media

permittivity, €) and a higher dipole moment g, in its excited state than that in the
ground state po. The vertical axis corresponds to the Gibbs free energy of the
solvated fluorophore. As already mentioned, a necessary condition for the absorp-
tion, as well as for the emission of a photon, is a change in the dipole moment. Prior
to excitation, the orientation of the polar solvent molecules in the solvation shell
minimizes the Gibbs free energy, G, of the ground-state system. In this case, it is
related mainly to the electrostatic interaction of the dipole moment of the
fluorophore with the dipole moments of close solvent molecules. The fluorophore
undergoes fairly rapid translational and rotational diffusion, but the solvent mole-
cules are smaller than the fluorophore and the optimum structure of the solvate shell
catches up with the random motion of the fluorophore and the time fluctuations in
G are small.

As the absorption of a photon and a consequent redistribution of the “electron
cloud” occur in less than 10~ s, the change in the dipole moment, Ay = p;—p, of
the fluorophore (to be exact, the part corresponding to the redistribution of elec-
trons) is almost instantaneous compared with the rate of motion of the nuclei and
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the surrounding molecules. Therefore, immediately upon excitation, the geometry
of the fluorophore (bond lengths and angles) and the arrangement of molecules in
the solvate shell still correspond to the ground state. The solvation is not optimum
and the Gibbs free energy soon after the excitation is higher than that of the properly
equilibrated excited system. Two processes contribute to the minimization of G in
the excited state: vibrational relaxation (which recovers the equilibrium geometry
of the excited probe on a timescale of ca. 10~ "% s) and slightly slower reorganiza-
tion of the solvate shell (the rate of which depends on the solvent viscosity and
temperature), which proceeds on a sub-nanosecond scale at ambient temperatures
in nonviscous solvents). While the first process occurs in all the systems and causes
the inherent Stokes red shift of the fluorescence with respect to the absorption
regardless of the polarity of the probe and of the solvent, the second one takes place
only in polar solvents and adds a polarity-dependent contribution to the Stokes
shift. The extent of solvent relaxation depends on the strength of the dipole—dipole
interactions between the fluorophore and molecules in the solvate shell (i.e., on the
change in the dipole moment and on the local polarity of the microenvironment)
and its rate depends on the mobility of the solvated molecules (i.e., on the local
viscosity of the microenvironment). In nonviscous solvents, it proceeds quite
rapidly and it can partially overlap with the vibrational relaxation. In this case,
complete dielectric relaxation is usually complete before the emission of a photon
(i.e., before the emission of an overwhelming majority of the photons in macro-
scopic samples), which means that most photons are emitted from the fully relaxed
state S; on a nanosecond timescale. However, the emission is a stochastic process
and its rate decays exponentially. Hence, at short times, some “hot photons” are
emitted from non-relaxed states with higher energy than that of the fully relaxed
state S; and ultrafast time-resolved measurements enable their detection.

Even though fluorescence decay in macroscopic systems proceeds in the nano-
second time region, the act of single emission (and transition from S; to Sg) occurs
in times shorter than 10~'> s. Hence, immediately after the emission of a photon
from the fully relaxed S, state, the geometry of the fluorophore and the structure of
the solvate shell do not correspond to the ground state Sy, but still correspond to the
excited state. This is followed by a cascade of processes that resemble the mirror
image of the above-described relaxations after the excitation. However, it is
necessary to bear in mind that the reorganization of the solvent shell at short
times (after the “hot emission”) requires less solvent reorganization because it
proceeds from a non-equilibrated (high energy) S; state back to S and the solvation
shells of both states roughly correspond to the relaxed S state.

A simple quantitative treatment of the solvent relaxation-induced Stokes shift is
based on a model that assumes that the fluorophore is located in a cavity with radius
a in a dipolar medium characterized by the bulk dielectric permittivity ¢ and
refractive index n (we should recall that the high-frequency limit of the dielectric
permittivity .. equals the square of the refractive index n?). Classical treatment
yields the Lippert equation [44] describing the difference, Av = v4 — Up, between
the wavenumbers of the emission and absorption maxima of the fully relaxed
system:



Theoretical Principles of Fluorescence Spectroscopy 109

sz(m—yo)z(g—l n2—1> ()

hea’ 2e+1 22+ 1

where £ is the Planck constant and c is the speed of light in a vacuum, and p1; — p is
the difference between magnitudes of corresponding dipole moments. This equa-
tion makes it possible to examine the local polarities of nano- to microdomains in
heterogeneous systems (provided that the partitioning of the fluorophore between
different domains can be estimated independently).

In this chapter, we generally avoid discussion of the technical details of time-
resolved measurements, such as the principle of the time-correlated single photon
counting technique, extraction of the net decay curve by the deconvolution method,
etc. However, in this case, it is necessary to outline the principle of the solvent
relaxation measurement and data evaluation (called “spectral reconstruction”).
Application of the solvent relaxation method requires the measurement of a number
of decay curves at different emission wavelengths, Ag,, (excited at the same
excitation wavelength, Agy). All the decay curves are measured with approximately
the same statistics and are normalized. Emission from states populated immediately
upon excitation yields decays in the blue part of the emission spectrum. The
red-shifted decays correspond to emission from states which are not present at the
very beginning and are created relatively slowly by the relaxation of the solvate
shell on nanosecond and sub-nanosecond timescales. Therefore, the decay curves
for longer wavelengths contain the rising (built-up) part at short times and later they
achieve a maximum and finally decrease. The next step is reconstruction of the
time-resolved spectra. It also requires measurement of the steady-state emission
spectrum (excitation at the same wavelength as the time-resolved decays), because
the intensity of the emission at Ag,, and ¢ is proportional to the product of the steady-
state intensity for a given wavelength, Fss(Agy), and the fraction of the time-
dependent intensities, f{Agm,t) = FTr(AEms!)/FTrR(AEm,t = 0). The properly normal-
ized intensities of the time-resolved spectra, Frs(dgm,t), are given by the relation

_ Fss(Zem)F1r (AEm, 1)

Frrs(AEm, 1) = — 5
J FTR(AEmy f)dl
0

(12)

and the final output is the normalized time dependence of the frequency of the
emission, Vg, (#) in the form of the correlation function (wavelengths of intensity
maxima of emission bands are usually converted to the frequency scale):

[VEm () — vEm (1 = 00)]
[VEm (1 = 0) — vpm (1 = 00)]

— ct) (13)

While the estimation of vg,(f = 00) in the fully relaxed systems is not a problem,
the value immediately upon excitation is often subject to ambiguities, especially in
nonviscous highly polar solvents. In a number of cases, the relaxation is simply too
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fast for the time resolution of the detection used and vg,,(f = 0) cannot be detected
with sufficient accuracy. One more complication has to be taken into account in
heterogeneous systems. Some amphiphilic or strongly nonpolar fluorophores,
which bind to nanoparticles and are used in studies of nanoparticle solutions, are
not sufficiently soluble in pure polar solvents and form self-quenched aggregates.
Heterogeneous systems will be treated in the next part, but the estimation of
VEm(t=0) is a general problem and therefore will be briefly discussed here.
Maroncelli et al. [45] proposed an approximate method that can be used in all
cases. It assumes knowledge of the frequencies of the absorption band of the probe
in the polar solvent employed, v4 ,, and in a reference nonpolar solvent, v np,
which do not change with time and can be easily measured by UV—vis absorption
spectroscopy providing that the probe is soluble in both solvents. Further, it requires
knowledge of the emission frequency in a nonpolar solvent, Vgm, np, Which again
does not change with time, because the solvent relaxation proceeds only in polar
solvents. Hence, it corresponds to the frequency of the maximum of the steady-state
emission spectrum and can be estimated without problems. The value of the
frequency in the polar solvent immediately upon excitation, Vg, ,(f=0), can be
evaluated from the simple formula

VEm,p(t = 0) = VEm,np + (Ua,p — VA,np)- (14)

6 Solvent Relaxation in Heterogeneous Systems

So far, a large number of low-molar-mass systems have been studied by ultrafast
fluorescence techniques in sub-nanosecond time regions [35-39]. Recently, a
relatively slow (nanosecond) relaxation process proceeding in mixed low-molar-
mass solvents, consisting in redistribution of components of the solvent mixture in
the solvate shell of the fluorophore upon the excitation, has also been reported [40—
43, 46, 47]. However, an important part of experimental studies is still concerned
with “relatively slowly relaxing” biological systems, such as lipid membranes [48—
50], proteins [51, 52], nucleic acids [53], and also colloidal [54] and polymer
systems [55-57].

In the next part, we will focus our attention on nanosecond processes that occur
in shells of self-assembled polymer micelle-like nanoparticles in aqueous media
[56, 57]. Fluorescent probes that strongly bind to the nanoparticles have usually
been employed to obtain information on the shell or on the immediate vicinity of
nanoparticles. Suitable probes include amphiphilic fluorophores, i.e., fluorescent
surfactants, such as prodan, laurdan, or patman (see chapter “Fluorescence Studies
of Polymer Containing Systems”, Fig. 2). They contain a fairly polar fluorescent
head-group and a nonpolar aliphatic tail, which secures the favorable “hydrophobic
interaction” and sorption on polymer nanoparticles. They bind to micelles [55, 56]
and their localization depends on the polarity of the head-group and on the length of
the tail. In the case of patman, the strongly polar head is usually located in the
peripheric part of the solvated shell and the nonpolar tail is oriented towards the
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core/shell interface, i.e., buried in the inner shell. Probes with less polar heads
(laurdan) can be buried quite deep in the nanoparticle (close to the core/shell
interface). The micellar shell represents a fairly concentrated polymer system,
which does not contain enough water in its innermost part (close to the core-shell
interface) and the solvation of some components can be incomplete. The buried
probe competes with polymer segments for water molecules and the complex
solvent redistribution is significantly slowed down and differs in many aspects
from the simple dielectric relaxation in isotropic low-molar-mass solutions.

The complexity of the dielectric response derives from the fact that micellar
systems are “micro-heterogeneous” and contain components that differ signifi-
cantly in size and in mobility: small and mobile solvent molecules, slightly larger
fluorescent probes, and fairly large nanoparticles (with characteristic dimensions
ranging from several nm up to 10 nm and molar masses 10°~10” g/mol). The
properties of nanoparticles that influence the fluorescence of probes, e.g., the
density and effective polarity of the water-soluble shell, the degree of ionization
in weak polyelectrolyte shells, solvation of shell-forming units, and water structure,
vary in the direction from the central part of the nanoparticle to the periphery
[58, 59]. Appreciable changes occur at distances comparable with the size of the
fluorophore. Therefore, not only the redistribution of water molecules upon exci-
tation but also the motion of the fluorophore with respect to the nanoparticle can
occur during the lifetime of the excited state. In some systems, partial redistribution
of amphiphilic probes between the core and shell has also been observed [55].

In micro-heterogeneous systems, the time dependence of the half-width of the
time-resolved emission band should be measured and plotted as a function of time
because it provides important information on the extent of the monitored process. It
has been shown [60] that the half-width should be more or less constant in
homogeneous systems (in fact, it should decrease slightly). The process proceeds
differently in spatially inhomogeneous systems. Because the properties of the
system vary in space, individual fluorophores distributed in different parts of the
system are not equivalent and their solvent shells respond at different rates to the
changing local electric field. This inhomogeneity gives rise to a new phenomenon
that reflects the time distribution of the relaxation phases of different solvent shells.
The observed transient inhomogeneity increases significantly at intermediate times
and attenuates at long times [60].

Monitoring of the half-width of the emission band provides information about
whether the entire process, or just a part of it, was included within the time window
of the experiment. If only a decrease is observed, the early part of the relaxation
process is beyond the time resolution of the relevant apparatus. In contrast, if only
the rising part is observed, the process is slow and the fluorescence lifetime is too
short and does not allow monitoring of the entire relaxation process. The following
chapters give some examples of studies of self-assembling polymer systems by the
solvent relaxation method.
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7 Time-Resolved Fluorescence Anisotropy

As already explained, the probability of photon absorption by a given molecule
depends on a number of factors (see the optical selection rules). If polarized light is
employed [61], it also depends on the orientation of the absorption transition dipole
moment, 5, with respect to the polarization plane of the excitation light (described
by the angle ¢). Molecules with their absorption dipole moment parallel to the
polarization plane of the excitation light are excited preferentially, while those
oriented perpendicularly are not excited at all. For a general orientation with angle
¢, the dipole moment can be decomposed into parallel and perpendicular compo-
nents, pacosg, and pasing, respectively, and the excitation probability is propor-
tional to (cos¢)2.

Fluorophores in solutions (i.e., their dipole moments) are oriented randomly
prior to excitation and undergo rotational diffusion. Nevertheless, immediately
upon excitation by a sufficiently intense ultrafast polarized light pulse, the popula-
tion of excited molecules with absorption dipole moment parallel to the plane of the
polarized excitation light predominates. Several processes contribute to the relax-
ation of the anisotropic population of excited molecules; in addition to processes
that deplete the excited state (both radiative and nonradiative): (1) the rotational
Brownian motion of fluorophores and (2) the excitation energy migration among
fluorophores also play an important role. The probability of nonradiative energy
migration depends strongly on the distance between the fluorophores (see the part
describing energy transfer). Consequently, the rate of the latter depolarizing process
in macroscopic solutions can be significantly suppressed at high dilutions. The
absorption and emission transition dipole moments, g5 and pg, can form any angle
® , but they are usually parallel in fluorophores that contain symmetry planes,
which means that the emission at early times following polarized excitation is also
strongly polarized in the same plane and the time-dependent fluorescence anisot-
ropy provides information on the depolarization processes; in dilute systems, it
corresponds predominantly to the rotational diffusion of the probe. Relaxation of
the system can be followed by measuring the time-resolved anisotropy,

) -1
() = [1(6) + 21.(1)] (13)

where [)(¢) and 7, () are the parallelly and perpendicularly polarized emission
intensities at time ¢ after the excitation, respectively. The sum
S(t) = [1y(r) + 21 ()] in the denominator is proportional to the population of
molecules in the excited state, i.e., it represents the total fluorescence intensity
and does not depend on the orientation of the molecule. The polarized fluorescence
decay I(t,¢p) measured at arbitrary angle ¢ can be expressed in the following form:
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I(t,) = —[1 + (3cos?p — 1)r(1)]S() (16)

1
3
In measurements at the so-called “magic angle,” i.e., with the detector of polarized
light oriented at ¢by; = 54.7° with respect to the polarization plane of the excitation
beam, the experiment directly yields the decay I(#,¢\1) = S(¢) unaffected by anisot-
ropy, because in this case: (3cos’py — 1 =0).

From a theoretical point of view, the experimentally accessible time-resolved
anisotropy, r(f), represents the autocorrelation function of orientations of the
emission transition dipole moment pg(f) at time ¢ and the absorption transition
dipole moment (¢ =0) at the instant of excitation, =0, and can be expressed as

r(1) = 2/5(Pa(pa(t = 0)pg(1))) (17)

where P, is the second-order Legendre polynomial and the brackets denote the
ensemble averaging. The initial anisotropy is given by (¢ =0) = (0.6 cos’w — 0.2)
and depends on the mutual orientation of g (t = 0) and ug(t = 0). The two following
limiting values are acquired for parallel (the highest positive value 0.4) and
perpendicular (the lowest negative value —0.2) orientation. Even though perpen-
dicular orientation of both dipole moments is not very common, such situation can
occur if the fluorophore is excited to a higher state than the emitting state and the
molecule (e.g., perylene, [12]) undergoes one or more nonradiative transitions
between different excited states with mutually perpendicular orientation of dipole
moments before emission. For completeness, it should be pointed out that the
emission is totally depolarized from the very beginning in molecules in which the
angle between dipole moments corresponds to the magic angle. On the other hand,
in perfectly ordered systems of fluorophores with mutually parallel absorption and
emission dipole moments, e.g., in a fluorophore crystal with corresponding dipole
moments that are mutually parallel, the anisotropy defined by Eq. (15) would
theoretically be r(f) =1 and would not depend on time. In real crystals, r(f) can
be slightly lower due to defects in lattice structure and vibrations.

In a number of fluid systems, rotational diffusion proceeds on timescales com-
parable with the fluorescence decay and can be employed to study the viscosity of
the microenvironment, segmental motion of the polymer chains, local geometrical
constraints, and changes in the above characteristics caused by external stimuli, etc.
In nonviscous systems of small molecules, fluorescence anisotropy due to rotational
diffusion usually decays faster than fluorescence, but in viscous solutions and also
in various polymer and biopolymer systems, full angular randomization is often
achieved at times much longer than that corresponding to the depletion of the
excited state and it is not possible to monitor the whole fluorescence anisotropy
decay experimentally. However, careful data fitting (based on an appropriate
model) provides reasonably accurate time characteristics together with the
so-called “residual anisotropy” value (see the later discussion for its physical
meaning).
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8 Models of Rotational Diffusion (RD) and Their Advanced
Variants

In dilute systems of small molecules (where energy migration can be neglected), the
anisotropy decays are commonly fitted to curves derived on the basis of the
rotational diffusion model. There exist several variants of this model. The oldest
and simplest approach, which has mostly been used for interpretation of the data
obtained from systems of small molecules, is known as the Debye hydrodynamic
model [62—-69]. The fluorophore is modeled by a solid (generally asymmetrical)
ellipsoid immersed in a viscous liquid. Its rotational diffusion coefficient is given
by the Stokes—FEinstein equation [70] and its orientation with respect to the fixed
laboratory system of coordinates can be characterized by three Euler angles £. It is
assumed that the molecule rotates through a very small angle between individual
collisions and its reorientation can be described by the rotational diffusion equation:

YRy (19

which yields the probability density f(£2, #) describing the orientation of the
molecule at time ¢ (expressed by Euler angles £2) regardless of the electronic

. I 3 3 ,
state. H is the Hamiltonian operator, H = Zi:l Zj:l L;D;L;, L; is the quantum

mechanical operator of the angular momentum defined according to Rose [71], and
D;; are the components of the diffusion tensor. Knowledge of f(£2, 1) allows
calculation of the polarized intensities }() and 7, (¢) and consequently the time-
resolved anisotropy, 7(f), as the sum of several terms, each of them decaying
exponentially with time [72]:

r(f) = Izs;Aiexp <T—t) (19)

where the individual correlation times z,; are functions of the principal components
of the diffusion tensor, i.e., 7;=f(D, D,, D3) and the pre-exponential factors
depend both on the components of the diffusion tensor and on the orientation of
the absorption and emission transition dipole moments, g and pg, respectively
(angles a; and f3;), with respect to the principal axes of diffusion, i.e., A;=f(D, D,
D3, aj, p;). In the general case of a low symmetry molecule, there are five expo-
nential terms, but only three correlation times z,; are independent. If the symmetry
of the fluorophore increases, the number of exponentials decreases. As it is difficult
to discern more than two exponential terms experimentally (the nominator in
Eq. (15) is a fairly small difference between two large numbers, while the denom-
inator is their sum), only the cases when the number of exponentials reduces to one
or two are important in practice. This can happen [73], e.g., if the fluorophore can be
approximated by a rotationally symmetric ellipsoid D;=Dy#D>,=D3;=D,
(symmetric-top) and p or pg are simultaneously perpendicular to the axis of
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rotational symmetry, the anisotropy decay is described by two exponential terms
(two correlation times). Other possibility for two rotational correlation times is
that pa or pg is parallel with one of diffusion axes. If ya and pg are parallel for
symmetric top, single exponential decay occurs (one correlation time). Single
exponential decay is also obtained for a spherical top, i.e., if all the main compo-
nents of the diffusion tensor are equal, D =D, = Ds.

Because the fluorophore interacts with solvent molecules and binds them,
creating the solvate shell, the D; values cannot be predicted on the basis of a simple
atomistic model of the rotating molecule. The solvation depends both on the
fluorophore and on the solvent and varies considerably from one system to another
[74]. Two limiting situations have been considered in the literature: (1) the stick
condition—when the first solvent shell moves together with the fluorophore, and
(2) the slip condition, i.e., the opposite extreme situation, when the solvent mole-
cules do not bind to the fluorophore. However, the rotation of the fluorophore is still
not free in the latter case. It is hindered by the necessity of redistributing the
molecules of the solvent to create the free space necessary for a change of the
fluorophore position, which generates the hydrodynamic friction. Redistribution of
the solvent molecules depends strongly on the shape of the rotating object. This is
quite small for spherical particles. The rotation of a prolate ellipsoid around its long
axis does not require almost any solvent redistribution, but that around the short
axes (perpendicular to the long one) does require redistribution and the
corresponding D, value obtained by fluorescence measurement is significantly
larger than the net value based on the atomistic model. The stick condition assumes
that, in addition to the motion of the firmly bound solvent shell, a non-negligible
displacement of solvent molecules occurs at longer distances from the fluorophore
for the same reasons as discussed above.

Very interesting special anisotropy decay has been predicted for a symmetric
molecule approximated by disc with perpendicular orientation of g, and g, both
lying in the plane of the disc, which we designate, for a clear and unambiguous
discussion, as the yz plane and assume that the light beam comes in the x direction
and polarization plane is xz (see Fig. 6a). The net principal D; components of the
molecule in the direction of the main symmetry axes C., (axis x) and in the
directions of the two perpendicular axes C, in the disc plane (the z and
y directions coinciding with the orientations of g or pg, respectively) do not differ
much. However, the rotation of the disc around the x axes does not require almost
any redistribution of the solvent molecules, while the rotations around y or z require
the continuous displacement of a number of solvent molecules and the
corresponding correlation time 7, is ca. 10 times longer than 7,;. Because p, and
pe are perpendicular to each other, ro(f=0)= —0.2. The anisotropy increases
rapidly at short times after excitation (with z,;) as a result of rapid 1D rotational
diffusion around the x axis, which randomizes the orientations of the excited
molecules in the yz plane (in which both dipole moments lie) and eliminates the
excess of excited molecules emitting perpendicularly polarized light with respect to
the excitation polarization. Note that full randomization of the orientations of the
excited fluorophores in 3D is not achieved at short times because the rotations
around the second and third axis are slow. This is why r(#) does not converge to
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zero, but increases to slightly positive values 0.1-0.2 (depending on the difference
between the effective D; values) and then slowly decays to zero (with z,,) as the 3D
randomization continues. The example described above is not only interesting from
the theoretical point of view, but it is also important in practice, because it has been
experimentally observed for commonly used fluorophores, such as perylene. If
perylene is excited in the short wavelength part of its absorption spectrum to the
S, state, which is polarized perpendicularly to the S; state, the nonradiative
transition S, — S; takes place first and then the perpendicularly polarized emission
(with respect to the absorption) occurs [75, 76]. Schematic shape of the anisotropy
curve corresponding to the above-described behavior of perylene and analogously
behaving planar fluorophores is shown in Fig. 6b. In experiments, only two
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(maximally three) rotational correlation times can be evaluated with reasonable
accuracy. The experimental accuracy depends mainly on the difference between the
individual correlation times and on the ratio of the rate of the orientation relaxation
to the fluorescence decay. This means that both the experimental pre-exponential
factors A; and correlations times 7,; frequently represent the effective weighted
averages of parameters corresponding to several different rotations. The best
resolution is usually obtained for systems where the anisotropy decays are slightly
faster than the fluorescence intensity decays. Moreover, the fact that mutual orien-
tation of p 5 and pg is not known for a number of fluorophores hinders interpretation
of the anisotropy data. Theoretical analysis predicts that experimental coefficients
A; may depend on the excitation and emission wavelength, but should not depend
on the viscosity of the medium and on the temperature: as has already been
explained, the initial anisotropy ry(t = 0) for perylene excited to S, is —0.2, while
o(t=0) is close to 0.4 for S; excitation. In isotropic systems of small mobile
molecules, the anisotropy should decay to zero at long times and therefore the
residual anisotropy should also be zero, r., = 0. A nonzero value r., means that the
rotational movement in 3D is restricted due (1) to bonding (or incorporation) of the
probe (in)to a very large and heavy rigid object or (2) to strong anisotropy of the
medium. In the first case, some correlation times are extremely long compared with
the fluorescence lifetime and the true ., value cannot be obtained experimentally;
in the second case, the rotation does not proceed freely in all 3 dimensions.

The rotational diffusion model has been revised and improved by several authors
and a few advanced models that remove the most severe simplifications have been
proposed. The extended diffusion model (ED) eliminates the condition of small
angular changes between individual collisions [77-81], i.e., it assumes that
reorientation of the molecules proceeds in a sequence of mutually independent
(both short and long) diffusion steps. Molecules rotate freely and the angular
momentum does not change between the collisions. The probability of steps of
different length is given by the Poisson distribution. Collisions between molecules
are considered to be fast events compared to the average time of the diffusion steps
between them. Two variants of the ED model, differing in the character of the
angular momentum changes, have been proposed. The so-called J-diffusion
assumes that changes in the orientation of the angular momentum are completely
random (i.e., all changes in the direction of rotation are equally probable), but
changes in its magnitude obey the Boltzmann distribution. The M-diffusion variant
assumes that the angular momentum magnitude does not change after the collision;
only its orientation changes randomly.

In both cases, the time-resolved anisotropy decay acquires a complex form of an
infinite series. Gordon [77] has shown that the decay may, in special cases, exhibit
damped oscillations, which has been observed experimentally, but the original RD
model was unable to offer an explanation of this rather exotic behavior. Numerical
calculations by McClung [79] validated the ED prediction for spherical molecules.
For asymmetric molecules, the calculations confirmed the formulae based on the
J-diffusion model and indicated that the assumptions used in the M-diffusion model
are less realistic [81].
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Another attempt to improve the RD model was made by Fixman and Rider for
linear molecules in 1969 [82] and later by McClung for spherical and asymmetric
top in the early 1980s [83, 84]. In accordance with the theoretical background
employed (already existing in other fields of physics), the model is called the
Fokker—Planck—Langevin (FPL) model. Theoretical treatment assumes that the
rotational movement of a rigid molecule (e.g., ellipsoid) immersed in a viscous
liquid is affected (1) by the slowly changing frictional force (depending on the
viscosity of the solvent and fluorophore—solvent interactions) and (2) by fairly
rapidly changing Brownian forces, which mimics collisions with solvent molecules.
The model allows formulation and solution of the rotational Fokker—Planck equa-
tion for the conditional probability density that the molecule rotates at time ¢ in a
given direction with a particular angular velocity. The anisotropy decay is then
expressed as a rapidly converging infinite series of exponentials. From the practical
point of view, it is important that a strongly truncated series with only a few terms
provides quite accurate values of the rotation correlation times of test systems. The
FPL and ED models represent two very different approaches for treatment of the
interaction of the fluorophore with the solvent molecules and for explaining the
influence of the microenvironment on the rotation of the fluorophore. Both models
eliminate the assumption of small diffusion steps, but the physical assumptions are
quite different from each other. In the ED model, the molecules may undergo large
changes in their orientation and in the magnitude of their angular momenta during
collisions, which are considered to be almost instantaneous events compared with
the length of the unaffected rotation between them. The FPL model employs the
slowly changing friction force and more rapidly changing Brownian force. Its main
difference with respect to ED is as follows: Because the two forces are balanced
(to maintain a constant temperature of the system), a relatively large number of
emulated collisions are required to cause a large change in the rotation of the
fluorophore. Lévi et al. published a comparison of anisotropy decays based on
ED and FPL with experimental data for linear and spherical molecules [85]. Both
models offer an almost indistinguishable macroscopic description of the rotational
motion of molecules in liquid media and it was not possible to decide which
description is physically more relevant. The authors recommend great care and
precaution when drawing conclusions from model fitting of experimental data.

Other interesting extensions of the RD model (similar to ED) include the
partially relaxed rotation model (PRR) [86] for a symmetric-top rotor and its
generalization, the 27 model. The basic assumptions are based on the experimen-
tally verified fact that the rotation of an oblong ellipsoid around its long symmetry
axis C,, does not require almost any displacement of the surrounding molecules
and is effectively free, but the tumbling motion accompanied by changes in the
spatial orientation of this axis is a complex relaxation process controlled by
collisions with solvent molecules. Hence the uncorrelated binary collisions affect
only the motion in directions perpendicular to C.. Distribution of the angular
velocities around C,, is given by the Maxwell-Boltzmann distribution and the
relaxation of the tumbling motion is described by the characteristic time, 7;. In a
more general 27 model, the relaxation of the rotation around C, (described by 7,) is
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also considered. At the limit of long relaxation times, this model converges into
(a) PRR, if 7, — o0, (b) ED-J, if 7; — 00, or (c) a free rotor (symmetric-top RD with
slippery condition), if both 7; — oo and 7, — o¢.

9 Fluorescence Anisotropy in a System of Flexible
Fluorescent Molecules

The time-resolved fluorescence anisotropy is a suitable tool for studying complex
motion of polymer chains. However, the data must be interpreted with care and
precaution. Fluorescence spectroscopy in general (and anisotropy in particular)
provides indirect information on the studied host system. The more advanced is
the experimental technique and the model used for fitting the data, the greater is the
risk of misinterpretation. In fact, the basic assumption that the motion of the probe
is a good indicator of that of the host system is the most problematic aspect. The
rotation of dispersed probes is undoubtedly affected by the host system, but
interpretation of the anisotropy results is difficult and often ambiguous. Moreover,
only a few polymer and biopolymer systems (e.g., tryptophan-containing proteins,
polyvinylcarbazole) are intrinsically fluorescent. In most other cases, the
fluorophore has to be added to the host system. It can be simply dispersed in the
solution and, in this case, it is usually called a “probe,” or it can be chemically
attached to the system of interest and then it is usually called a “label.” Hydropho-
bic probes interact with hydrophobic domains formed within the polymer chain in
aqueous or highly polar media and bind to them and therefore can be used for
monitoring the behavior of specific parts of the chain, but the chemical attachment
of a label (as a co-monomer within the chain or as a pendant group) provides a much
better opportunity for detailed studies. However, one should bear in mind that the
presence of the fluorophore in the chain (generally in the studied host system)
always influences the properties of a tiny part of the chain/system. In spite of the
fact that chemical modification is negligible and has almost no impact on the
macroscopic behavior of the system, the fluorescence monitors the behavior of
the small domain of the host system that has been affected. For safe interpretation of
the fluorescence data for a polymer system, the fluorescence study should be
combined with other methods that provide independent data, or it should be
corroborated by already existing knowledge of the system. Only in these cases
can the high potential of fluorescence methods be fully exploited.

An ideal fluorescence probe or label for anisotropy measurements should meet
the following requirements:

1. Tt should specifically monitor the behavior of a known part of the molecule,

2. It should perturb the behavior of the host system as little as possible,

3. It should have simple spectroscopic properties (single exponential decay and a
lifetime somewhat longer than the monitored anisotropy decay, etc.),
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4. Its simple rigid shape and orientation of dipole moments should enable unam-
biguous interpretation of the anisotropy decay of the free probe in isotropic
media,

5. Chemical attachment of the label to the polymer should enable simple interpre-
tation of the fast components of anisotropy relaxation.

Because of the variability of fluorescent or fluorescently labeled polymers and
the complexity of the relaxation processes that come into account, no general model
for anisotropy decay in polymer systems has been proposed so far; however, a
number of papers analyzing decays in different systems have been published [2, 87—
96] and will be outlined in the next part.

If the fluorophore is part of a large flexible molecule, e.g., it is a co-monomer
incorporated in a flexible polymer chain or a pendant group covalently attached to a
polymer chain or to a large polymeric nanoparticle, its reorientation relaxation is a
complex process, which includes (1) fairly slow rotation of the whole nano-object,
(2) reorientation motion of the probe with respect to some specific parts of the chain
or of the nanoparticle (e.g., with respect to nano-structured domains differing in
flexibility or in other important properties), and (3) fairly fast motion of the polymer
structural units and rotation of the fluorophore around one or more single bonds, if it
is attached to the chain or to the nano-object by a linker. From the practical point of
view, it is convenient to classify the molecules according to the ratio of the fast
correlation time to the longest time, which describes the motion of the whole
particle.

If the relaxation times are fairly fast and comparable, all of them can, in
principle, be measured. Moreover, if such a particle is immersed in an isotropic
medium, the fluorescence anisotropy decays to zero. For a number of high-molar-
mass macromolecules and self-assembled polymer nanoparticles, the longest relax-
ation time is significantly longer than the fluorescence lifetime and exceeds the
capabilities of fluorescence measurements because the excited state is depleted long
before full 3D relaxation occurs, which means that, at times when the fluorescence
intensity is low and converges to zero, the anisotropy is still high and poor statistics
of the emitted photons does not allow reliable extrapolation and evaluation of the
long relaxation time. In a relatively narrow nanosecond time window, the slow
relaxation (often several order of magnitudes slower than the fast one) does not
show any appreciable decrease in r(f) and it seems that the anisotropy has already
leveled-off in spite of the fact that the fluorescent macromolecule or nanoparticle is
immersed in an isotropic medium. Therefore, the formulas used for fitting the data
for a polymer system usually contain a constant term—the residual anisotropy, 7
(pre-exponential factor of the term corresponding to 7oy — 00).

The motion of fluorophores incorporated in the form of co-monomers in flexible
chains has been studied by Monnerie, Valeur et al. in a number of papers [97-99]
from the 1970s. Since the flexible chains usually contain atoms in the sp> hybrid-
ization of bond-forming orbitals, the authors assumed that the internal rotation of
small parts of the chains mimics the rotation of the crankshaft, i.e., it represents a
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simultaneous rotation of the part of the chain containing three segments connected
by two external bonds to the rest of the chain (see Fig. 7).

Because the configurations of the chains which predominantly contain the
“trans” and ‘“gauche” conformations of short parts formed by four C atoms
(in sp” hybridization) fit fairly well to the tetrahedral lattice (see chapter “Confor-
mational and Dynamic Behavior of Polymer and Polyelectrolyte Chains in Dilute
Solutions,” Fig. 3), to a first approximation they assumed that the basic motion of
the fluorophore can be described as a “jump-like rotation” on the tetrahedral lattice
with one characteristic time, p (which depends on the characteristic “jump” fre-
quency and the conformation structure of the chain), in the form [100, 101]:

r(t) = roexp (;) erfc< ;) (20)

In a more realistic model, which takes into account the fact that the chain confor-
mation can deviate from the strict tetrahedral geometry, the anisotropy r(¢) acquires
a more complex form (it contains two characteristic correlation times) [98]

r(f) = roexp<—é) exp (é) erfc(\[é> 21)

where 0 is an additional correction relaxation time, which accounts for the pertur-
bation relaxation of segments from orientations determined by the lattice. The
derived equation has been used for the interpretation of experimental data on a
solution of anthracene-labeled polystyrene in a good solvent (emission transition
dipole moment parallel to the local part of the chain) and for 9,10-diphenyl-
anthracene-labeled polystyrene (dipole moment perpendicular) [102—-104]. The
agreement was found to be satisfactory except for the short time region. Later,
the crankshaft motion model was revised and the simultaneous rotation of several
bonds was considered (not only two, but also three and nine simultaneously rotating
bonds). Note that the original concept assumes the rotation of a part of the chain that
contains three segments, but true rotation occurs only around two external bonds.
The most important conclusion drawn from this model is the fact that the effective
potential of hindered rotation is much lower if several bonds are involved compared
with that for simple crankshaft motion.
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Two models have been developed independently by Hall and Helfand [105] and
by Monnerie at al. [106]. For the Hall-Helfand model (HH), the anisotropy decays
according to the equation

r(£) = r(t = 0)exp (-T—t1> exp (—é) Io (%) (22)

and, in the second case known as the generalized diffusion and loss model (GDL),
according to the equation

F(1) = r(t = O)exp (-%) exp(—é) {10 (%) 1 (%)] (23)

where 7; and 7, are two correlation times and /;(¢/r;) are the modified Bessel
functions. The mean correlation time z¢ can be calculated in the former case as

T = (L + %) o (24)

TITy T

and in the latter case as

-1
2 N1 2 1\'/?
Tc=<—+—2> — —+—+<—+—2) +1 (25)
T172 1'2 T1 |71 (%) T172 72

Ediger et al. synthesized anthracene-labeled polystyrene and very carefully mea-
sured the anisotropy decays in a number of solvents of differing viscosity. They
obtained very good data and used both models for analyzing anisotropy decays.
Nevertheless, the experimental papers published by Ediger et al. are somewhat
confusing. In their first paper [103], they concluded that the GDL model provides
slightly better fits than the HH model, but 1 year later, in their second paper [104],
they announced that the HH model is actually better than the EDL model. In fact,
the differences were negligible and the two models provided fits of comparable
quality. The Hall-Helfand model suffices with simpler mathematical treatment,
which is more attractive for experimentalists, but both models involve two fitting
parameters and, at the present time with advanced computers (in contrast to the
epoch 20 years ago), complicated mathematical formulas for data treatment do not
cause any problems.

Because the fluorophores are often attached by a single bond or by a short linker
to a fairly large (roughly spherical) rigid macromolecule or nano-object, a model of
a fluorophore rotating around one axis attached to a large spherical object was
described by Gottlieb and Wahl [107]. The axis of rotation is assumed to be fixed in
a radial position with respect to the bulky rigid macromolecular object (e.g.,
globular protein) and the fluorophore can either (1) freely rotate without any
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hindrance (free internal rotation) or (2) perform a temperature-activated jump
diffusion among discrete positions (T-JD). The following expression for r(¢) has
been obtained for the free internal rotation:

r(£) = exp <%> [al + mexp <T;£) + aexp Ci’)] (26)

where 7.\ and 7 g are the depolarization correlation times of the particle and the
fluorophore, respectively, which can be interpreted in both cases as the neat rotation
correlation times, and a; are constants depending on the orientation of transition
dipole moments with respect to the axis of rotation of the fluorophore. The time-
resolved anisotropy 7(¢) has a similar form for the T-JD model:

r() = exp () [y + arexp(—Kwi)], (27)

TcM

but the parameters have different physical meanings; K is the normalization con-
stant, w is the jump frequency, and ; depends on the angles between the transition
dipole moments and the axis connecting the fluorophore with the bulk globule. A
more general model for a freely rotating fluorophore attached to a more slowly
rotating nonfluorescent symmetrical carrier was described by Burghardt [108] and a
similar system with more complex relaxation processes was studied by Tanaka
et al. [109] (internal rotation under the potential barrier). Numerical simulations
based on this model were able to fit experimental decays from tryptophan in
cytochrome C very well [110]. A discontinuous jump model for large carriers
with fluorophores that can acquire a finite number of positions has also been
published by Weber [111].

Szabo proposed an interesting model-free formula for the time-resolved anisot-
ropy in a macroscopically isotropic system [112]. He expressed r(#) as the autocor-
relation function of orientations of the emission dipole moment at time ¢ and
absorption dipole moment at time =0 in a form suitable for general treatment of
various systems, and particularly those with possible internal rotation:

r(f) _2 ((ke(0)p(v, )P (pe(1) - a(r = 0)))
3 {((ke()p(v, 1))

(28)

The physical meaning of the individual symbols is as follows: kg() is the time-
dependent rate constant of the radiative depletion of the excited state, p(v,f) is the
normalized time-dependent emission spectrum, i.e., the denominator {{(kg(f)p(v, 1)))
describes the total fluorescence, S(#), P, is the Legendre polynomial of the second
order which correlates with the mutual angular orientations of pg(f) and pA(t =0),
and denotes averaging with respect to possible orientations and energy states. He
also employed the master equation, which describes the time change of the condi-
tional probability p(i, 2;1/(j, 82;t = 0) that the fluorophore is in energy state i and
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its orientation is described by three Euler angles £ at time ¢, if it was in electronic
state j and its orientation was £ at # = 0. This equation has the form

%[P(i,ﬂ;t/(i» Qo1 =0)] = {L(i, Q) — k(i,2)}p (i, 2;1/(j. o5t = 0), (29)

where L is the operator, which, in addition to the changes in the angular momentum,
also comprises the electronic transitions and k(i,£2) is the complex rate constant of
irreversible transitions. The explicit form of the operator { L(i, £2) — k(i, )} results
from the particular model used for describing the system of interest. The set of
integro-differential Eq. (29) makes it possible to consider and include a number of
phenomena in a unified fashion. It can account for energy migration and transfer,
because the rate constants k(i,£2) depend on the distance and mutual orientation of
the fluorophores (and quenchers). Very general formulation of the problem permits
treatment of the effect of heterogeneity of the medium and its effect on the emission
characteristics. The analytical solution is possible only for a small number of
particular forms of the L(i,£2) operator. Solution of the equation is generally
feasible if the energy and orientation relaxations are uncoupled and also if the
overall and internal relaxations are uncoupled.

Realistic description of the relaxation behavior of systems with possible internal
rotation is very complex and almost all the models had to introduce simplifying
(sometimes even oversimplifying) assumptions. In spite of a number of theoretical
studies, interpretation of the experimental data is mostly highly intuitive and is
based on semiempirical formulas.

10 Rigid Molecules in Anisotropic Medium

Fluorescence anisotropy studies are very common in biochemical and biological
research. They have been widely used in the past two decades to study the structures
of various biological membranes formed by lipid bilayers [113—-117]. Hence, a
number of appropriate models have been proposed for interpretation of the exper-
imental data for membranes and other organized biopolymer systems. In spite of the
fact that this review is aimed at synthetic polymers and does not concern bio-
polymers and biologically important systems, the motion of probes embedded in
dense 2D polymer brushes and in dense inner parts of coronas of self-organized
polymeric nanoparticles is similar to that studied in biological membranes and
therefore it will be mentioned.

The movement of a fluorophore embedded in a bilayer (generally in an aniso-
tropic medium) is controlled by the 3D potential preferring certain (nonequivalent)
orientations of the fluorophore in all three dimensions. At long times upon excita-
tion, the system does not relax completely in all 3D and the residual anisotropy is
not zero. To date no general theory has been formulated; however, particular
models for the most frequently studied systems have been published by a number
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of researchers. In the following text, we will briefly outline the most important
models developed for analyzing fluorescence anisotropy decays in membranes.

In most cases, the theories focus on symmetric-top fluorophores. Kinosita
et al. [115] published one of the oldest suitable models. Its analysis is applicable
for a macroscopically isotropic suspension of planar lipid bilayers, which are
assumed to be large and immobile during the anisotropy decay measurement.
Individual bilayer planes are oriented randomly with respect to the polarization
plane of the excitation light (i.e., the fluorophores are also oriented randomly and
uniformly in 3D), which means that the probability of excitation of probes in
different bilayer planes mutually differs and the emission polarization is also
strongly polarized at early times following excitation. Note that the angularly
random orientation of small mobile fluorophores in an isotropic medium prior to
excitation also yields polarized emission at early times following a short excitation
pulse. It is important to realize that random orientations of individual bilayer
planes, which yield the static isotropic properties of the suspension, do not average
the time-resolved fluorescence response in all three dimensions. The motion of
probes in bilayers is locally anisotropic and does not completely relax in 3D,
because the positions of the bilayers are kinetically frozen during the lifetime of
the excited state. The basic assumptions of the model can be summarized as
follows: (1) the bilayer does not move at times relevant for the decay measurement,
(2) the probe rotates around one axis, which can move, and its orientation
undergoes the diffusion motion in the potential field, which is symmetrical with
respect to the direction perpendicular to the bilayer plane and depends on the angle
@ between the instantaneous orientation of the axis of rotation and its time-averaged
(perpendicular) orientation. Due to the orientation constraint, the anisotropy does
not decay to zero and the ratio r../ry characterizes the effective anisotropy of the
medium (often called the degree of orientation constraint) and the initial slope of
r(t) gives the average velocity with which the fluorophore wobbles within a
confined angle. There are several variants of this model. (1) The diffusion-in-a-
cone model assumes the simplest form of the angular potential: W(p)=0, for
@ < Pmax, and W(@) =00, for ¢ > @nax. This model has been applied to three
types of fluorophores: (a) rod-shaped rotors with emission transition dipole moment
parallel to the symmetry axis (wobbling-in-a-cone model), (b) rod-shaped rotors
with emission transition dipole moment perpendicular to the symmetry axis (spin-
ning-in-an-equatorial-band model), and (c) disk-shaped molecules with absorption
and emission transition dipole moments in the plane of the disk, which undergo free
in-plane rotation and restricted out-of-plane rotation.

In his later work, Kinoshita et al. extended the model by assuming Gaussian
distribution of the probe orientations before the excitation with respect to the
bilayer [116]. The authors compared the theoretical predictions of the Gaussian
model with the original model and concluded that, if only two parameters are used,
the details of the microscopic description do not have a decisive impact on the
quality of the predicted fits. Lipari et al. [117] generalized the approach proposed by
Kinosita by taking into account segmental motion of the lipid molecules and



126 Z. Limpouchova and K. Prochazka

assuming that the individual internal modes of motion are independent. The authors
presented a model-independent equation for the residual anisotropy, 7.,

2
reo = < Pa(cos pa) P2(cos pg)S? (30)

where S = (P,(cos )) is the order parameter, ¢ is the variable angle between the
symmetry axis of the fluorophore and the perpendicular line to the bilayer plane, @
and @g are the angles between the absorption and emission dipole moments,
respectively, and the fluorophore symmetry axis, P, is the second-order Legendre
polynomial, and the brackets denote ensemble averaging.

At present, there are a number of models differing in the detailed description of
various flexible fluorescent molecules and systems with complex relaxations or
fluorophores embedded in heterogeneous media. We will not go into greater detail
and will give only one example of generic complications that can occur if the
polarity-dependent fluorophore is embedded in a micro-heterogeneous environ-
ment. A typical example is an amphiphilic polarity-dependent fluorophore, partially
bound to polymeric micelles and partially dissolved in an aqueous medium
[118]. Free probes (component 1) dissolved in an aqueous solvent (molar fraction
x1) experience high rotational mobility (their rotational correlation time is short)
and their fluorescence, F((¢), is partly quenched by interaction with the polar
environment (i.e., the fluorescence lifetime is short). The probes (2) bound to
polymeric nanoparticles (molar fraction x, = 1-x;, fluorescence intensity F,(t))
“feel” a more hydrophobic environment (their lifetime is long) and their rotation
is slow and hindered. The average fluorescence anisotropy, 7(¢), is weighted by the
fractional fluorescence intensities:

_ xlrl(t) Fq (l‘) + X rz(l) Fg([)

r(t) XIFI([) +X2F2([)

(31)

At short times, the fluorescence contribution of fast-emitting probes (propor-
tional to the number of photons emitted per unit time) is important and generates a
considerable weighting factor for the fast anisotropy decay, r(f). Therefore, the
overall anisotropy r(¢) decays quite rapidly to relatively low values at early times.
At later times, the fluorescence F(¢) (not anisotropy) drops almost to zero, but F»()
is still important. The average anisotropy starts to increase at intermediate times
when F(#) and F,(f) are comparable and passes through a local maximum when
F1(¢) is weaker than F,(f). At long times, only a slow anisotropy decay r,(¢) is
observed because F,(f) decays slowly and is still measurable, while F(¢) is
practically zero. An example of complex anisotropy decay caused by the time-
dependent variable weighting of the anisotropy contributions is depicted in Fig. 8.
The figure shows results of fluorescence anisotropy measurements for high-molar-
mass diblock copolymer polystyrene-block-poly(methacrylic acid) tagged by a low
fraction of 2-vinylnaphthalene (on average less than one fluorophore per chain).
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Fig. 8 Complex anisotropy decay (the upper curve) in a system containing two types of chem-
ically identical probes differing in fluorescence lifetime and in mobility (as a result of different
interaction with the microenvironment) compared with a simple one for a system with equivalent
probes (the bottom curve decaying fast to zero). Adapted from Springer, Journal of Fluorescence
4, 1994, 353-356, figure 1, [118]. Copyright 1994. With kind permission from Springer Science
and Business Media

The copolymer was dissolved (1) in a good common solvent of both blocks
(1,4-dioxane)—monotonous curve decaying fast to zero, and (2) in a 1,4-dioxane-
methanol (73 vol.%), which is a selective solvent for poly(methacrylic acid). In the
selective solvent, the multimolecular micelles are formed and pendant naphthalenes
are trapped in their compact and nonpolar polystyrene cores. However, the micelles
coexist in mobile equilibrium with a low fraction of non-micellized unimer chains.
Therefore, some pendant fluorophores are exposed to a fairly polar solvent mixture
and undergo fairly fast motion. The curve measured for micellar systems has a
complex shape, because it reflects the presence of two types of probes that differ
both in fluorescence lifetime and in mobility. Comment: in the studied micellar
system, the tagged chains were co-micellized with virtually identical non-tagged
chains to lower the content of naphthalene and suppress potential complicating
effects due to excitation energy migration in micelle cores. Because the rotation of
micelles is much slower than the fluorescence decay, the anisotropy curve does not
drop to zero on the timescale of the measurement.

11 Excimers and Exciplexes

Excimers are short-lived (transient) excited dimers formed by the bimolecular
reaction of one excited fluorescent monomer (M*) and one ground-state monomer
(M) upon excitation of a low fraction of monomers. They exhibit strong fluores-
cence, which is red shifted with respect to that of the monomer. The main difference
between excimers and excited dimers formed in the ground state prior to the
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excitation consists in the fact that the monomers involved in excimers do not form
dimers in the ground state. Excimer formation assumes that one of the ground-state
monomers, which are present in excess in the system and undergo random self-
diffusion, comes close enough to the excited monomer (fluorophore) before the
excited species becomes de-excited. Typical distances between molecules needed
for the excimer formation are ca. 0.3 nm. It is obvious that excimers form easily in
relatively concentrated solutions of fluorophores with long lifetimes of the excited
state. Because the concentration of excited species is very low and there is no
energy barrier on the excited energy landscape which could hinder (slow down) the
formation of excimers, the reaction rate is controlled by the random self-diffusion
of ground-state fluorophores. The formation of excimers can be described by the
stoichiometric equation

M +M° =D’ (32)

The scheme of energy levels as functions of the distance between the monomers
is shown in Fig. 9. The ground state is a purely repulsive state, i.e., at short
distances, the interaction energy of two monomers decreases monotonously and
steeply with their distance. The excited state exhibits a fairly deep minimum with a
distinct vibrational structure. The stabilization energy is usually quite large and the
red shift in the emission wavelength of the excimer with respect to the monomer
fluorescence can be as large as 100 nm (e.g., for naphthalene or pyrene). The
potential well of the exited dimer is smooth and relatively broad—it spans several
tenths of nm and the repulsive ground-state energy changes considerably in this
region. Therefore, the red-shifted excimer emission spectrum is broad. In spite of
the fact that the excimer has distinct vibrational structure, its emission band is
featureless without any structure, because the dimer dissociates instantaneously
after the emission of a photon.

Figure 10 depicts the steady-state emission spectra of pyrene dissolved in
1,4-dioxane (normalized to the allowed third vibrational band in the monomer
spectrum) for increasing concentrations. The formation of excimers belongs to
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Fig. 10 Steady-state spectra depicting the pyrene excimer formation in 1,4-dioxane as a function
of pyrene concentration. In case of pyrene dissolved in a fairly polar 1,4-dioxane, the /;//5 ratio in
pyrene monomer spectrum is higher than 1, but the excimer formation affects its value, which
decreases in excimer containing solutions

the category of quenching processes (in this case self-quenching): the intensity of
the monomer emission decreases and that of the excimer increases with increasing
concentration of the fluorophore. Note that we present the normalized spectra
(normalized to the monomer emission) and hence the monomer intensity decrease
does not appear. As already mentioned, the long excited state (i.e., fluorescence)
lifetime of the monomer facilitates the formation of excimers, and therefore pyrene,
which has one of the longest excited state lifetimes among practically important
fluorophores (more than three hundreds ns), exhibits strong excimer emission at
relatively low concentrations compared with other fluorophores with shorter
excited state lifetimes.

The effect of excimer kinetics on fluorescence decays of monomers and
excimers upon excitation with a short pulse was studied first by Birks
et al. [119]. They took into account all the relevant processes that proceed after
the excitation of a low fraction of monomers by an ultrashort pulse and derived the
rate equations describing the monomer and excimer decays. Most processes
involved in the “Birks scheme” are monomolecular and depend only on the
concentration of the excited species and on the first-order rate constant; one of
them is a bimolecular process and depends on the concentrations of both the excited
and ground-state molecules. They include (1) monomer fluorescence,
M —M + hvy, (rate constant kpy), (2) internal monomer quenching, M > M,
(kizvp), (3) excimer formation, M +M—D" (bimolecular reaction, i.e., the rate
depends on the product of the rate constant and concentration of the ground-state
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monomer, ¢, i.e., on kpy-c¢), (4) excimer dissociation, D'->M + M, (kmp),
(5) excimer fluorescence, DD+ hvp, (kp), and (6) nonradiative excimer
quenching, D" — D, (kip). To simplify the notation, they used combined parame-
ters, kM = ka + kiM’ X= kM + kDM -C, kD = ka + kiD7 and Y = kD + kMD- The set of
differential equations that describe the reaction kinetics can be written as

d[M’] . *
- = —X[M]+ ko [D] (33)

ap] .
—— = Y [D'] +kpuc[M] (34)

and their solution is
M) = % (A2 — X)exp(—A1t) + (X — A )exp(—at)} (35)
wy [MA] kDMC

D] = ﬁ{exp(*ilﬁ — exp(—/21)} (36)
dis = % [X +YF \/{(X —¥)’ 4 4kDMkMDc}] (37)

The time-resolved fluorescence intensities, F(f) and Fp(f), are proportional to
the instantaneous concentrations of the excited monomers and excimers, respec-
tively. The monomer decay is a sum of two exponentials, which means that it
decreases faster than the unquenched monomer decay. The excimer is not present
immediately after excitation and is formed by a diffusion-controlled process, i.e.,
the emission increases at early times, passes maximum, and at later times decays
more slowly than the monomer fluorescence. The realistic (experimental) decays,
F(t)exp» are schematically shown in Fig. 11.

They are convolutions of theoretical decays, F(f)meor, With the narrow pulse
profile, P(¢), i.e.,

Fi(t)exp = J; Filt) pooeP (1 = 1)dt" (38)

Note that, in the time-resolved measurements, the experimental monomer fluores-
cence decays always “copy” the excitation profile at early times and show an
apparent build-up part, which is corrected and removed iteratively by the

deconvolution procedure during their analysis. The relative excimer-to-monomer
o.¢]

quantum yield, Fp/Fy;, where Fy :J Fym(t)dt and Fp :J Fp(t)dt, can be
0 0

evaluated from the equation
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Fig. 11 The time-resolved monomer, Fy(f), and excimer, Fp(f), fluorescence decays calculated
according to Birks scheme, taking into account the convolution of decay curves with the excitation
profile, P(f). Reproduced from Proceedings of the Royal Society of London Series A, Mathemat-
ical and Physical Sciences 275, 1963, 575-588, figure 1, [119]. Copyright 1963. With kind
permission from The Royal Society

Fp _ kip kom . (39)
Fvo kY
Measurements of excimer kinetics are widely used fluorescence methods for study-
ing the dynamics of multiply labeled polymer chains. For probes attached to the
chain, the kinetic scheme is more complex and the resulting decays are also
substantially more complicated. Because the chapter on hydrophobically modified
polymers treats this topic very thoroughly, we will not go into more detail here.
Exciplexes are transient charge-transfer (CT) species formed in bimolecular
quenching reactions of excited states. The chemistry and kinetics of exciplexes
have been intensely studied and their role in photo-induced electron-transfer reac-
tions has been well documented and recognized [120, 121]. One of the best studied
systems is the excited complex of anthracene (acceptor) and N,N-dimethylaniline
(donor). Exciplexes do not form in the ground state, but their behavior is often
similar to that of excited charge-transfer complexes formed in the ground state. The
properties of exciplexes are complex, because they usually reflect both the locally
excited acceptor—donor state, A*D, and the charge-transfer radical-ion state, ABt.
If the charge-transfer rate is predominant, the exciplex is reminiscent of the contact
radical-ion pair or the solvent-separated radical-ion pair. Exciplexes play an
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important role in a number of important electron-transfer processes, including
processes in polymer systems [122], but this topic will not be discussed in detail
here and the reader is referred to the above references and to a number of existing
textbooks and excellent reviews on charge-transfer processes and on the chemistry
and physics of exciplexes.

12 The Effect of Ground-State Aggregation
on Fluorescence Spectra

The last part of this chapter is devoted to the general impact of weak ground-state
complexation (both reversible association and irreversible aggregation) on fluores-
cence spectra, i.e., we will outline the spectroscopic characteristics of “J”” and “H”
aggregates, which are usually formed in systems of rigid planar aromatic molecules
with highly delocalized = electrons, such as xanthine dyes (e.g., fluorescein) or
porphyrins (see Fig. 12). As the formation of “J” and “H” aggregates occurs in a
number of polymer systems (e.g., in solutions of polymeric micelles) [123] and
textbook-like explanation of the principles of their formation is rare (in comparison
with the literature on excimers), we will devote more space to discussion of the
spectroscopic consequences of this type of aggregation. As multimolecular aggre-
gates have been studied most frequently, we will use the term aggregation through
the following text, even though the general discussion and explanation also apply to
both reversible associates and dimers.

To begin with, we would like to stress once more that we will discuss the
spectroscopic processes in systems of weakly bound complexes. In a number of
cases, the aggregation is induced (or mediated) by interaction with the surrounding
medium or with other components of the mixture. Let us give one typical example:
planar fluorescent molecules are often adsorbed on surfaces (or on nanoparticles).
The driving force for this process is the enthalpy of adsorption. As the concentration
of adsorbed molecules increases and reaches a certain critical value, the adsorbed
molecules start to repel each other. However, the repulsion between relatively large
planar molecules depends sensitively on their mutual orientation and therefore the
adsorbed molecules self-organize in stacks. Partially overlapping coplanar arrange-
ment of aromatic rings relatively far from each other (ca. 1 nm) minimizes the
mutual repulsion. The above example demonstrates that adsorption is a prerequisite
for aggregation and that the aggregates would not form spontaneously in solutions.

Fig. 12 Porphyrins

porphyrin fluorescein
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In contrast to excimers, the organized interacting structures are formed in the
ground state and survive in the form of undissociated excited species upon excita-
tion and the interaction of excited m electrons with 7 electrons of neighbor
molecules leads to changes in their optical spectra. In 1964, Kasha [124-126]
explained the changes in nondegenerate absorption bands by the exciton theory,
which was originally developed by Frenkel in 1931 [127]; this theory accounts for
the mutual correlation between the surplus and deficiency of negative charges in
solid materials. The term “exciton” describes the bound state of an electron and an
“electron hole” in supramolecular structures. It is currently used for interpretation
of the optoelectronic properties of solid state materials (mainly semiconductors)
and can be used to explain the spectroscopic characteristics of fluorophore crystals
[128]. Kasha has shown that this concept is also applicable for small associates of
two or more molecules. He mostly studied the dimers of planar aromatic molecules
with transition dipole moments of both monomers lying in the same plane. In this
case, the interaction strength can be characterized by the distance between the
centers of gravity of the two molecules and by one angle, which describes the
orientation of the dipoles with respect to the line connecting the two centers of
gravity (see Fig. 13) [129].

T T as & .
A e
AE
* A
(@ in 3D system)
\ 0 |
Monomer  Dimer  Monomer . MO
level level level (¢ in 2D system) * \ :
A\
p a
€ =1tand2]e ) 3
AE «|M[|(cos@ - 3cos®,cosd,)R

AE <0, then red-shifted allowed transition
AE > 0, then blue-shifted allowed transition

relative intensity

Fig. 13 Geometric and energetic scheme of formation of “J” and “H” dimers. Adapted with
permission from Chemistry—a European Journal 7, 2001, 2733-273, figure 1, [129]. Copyright
2001 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany
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Efficient interaction assumes optimum approach of the two molecules and the
spectral change is controlled only by one angle, 6. For a skew arrangement of the
two dipole moments, the situation is more complicated and three angles, 6, ¢, and
¢», have to be used.

In 2D (coplanar orientation), the splitting of the excited energy levels and the
spectroscopic behavior of the dimer are controlled by angle 8 between the transition
dipole moment and the line joining the centers of gravity of the two molecules and
by their distance r. Bottom part of the figure depicts the relative intensity of
transitions to the a and S states as a function of 6. In 3D (i.e., the skew arrange-
ment), the behavior depends on three angles, 8, ¢, and ¢,.

The interaction leads to symmetric splitting of the energy level of the ©* orbitals
into two different states a and f. The energy difference describing the increase (and
decrease) in the states with respect to the excited monomer |AE|is given by the
following [131]:

2
IAE| =22 ; " (<”;>3M> |cos (6) + 3sin?(6/2)] (40)

where (u,)\ is the magnitude of the transition moment of the monomer, v, and v;
are the frequency maxima of the two bands @ and f, and the energy difference
between them is 2|AE|. The value of (y,),; can be obtained by measuring the
intensity of the monomer band, because it holds that

2 9.19x 107
((ie)m) P

Js(v) dv (41)
where &(v) is the absorption coefficient at frequency v and (vy) is the average
frequency of the monomer absorption band. If 6 < 54.7° (lower than the magic
angle), dimers or aggregates of the “J” type are formed. If 6 >54.7°, dimers or
aggregates of the “H” type are formed. The spectral characteristics of the two types
of aggregates differ considerably [130, 131].

The extreme (limiting) arrangement of the “J” dimer is the linear “head-to-tail”
arrangement with # =0°. In this case, the transition dipole moment is parallel to the
line joining the centers of gravity of the two molecules and equals (4y)py =v/2- () m-
Only the transition (excitation) to the lower state a is allowed (red shift of the
absorption band), from which a strong emission (also significantly red shifted) can
proceed. For the “H” dimer, the extreme (limiting) arrangement is the coplanar
“face-to-face” arrangement with 8 =90° (aromatic cycles usually form this type of
associates). The resulting dipole moment has the same magnitude as in the previous
case, i.e., (Uy)pH= V2 (Uy)Mm, but it is perpendicular to the line connecting the
two centers of gravity. In this case, only excitation to the higher state f is allowed,
i.e., we see only one blue-shifted band in the absorption spectrum. The splitting
of the energy levels is usually higher because the parallel arrangement allows
closer approach of the fluorophores and stronger interaction. The theory predicts
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that the absorption band of the “H” dimer is broader than that of the monomer
and depends on the number of aggregated monomers n, i.e., its half-width is
Adyp= (\/n)(Axll ,2)m- Radiative transition to the ground state is theoretically
allowed but, after the absorption of a photon, very rapid nonradiative transition to
the lower a state proceeds on an approx. three orders of magnitude faster timescale
(than the emission), from which the radiative transition is forbidden. This actually
means that the excess energy is dissipated by a cascade of nonradiative processes
and “H” dimers are effectively nonfluorescent species.

However, not all fluorophores form the above-described extreme (limiting)
associates. Aromatic molecules with lower symmetry (which do not have a sym-
metry plane perpendicular to the aromatic ring) usually form both types of associ-
ates, but the transition moments form a general angle  with the joint line of the
centers of gravity. In this case, the resulting transition moment can be decomposed
into two components—parallel and perpendicular to the joining line. Both transi-
tions (excitations from the ground state to the @ and f states) are partly allowed, but
the blue-shifted absorption bands is more intense than the red-shifted one in “H”
aggregates and the opposite is true in “J” aggregates. In general, a relatively weak
fluorescence from “H” aggregates can also occur. If the absorption bands are
sufficiently separated and allow reasonable spectral decomposition, then angle 6
can be estimated from spectra, because it holds that [132, 133]:

tan 2 <€> _ ((ﬂn)z)z __By/B, (42)
2) " \weh) ~ /i)
where (u)> a ()1 are the magnitudes of moments of transitions to the higher and
lower energy states, respectively, which can be estimated from areas of bands B,
and B;, and the average frequencies of the absorption bands, (v;) (which can be
approximated by the corresponding maxima).

Because the bands are close to each other, ({(¢7)/(v1)) = 1, the last term
(denominator) is often omitted. A number of practically important fluorophores
of both the “H” and “J” types are formed, depending on the conditions. Rhodamine
B forms “H” aggregates in aqueous media and “J” aggregates in solutions in
aliphatic alcohols [134, 135]. Other compounds (e.g., some derivatives of porphy-
rins) form both types simultaneously under certain conditions, but the rates of their
formation may differ considerably [136].

The impact of aggregation on porphyrin spectra in the region of the Soret band is
substantially more complicated than the above-outlined scheme, because it involves
double degenerate transition. Gouterman [137, 138] proposed a model which takes
into account four orbitals. Two mutually perpendicular transition dipole moments
are oriented in lines that connect two opposite NH groups. Ribd, Rubires
et al. [129, 139] analyzed the possibilities for the formation of “H” and “J”
aggregates for various porphyrin and metallo-porphyrin derivatives. They also
reinvestigated and reanalyzed the published data on polymeric 10,20-poly(5,15-
diaryl-Zn-porphyrines), synthesized and studied by Osuka et al. [140—142], Fig. 14.
They showed that the arrangement of dipole moments depicted in upper part
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Fig. 14 (a) The most probable orientation of cycles in polymeric 10,20-poly(5,15-diaryl-Zn-
porphyrins. (b) Self-assembly of anionic SO;~ substituted porphyrins. The substituents are listed
in a table which is a part of the scheme. The angle between the plane of the porphyrin skeletons and
the line connecting their centers of gravity is 15°—see the right bottom part of the scheme.
Adapted with permission from Chemistry—a European Journal 7, 2001, 2733-273, scheme
1, [129]. Copyright 2001 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany

of Fig. 15a (symmetry group C,) is compatible with one degenerate intense
red-shifted band and one weak blue-shifted band with an intensity ratio of 3:1.
The arrangement of dipole moments shown in the bottom part of Fig. 15a (symmetry
group D»y) yields one non-displaced absorption band (i.e., in the same position as
that of the monomer) and one red-shifted nondegenerate band. The intensities of the
two bands should be the same and the frequency difference between the bands
depends on the degree of polymerization. The experimental spectrum agrees with
the latter model, which suggests that the arrangement of dipole moments corre-
sponds to symmetry D,q4. The authors also studied the spontaneous assembly of two
protonated porphyrins containing four symmetrically attached negatively charged
4’-sulfonatophenyl groups [129, 139]. Taking into account strong electrostatic
interactions, the most probable arrangement is that shown in Fig. 14b. The experi-
mental value of angle a, which reflects the overlap of two coplanar planes of
porphyrin skeletons, i.e., the angle between the plane defined by the porphyrin
rings and the line connecting their centers of gravity, is a = 15°.
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Fig. 15 (continued)

Figure 15a shows the arrangements of two porphyrin derivatives corresponding
to C, and D,4 arrangements and enumerates relative changes of energy levels with
respect to monomer level. The correlation diagrams in Fig. 15b depict changes in
the energy levels of the excited states during gradual “insertion” of two coplanar
porphyrin aromatic rings above each other as a function of angle « between the line
joining the centers of gravity and the plane in which the aromatic rings lie (see the
bottom right-hand side part of Fig. 14b).

Individual cases in Fig. 15b differ in the arrangement of the dipole moments with
respect to each other and with respect to the direction of the “insertion.” The left-
hand side corresponds to “J” dimers (side-to-side = stacking) for a =0° and the
right-hand side corresponds to “H” dimers (face-to-face = stacking) for a=90°.
The symmetries of all the limiting (extreme) arrangements are listed in the figure.
The energies of states to which the transition is more allowed are depicted by full
curves. We see that, in the first case (symmetry C,, or Csy), the spectrum should
consist of two double degenerate red- and blue-shifted states.

In the second and third case, the spectrum should contain four nondegenerate
bands. In the second case, the energy of two states should not depend on a and, in
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Fig. 15 (a) Possible arrangements of dipole moments and energy states of polymeric porphyrin
derivatives (left column) in side-to-side arrangements (dihedral angle 90°). Relative changes of
energies of possible dimer states with respect to the degenerate monomer (right column). The
dimer yields four possible states, whose polarizations are shown in the scheme. Symmetry C,
yields an intense degenerate red-shifted and a weak degenerate blue-shifted absorption band.
Symmetry D,y yields one intact (unshifted) and one red-shifted band with the same intensities.
Adapted with permission from Chemistry—a European Journal 7, 2001, 2733-273, figure
3, [129]. Copyright 2001 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany. (b).
Correlation diagram depicting the changes in the energy of the states during the “insertion” of two
coplanar aromatic porphyrin rings above each other (middle column), side-to-side J-arrangement,
a=0° (left column) and face-to-face H-arrangement, a=90° (right column). Angle « is the angle
defined by the plane of the rings and the line joining the centers of gravity of the two molecules
(see the bottom part of the figure 14). Full curves depict the energy of states to which transition is
allowed and the broken curves depict the energy of states corresponding to forbidden transitions.
Adapted with permission from Chemistry—a European Journal 7, 2001, 2733-273, figure
5 [129]. Copyright 2001 WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany



Theoretical Principles of Fluorescence Spectroscopy 139

Blue shift Red shift of the Soret band

<}:II:(>

H-Aggregate H-Dimer Monomer J-Dimer J-Aggregate J-Aggregate
S = > LS ‘%za_)

Energy

~414 nm
~403 nm (~399 nm) ~425 nm ~437 nm

Fig. 16 Graphical summary of possible arrangements of “J” and “H” aggregates and of the
corresponding energy levels. Adapted with permission from J. Phys. Org. Chem. 17, 2004,
890-897, figure 5, [143]. Copyright 2004. Wiley InterScience

the third case, it depends only in a narrow range of a € (80-90°). For a =90°, i.e.,
for the face-to-face arrangement, two pairs of states become degenerate. The
experimental spectrum contains only two bands, one shifted to the red and the
other to the blue part of the spectrum, i.e., two degenerate bands which are
compatible only with C,, or Cy, symmetry. Evaluation of the energy split yields
a fairly low angle a = 15°, which means that the experimentally observed aggre-
gates can be classified as “J” aggregates.

To complete the part on porphyrins, possible structures and energies of “J” and
“H” associates are schematically summarized in Fig. 16.

The spectra of both “J” and “H” dimers and aggregates and the principles of their
formation are now fairly well understood. Spectral decomposition enables estima-
tion of the concentrations of the individual forms of the fluorophore in the studied
system under the given conditions. However, the spectral shifts depend on the
number of aggregated molecules and various spectral characteristics are often
affected by slow kinetics of aggregation, which hinders the analysis.
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Appendix: Simple Quantum Mechanics Explanation
of Nondegenerate Transitions Between Energy Levels in “J”
and “H” Dimers

The ground-state wave function of a dimer composed of molecules A and B,
¥ =@ =y, is a totally symmetrical product with respect to all the symmetry
operations of the dimer AB. The first excited state can be described by two
equivalent wave functions, @ :y/AwB*-and-tbzzy/A*l;/B. Their energies are
degenerate. The delocalized stationary states corresponding to the “exciton,” i.e.,
to the state in which the excited electron is not localized in any of them, are
described by a symmetrical and antisymmetrical combination of the two above
functions:

Y, = (1/\/2) (1 + D) = (1/\/2) (V/AV/]; + V/:WB) (43)
¥_ = (1/\2) (01— @) = (1/V2) (wavp — waws) (44)

The node of the wave function does not correspond to a change in the sign of the
wave function, but to a change in the orientation of the dipole moment. The
energies of states ¥ and ¥ _ are E + = AE + F’, where AE is the energy difference
between the excited and ground states of the monomer and E’ is the perturbation
(energy splitting) due to interaction of the excited and ground-state dipoles. The
value 4 E’ corresponds to ¥, and similarly for —E’. This value can be calculated
using the perturbation Hamiltonian and the wave functions of the unperturbed
degenerate states @; and @,. The perturbation Hamiltonian can be expressed as
the classic expression for the energy of interacting dipoles. If we take into account
only the changes in the dipoles in one dimension (which is the case for most
fluorophore dimers), we can write

2
__¢ i
Hpert - 477,'6'0)’3 zi/:xAxB (45)

where e is the elementary charge, & is the dielectric permittivity of vacuum, and x’
describes the positions of the electrons in molecule A (+/ in molecule B).
After insertion in (45), we get

’ A~ 62 . .
E = H@alen@szAdTB = 5 JJWAW;ZXIAxfBW:WBdTAdTB (46)
Adrepryp g

Because x’ describes the positions in A only and x’ in B only, expression (44) can
be rewritten
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I 1 ik J ok _ 1 - o
E = dreoriy U Wa E exAU/AdTA] U ) E exgypdre | = mﬂA Hp
(47)

where ji, and jig are the transition moments of the individual molecules. The
transition moments of the dimer are

i = ” W6 (fia + fig) ¥ dradry (48)
/T{L = J[ 'flg(ﬁA + ﬁB)lf/,dTAdTB (49)

After the insertion of the expressions for the wave functions and application of the
orthogonality properties of the wave functions of different states of the same
molecule, we get

=
+
I

(15) (Fin + 7in) (50)
o= (%)(ﬁA — fip) (51)

The above-outlined simple theoretical description provides a clue to deciding
which transition is allowed and which is forbidden. For a coplanar arrangement of
two aromatic rings with both dipole moments oriented in the same direction, energy
contribution E” is positive, Eq. (47). State ¥, has higher energy than ¥ _ and also
than the excited state of the monomer. The transition moment for transition

YooV, is ji, = (%) (2jis) #0 and this transition is allowed. Transition

¥ — ¥_ is forbidden because ji_ = 0. If the dipole moments are antiparallel, E”
is negative. This means that ¥, has lower energy and that transition ¥ — ¥ is
forbidden because the two contributions to the final dipole moment cancel each
other. It follows that the absorption spectra are identical in the two cases. Using
analogous qualitative analysis for the orientation of aromatic rings in one plane, we
can find that, for the “head-to-tail” as well as the “head-to-head” orientation of the
dipole moments, the allowed transition will be the excitation to the lower excited
state. The energy of the lower state will be the same in both cases and the dimers
will be strongly fluorescent species.
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Abstract The chapter describes the most important fluorescence studies of poly-
mer systems. It maps the progress in the study of polymer conformations, dynamics,
self-assembly, and other properties of polymer systems by different fluorescence
methods from the historical perspective. It offers the selection of seminal studies by
pioneers of “polymer fluorescence” (as representative as possible), papers that
significantly contributed to the solution of important problems, and also the up-
to-date studies that follow the world trends of polymer research. Great attention is
given to studies of dynamic processes. The end of the chapter addresses the opto-
electroactive m-conjugated polymers. This topic exceeds the scope of the chapter
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1 Introduction

This chapter describes the most important fluorescence studies of the behavior of
polymer chains in solutions, gels, and melts and in the bulk amorphous state.
Because the book contains several chapters devoted to specific systems and
methods, we try to avoid duplicities concerning, e.g., self-assembled core-shell
nanoparticles, the behavior of hydrophobically modified chains, and FCS studies of
polymers in solutions, and turn our attention to other aspects. Nevertheless, it was
sometimes necessary to mention some topics treated in the other chapters.

Based on an historical perspective, we begin our discussion with classical studies
aimed at the compatibility and miscibility of polymer chains with different chem-
ical natures, because fluorescent studies have contributed significantly to under-
standing of the behavior of polymer blends. The middle part of the chapter is
concerned with dilute polymer solutions whose properties reflect the behavior of
isolated chains. Then the discussion is extended to concentrated solutions and
polymer melts. The next part is related to the topic of associating polymers from
a different viewpoint than that adopted in the other chapters of this book. Finally,
we have added some comments on fluorescence studies of photo(electro)active
polymers, because this field is a “hot topic” in contemporary polymer research.

The following text outlines experimental approaches and papers investigating
the behavior of “unmodified” chains. As was already explained, fluorescence
studies of almost all interesting polymers require the incorporation of a fluorophore
(often a fairly hydrophobic one) in the chain or its attachment as a pendant group,
which represents a certain modification of the original system. Because the
fluorophore interacts only with its immediate microenvironment, strictly speaking
it always provides information on the modified part of the chain (it very often
accentuates some hydrophobic features caused by the chemical modification). To
avoid any confusion, we will explain what we mean by the term “unmodified
chain.” The macroscopic behavior of the system is virtually unaffected if the
number of fluorophores bound to the chain is low (one or only a few per chain).
In this case, measurements on a series of samples with decreasing fluorophore
content enable us to draw quite reliable conclusions concerning the dynamic and
conformational characteristics of the unmodified system. The term
“hydrophobically modified polymers” describes systems containing large numbers
of hydrophobic units—sometimes blocks or grafts (intentionally attached to or
incorporated in the chains) that are significantly more hydrophobic than the parent
chain and substantially modify the macroscopic behavior of the system. The
hydrophobic units can be both fluorescent and non-fluorescent. Massively
hydrophobically modified systems will not be discussed here because a chapter
“Pyrene-Labeled Water-Soluble Macromolecules as Fluorescent Mimics of Asso-
ciative Thickeners” is devoted to this topic.

The discussion of the results of fluorescence studies of single chains (the middle
part of the chapter) also deserves a short explanatory comment. The conformational
changes and segmental dynamics are interpreted at the level of typical
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conformations which may give a false impression that single chains have been
studied. It should be borne in mind that macroscopic ensembles of chains, e.g., their
dilute solutions, are currently being investigated by fluorescence methods. Conse-
quently, the discussed characteristics reflect the distributions of various chain
conformations and mostly represent the ensemble-average values. However, in
addition to common spectroscopic methods aimed at ensemble-based data, a spe-
cific spectroscopic method also exists that really investigates single molecules—
namely single-molecule fluorescence spectroscopy. Its principle and application
will be briefly outlined at the end of this chapter in connection with conjugated
(opto)electronically active polymers.

2 Fluorescence Resonance Energy Transfer Studies
of Polymer Systems

The general overview begin with studies of fluorescence resonant energy transfer
(FRET), known also under alternative names, such as nonradiative energy transfer
(NRET) or direct energy transfer (DET). The physical basis for this phenomenon
and principles of its experimental measurement were already explained in chapter
“Theoretical Principles of Fluorescence Spectroscopy.” Nevertheless, we will
repeat the most important facts and extend the description beyond the well-
known Forster limit [1, 2]. If a system containing np energy donors and nt energy
acceptors (traps) is illuminated by a light beam of appropriate wavelength, a low
fraction of the donor molecules become excited. The excited donors are far apart
and are surrounded by non-excited donors and by ground-state acceptors (traps).
The excitation can either generate the emission of a photon from the donor, or the
excess energy can be transferred to a trap by resonance energy transfer. In many
cases, the traps lose the excess energy via nonradiative routes and only the
quenching of the donor is observed, but sometimes the traps emit red-shifted
fluorescence. As the FRET efficiency depends sensitively on the distance between
the excited donor and the ground-state trap, only a limited number of traps in the
vicinity of the excited donor affect its emission and FRET serves as a gauge for
distance measurements. In some systems of fluorophores with relatively small
Stokes shifts, the absorption and emission bands of the donor overlap
non-negligibly and excitation energy can also migrate among the donors. If the
excitation energy migrates only among the donors (in systems without traps), the
time-resolved fluorescence characteristics of non-polarized emission are not
affected, but the rate of fluorescence depolarization changes in measurements
with polarized light [3]. If diffusive excitation energy migration occurs in systems
containing both donors and traps, the excitation energy migration among donors
affects the energy transfer route to traps [2, 4]. Fluorescence decay of the donor in
the presence of traps, Fp(f), can be described by the following master equation:
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dFp(t)  Fp()  Fp(t) <~ (8T ° X
dt a T0 + 70 ;(Fk> ()
where 7 is the donor decay time in the absence of traps, 75" is the Forster radius of
the donor—trap pair, and r; are the distances of the individual traps from the excited
donor. The time-dependent fluorescence intensity Fp(f) is proportional to the
probability density pp(f) that, at time 7, the excitation is still located on the
originally excited donor. The integration of the differential Eq. (1) yields the
fluorescence intensity (Fp(f)) averaged over all the possible arrangements of
traps around the excited donor. Provided that a physically reasonable approxima-
tion for the distribution of the donor—trap distances P(r) is available, the following
formula can be written for the normalized fluorescence decay (Fp(?)):

(Fo(1)) = exp (-%) UO exp (-% (@) 6z> P(r)dr

where rc is the cutoff distance, for which NRET is negligible. In a system with
random distribution of trap positions around the donor, P(r) is proportional to 7% and
the solution for rc — oo and np— oo yields the Forster result [see Eq. (10) in
chapter “Theoretical Principles of Fluorescence Spectroscopy”]. In real systems
and particularly in concentrated polymer solutions or melts, the distribution of
donors and traps (attached to polymer chains) is not random because strong
correlation effects caused by the excluded volume and long-range interactions
play a non-negligible role. Note that the correlations between the fluorophore
positions are mediated by mutual interactions between polymer segments. Several
authors have investigated the role of inter-chain correlations. Frederickson used the
statistical thermodynamic approach when studying the melt of end-labeled chains
[5]. He employed the total pair correlation function 4(r) = g(r)—1, which is related
to the radial distribution function, g(r). The radial distribution function g(r)
describes the “structure” of the system. Term 471°g(r) gives the probability density
that another molecule will be found within distance r from a randomly chosen
molecule. The treatment based on the assumption that the correlations are important
yields the general equation

(Folo) =exp () exp{— J:Op(l - i{—}r) (i +h<r>>dr} 3)

where p is the average density of the traps, r = (x,y,z) is the vector describing the
position of traps with respect to the donor, and r is its length. Using the end-to-end
correlation function proposed by de Gennes [6], Frederickson derived a relatively
complicated expression which can be used (in a retrospective way) to gain infor-
mation about the correlations. The authors who followed the original Frederickson
approach realized that, in relatively concentrated polymer systems containing both

nr

2)
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donors and traps, the energy migration among donors complicates and affects the
final energy transfer to traps. Therefore, Torkelson et al. [4] included also the
donor—donor total correlation function in their model and obtained an equation
containing more terms than that derived by Frederickson, which they used for
comparing experimental data from semi-dilute solutions of polyisoprene chains
end labeled by phenanthrene and anthracene with the theoretically derived decay.
The authors found good agreement between the experimental and theoretically
predicted data based on the de Gennes model. Several theoretical models for
various strongly correlated systems were subsequently developed by other authors
and will be discussed later.

As already mentioned, the classical experimental NRET papers published by the
pioneers of fluorescence studies in polymer science in 1970s—1990s, e.g., by
Morawetz, Winnik, Fayer [7-15], and others, were concerned mainly with the
aspect of polymer miscibility and preparation of functional polymer blends. The
design and development of functional polymer blends is a very important topic
from the technological and application points of view. However, it is difficult to
fabricate suitable blends. High-molar-mass polymers (even those that do not differ
much in polarity and dissolve in the same solvent) are usually incompatible and do
not mix in melts and in concentrated solutions in common solvents due, in part, to
unfavorable energetic interactions between chemically different nonpolar com-
pounds (this effect is amplified in polymer systems by multiple repetition of the
same structural unit in polymer chain) and to low entropy of polymer—polymer
mixing. As already explained in chapter “Conformational and Dynamic Behavior
of Polymer and Polyelectrolyte Chains in Dilute Solutions,” the mixing of nonpolar
compounds is generally unfavorable from the enthalpy point of view. Even in the
case of very similar compounds like benzene and toluene, the enthalpy of mixing is
positive (the process is endothermic). The high miscibility of low-molar-mass
compounds is a result of the large entropy of mixing. The Flory—Huggins theory
of concentrated polymer solutions (see Eq. (1) in chapter “Conformational and
Dynamic Behavior of Polymer and Polyelectrolyte Chains in Dilute Solutions”)
predicts that the entropy of mixing a polymer with a solvent is very low compared
to that for small molecules, and if two amorphous polymers are mixed above their
glass transition temperatures, the increase in entropy is even smaller. As was
already outlined in chapter “Conformational and Dynamic Behavior of Polymer
and Polyelectrolyte Chains in Dilute Solutions,” the main difference between the
mixing of small molecules and long polymer chains is easily understandable:
Imagine a solution of 7, small monomers dissolved in a low-molar-mass solvent.
In this solution, every monomer can move independently in the whole volume,
which increases the disorder of the system enormously. In the language of statistical
thermodynamics, small molecules have high translational entropy and therefore the
total entropy of the intermixed system is high. If we perform a hypothetical
polymerization, we connect large numbers (N) of monomers in linear chains. The
solution will contain np polymer chains, each composed of an average of
N monomers, i.e., nyy = N-np. In the polymer solution, all the N monomers
interconnected in one chain move together, which results in a substantial loss of
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the translational entropy. The chains are usually flexible and can adopt a number of
different conformations, which slightly increases the entropy of the mixture, but
does not compensate for the large decrease due to chain connectivity. This general
feature of polymer systems is very inconvenient from the practical point of view
because it hinders the fabrication of polymer blends and composite materials.
Because the design, development, and study of polymer blends is a very important
topic and many papers focused on this field constitute seminal fluorescence studies
in macromolecular science, we will provide a brief overview of the most important
papers and achievements despite the fact that they do not fall conceptually in the
main stream of interest of this book.

Efforts to blend chemically different polymers often result in a spatially inho-
mogeneous distribution of fluorophores in the polymer matrix. In a number of
cases, this leads to nano-heterogeneous materials containing small domains sepa-
rated by sharp interfaces. In these cases, the dispersed or end-attached donors and
acceptors (which differ in polarity with respect to the polymer chains) may con-
centrate (1) both in the same domain, (2) each of them in the different domains, or
(3) in the interfacial region. In all cases, severe geometrical restrictions and
significant edge effects influence the fluorescence behavior of the embedded probes
and affect FRET. Energy transfer and migration in restricted geometries have been
studied by a number of research groups, namely by Blumen and Klafter [16—19],
Winnik et al. [15, 20-24], and Fayer et al. [9—14] both experimentally and theoret-
ically and various models have been proposed for NRET in restricted geometries.
The basic difficulty with the interpretation of FRET data from small volume
elements follows from the fact that, while FRET in infinite systems depends only
on the spatial distribution of acceptors, in confined geometries it also depends on
the spatial distribution of donors—see Fig. 4 in chapter “Theoretical Principles of
Fluorescence Spectroscopy” which compares the numbers of randomly distributed
traps located a distance (r, r + dr) around two different donors located either in the
center of a small spherical volume or close to the wall. It shows that the former
donor is affected by a larger number of traps than the latter located close to the wall.
Hence, the main goal is to derive an appropriate distribution function of donor—trap
distances which takes into account both the geometrical confinements and physical
interactions and ensures correct ensemble averaging.

In the early 1980s, Klafter and Blumen [19, 25, 26] derived a relatively simple
expression for the donor fluorescence decay in an infinite system of fluorophores

embedded in the fractal lattice:
p
t t
—|—]=-P— 4
(TD) (TD) ] @

where FQ represents the fluorescence intensity at zero time, 7, is the unquenched
donor lifetime, and P is a parameter proportional to the probability that the trap
resides within a sphere of the Forster donor-to-trap radius 75T, which depends on the
bulk concentration of the traps. Exponent f is a concentration-independent

Fp(f) = Flexp
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parameter equal to d/6, where d is the fractal dimension. In confined geometries,
d loses its original physical meaning and is referred to as the “apparent dimension.”
The value of d < 3, i.e., f < 0.5, is a signature of the influence of restricted
geometry on FRET. Computer simulations confirm that, in small spheres of the
radius approaching 5’ (with uniform distribution of both probes), the magnitude of
p decreases because the edge effects become more and more important. Winnik
et al. experimentally studied the FRET from sharp polymer interfaces in
polyisoprene—poly(methacrylate) block copolymer films and used the modified
Eq. (4) with one additional term accounting for ca. 3 % of probes distributed
outside interfaces; they found fairly good agreement between the experimental
and theoretically predicted donor decays [15].

Aspects of energy migration among identical fluorophores and their impact on
fluorescence anisotropy decay were amply studied by Fayer and his coworkers in
the 1980s—1990s. Following the original works by Haan and Zwanzig [3], they
developed a unified model for the excitation energy migration based on the gener-
alized ensemble-average probability G3(r) that the excitation is localized at time  at
the originally excited fluorophore [10, 11, 14, 27]. Their mathematical treatment
proved to be suitable for the description of FRET in a number of systems, e.g., in
anisotropic, constrained, and heterogeneous systems (nanostructured blends),
among clusters of fluorophores (in hydrophobically modified polymers—see chap-
ter “Pyrene-Labeled Water-Soluble Macromolecules as Fluorescent Mimics of
Associative Thickeners”), etc. Later they used the derived formulas to interpret
their own experimental data [12]. They studied, e.g., the dynamic process of phase
separation in binary blends composed of poly(vinyl acetate), PVA, and a minority
component: statistical copolymer poly(methyl methacrylate-co-2-
vinylnaphthalene), PMMA2VN, which served also as a marker of the behavior,
and ternary blends containing a small amount of PMMA2VN and larger amount of
PMMA immersed in excess PVA. First, the polymers were dissolved and molecu-
larly mixed in benzene, freeze-dried, and pressed into pellets at room temperature.
Then the pellets were heated above the glass transition temperature for a specific
annealing time, fast cooled, and studied by FRET. Fast cooling preserved the
structures formed spontaneously at high temperatures. Series of measurements for
different annealing times allowed estimation of the onset of phase separation and
yielded interesting information on the expansion of the marker chains.

One of very important practical aspects that require analysis of the data based on
FRET in restricted volumes is interpolymer diffusion. In experimental measure-
ments, two thin films of the chemically identical polymer (or two compatible
polymers), one labeled by the donor and second by the acceptor, are pressed
together and heated above the glass transition temperature and the
one-dimensional diffusion along the z axes (let’s assume the horizontal axis) is
monitored by FTER measurement as a function of the annealing time, 7,,,. A number
of these measurements have been performed, but many of them have not been
analyzed properly and it was shown by Winnik [15, 28-30] that improper analysis
may yield very erroneous values of the diffusion coefficients. Correct analysis is
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Fig. 1 Concentration
profiles of donor- and
acceptor-labeled polymer
chains at different annealing
times. Adapted with
permission from
Macromolecules 28, 1995,
6084-6088, figure

1, [15]. Copyright 1995.
American Chemical Society
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difficult because the distributions of the donors and acceptors are inhomogeneous
and change with time. Hence, the donors located in different positions with respect
to the axis of the 1D diffusion are surrounded and affected by different numbers of
non-randomly distributed acceptors. The concentration profiles of both probes are
schematically depicted in Fig. 1 for zero, medium, and long annealing times, f,;,.
Several models differing in the accuracy of description of the process have been
developed. A primitive step-function model assumes three distinct regions sepa-
rated by sharp interfaces: a homogeneously intermixed region containing both the
donor- and acceptor-labeled chains and two unmixed regions, each containing only
one type of labeled chains. In the non-intermixed domains, the fluorescence decays
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are single exponential while the Forster equation has been used in the intermixed
domain. The total decay is then described as

¢ t 1/2 t
FD (l, lan) — B1 ([an)exp —g — 2]/ <‘L’D> + Bz(tan)eXP |:_TD:| (5)

where t,, is the time of annealing, B{(?,,) and B,(t,,) are proportional to the number
of excited donors in the mixed or unmixed domains, respectively, and y = ca,Cao;
ca is the concentration of acceptors in the intermixed domain and cag is the critical
concentration of acceptors for which the probability of donor emission equals to
that of energy transfer to acceptors.

This model is unrealistic for several reasons: (1) it oversimplifies the concen-
tration profile and in the middle region it uses the decay rate for an infinitely large
homogeneous system thus ignoring both (2) the inhomogeneous surrounding of
excited donors and (3) their nonequivalent positions with respect to the concentra-
tion profile. This model has been improved independently by Dhinojwala and
Torkelson [31, 32] and by Liu and Winnik [29] by dividing the concentration
profile into thin slices and assuming that the donor “feels” a uniform local concen-
tration of acceptors in each slice. This “mean-local-concentration” model is still
unrealistic because it ignores the effect of geometrical constraints, which play an
important role in confined geometries. As has already been mentioned, the main
difference between FRET in infinite systems and in a small volume is as follows:
While the donor decay in infinite systems depends only on the distribution of the
acceptors and not on the distribution of the donors, in confined geometries the decay
from individual donors also depends on their localization in the system. While the
“mean-local-concentration” model was able to describe the interpolymer diffusion
at long annealing times, t,,, quite well, it failed at short annealing times. Trying to
remove these limitations Winnik, Martinho et al. [30, 33, 34] developed a more
realistic model, which assumes that donors in a certain slice can transfer their
excitation energy to any slice with a different concentration of acceptors. This
approach yields the decay of the donor fluorescence as a function of the short decay
time, ¢ (ns), and the long annealing time, #,, (minutes and hours):

(z1422)
j (2, fan)expl—g 1, 2, fan)}dz (6)

t
Fp(t,ta) ox exp {——}
0

D

where cp(z, t,,) is the concentration profile of the donors, which depends on the
position on the axis of diffusion z (z; and z, are the thicknesses of the original films
pressed together) and function g(z, z, t,,,) describes the appropriate decay rate under
the existing constraints (i.e., in thin slices). The exponential term inside the integral
is the survival probability that the donors in the slice of the film positioned at
coordinate z are still excited at time ¢ upon excitation when the film has been
annealed for ¢,,. The shape of g(¢, z, t,,) was derived using the general formalism
developed by Blumen and Klafter [16-18, 25, 26, 29]. As the energy transfer is
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significant only for small donor—acceptor distances, the integrand can be expressed
as an expansion series around z. The first term obtained after the appropriate
mathematical treatment is identical with that used in the “mean-local-concentra-
tion” model and the analysis of the second term shows that it is important only in
systems with large Forster donor—trap radii, 75T compared to the width of the slices,
which suggests that both simpler models of Dhinojwala and Torkelson [31, 32] and
of Liu and Winnik [29] mostly provide reasonable means for analyzing the FRET
results of interpolymer diffusion experiments, except for very short times and very

large Forster radii.

3 Excimer Studies of Polymer Miscibility

The compatibility and intermixing of polymers in concentrated solutions and in
bulk has also been studied by excimer fluorescence. Frank et al. [35-46] developed
a suitable technique and published a number of papers mostly in the 1990s. The
basic principle is relatively simple—a fluorescent polymer A, namely poly
(2-vinylnaphthalene), P2VN, is “mixed” with a non-fluorescent polymer B. The
“mixing” can be achieved, e.g., by the spin casting of dilute solutions in a common
solvent. The pendant naphthalene groups in the poly(2-vinylnaphthalene) chain are
separated by distances suitable for the formation of coplanar excimers. If P2VN
were dissolved in a solvent, its chain is fairly flexible and mobile pendant groups
could rotate and form excimers on a nanosecond timescale [47, 48]. However, the
situation is different in the bulk polymer formed by fairly long P2NV chains below
the glass transition temperature. The fast segmental motion is kinetically frozen, but
a number of naphthalene groups are close to each other in the dense polymer matrix
and their non-negligible fraction occurs in positions corresponding (or closely
similar) to the excimer arrangement. Because the lifetime of the P2VN monomer
fluorescence is long (ca. 50 ns) and the overlap of the monomer excitation and
emission spectra is non-negligible, both intra- and inter-chain excitation energy
migrations occur in bulk P2VN. As the randomly formed excimer-forming sites act
as low-energy traps, the excitation is efficiently and fastly transported to these traps.
The spatial distribution of excimer-forming sites (EFS) and the excitation energy
transport (EET) depend on the chain conformations. Frank et al. have shown that
the excimer fluorescence in polymer blends containing P2NV strongly depends on
the compatibility of the chains and on their intermixing. If the chains of two types
mix well, the average distances between the suitably arranged pendant fluorophores
increase and steric effects hinder both the formation of EFS during the preparation
of the film and the excess energy migration upon excitation, which means that the
excimer fluorescence is weakened [46, 49, 50]. Quantitative interpretation of the
experimental data is relatively complicated, because two decisive photophysical
effects, (1) the population of EFS and (2) complex EET via various routes, are
difficult to separate. In intermixed polymer coils, several types of excimer-forming
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sites exist and the degree of chain coiling and intermixing influence both the
population of EFS (their spatial distribution) and the EET mode by which the
EFS are sampled. Frank et al. [38] carefully studied a number of systems (homol-
ogous series of alkyl methacrylates, polymers differing in molar mass, different
blending conditions, and preparation procedures, etc.) and found that the ratio of
excimer-to-monomer intensities F/Fy; passes through a minimum if the solubility
parameters of both the polymer components are equal. This finding was later
confirmed by other authors [51, 52] who studied different polymer systems.

The excimer fluorescence studies of hydrophobically modified polymers, devel-
oped by Winnik, Yekta, Duhamel, and others, which have been widely used also by
other groups for solution of various problems, are treated in a chapter “Pyrene-
Labeled Water-Soluble Macromolecules as Fluorescent Mimics of Associative
Thickeners.”

4 Fluorescence Depolarization Studies of the Dynamics
of Dilute Polymer Solutions

Time-resolved anisotropy measurements belong to popular fluorescence techniques
used to study the local motions of polymer chains. For a coherent discussion of the
important findings obtained by depolarization measurements, it is instructive to
analyze the possible motions of flexible polymer chains. A typical example of a
flexible chain is polystyrene in toluene (good solvent) or in cyclohexane at 35 °C
(theta-solvent). Such a chain containing 10* structural units (molar mass ca. 106)
has a contour length of ca. 1.2 x 10° nm. In dilute solutions, it forms a random coil
and the average (root-mean-square) distance of its ends in the 9-solvent is
ca. 70 nm; its average radius of gyration is almost 30 nm. The longest relaxation
time of this chain in cyclohexane (low viscosity solvent), which describes the
reorientation of the end-to-end vector, is ca. 10 ps. However, in this relatively
long time, large numbers of very fast conformational changes of shorter parts of the
chain occur; the chain can change its shape considerably and therefore the end-to-
end vector changes both its size and orientation. It is generally recognized that the
rate of the large-scale motion of flexible polymers is a universal phenomenon, i.e., it
depends on the length of the chain and on the solvent viscosity, but does not depend
on the chemical structure of the polymer [53].

Two general classical bead-spring models have been developed for the descrip-
tion and analysis of the motions of flexible chains (see chapter “Conformational and
Dynamic Behavior of Polymer and Polyelectrolyte Chains in Dilute Solutions”).
The Rouse model [54] is simpler (it does not take into account hydrodynamic
correlations). The more advanced Zimm model accounts for hydrodynamic corre-
lations and provides better description of the behavior [55]. In both cases, solution
of the derived equations provides the so-called normal modes (relaxation times of
different types of motions). The first mode describes the slowest motion of the
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whole chain and higher modes describe faster motions of smaller parts. While the
abovementioned models describe slow motions quite well, the fast dynamics of
small parts of the chain (often called segmental dynamics) do not correspond to
their predictions. Fast relaxations are not universal and depend on the chemical and
structural details of the individual chains. In some cases, they also depend on
specific interactions with the solvent. The apparent dilemma of universal
vs. specific behavior can be better understood when the energy barriers which
hinder the reorientation motion are analyzed. Even though the large-scale motion
comprises a number of local motions, the most energetically demanding process
that opposes the motion of the chain is massive reorganization of the solvent
molecules. This is the rate-determining process involving the highest energetic
barrier and all the barriers corresponding to the individual contributing local
motions are significantly lower. Another important observation is that the specific
polymer—solvent interactions do not affect large-scale motions. This means that the
solvent behaves as a continuous viscous medium and the correlation times
corresponding to large-scale motions of a polymer chain of a given length at
constant temperature and constant solvent quality are proportional only to the
bulk solvent viscosity.

Fast internal (segmental) motion proceeds on sub-nanosecond to nanosecond
timescales and can be studied by NMR [56] or EPR [57, 58] and relatively
comfortably also by time-resolved fluorescence anisotropy. All the internal motions
exhibit a complex dependence on the external conditions. As already mentioned,
they are influenced (1) by the solvent and (2) by the chemical nature and structural
details of the chain architecture, i.e., their rates depend on the barriers of hindered
internal rotation, etc. Moreover, the chain connectivity plays an important role and
all fast motions of inner parts of the chain proceed in a highly cooperative fashion.
It is obvious that an isolated conformational transition, e.g., rotation around a single
bond, cannot occur in the middle of the chain without simultaneous cooperative
motions of other parts. If other degrees of freedom were frozen at this instant, this
type of motion would be physically impossible because it would require fast
relocation of large and rigid parts of the chain. The simplest model for cooperative
motion is cooperative three-bond motion (see Fig. 7 in chapter “Theoretical Prin-
ciples of Fluorescence Spectroscopy”), which is reminiscent of the motion of a
crankshaft and is therefore called “crankshaft-like” motion [59-61]. This type of
motion was considered by Monnerie and Valeur [62-64] in their model for time-
resolved anisotropy decay, r(f). However, soon afterwards Monnerie [65] with
coworkers and independently Hall and Helfand [66] realized that the energy barrier
for the three-bond “crankshaft-like” motion is too high and would be much lower if
several bonds moved simultaneously in a concerted manner. Both research groups
proposed their models of simultaneous several-bond motion—the Hall and Helfand
model and the so-called generalized diffusion and loss model of Monnerie. For
more details concerning these models and for the definition and physical meaning
of r(t) = [Iy(t) = 1.(t)]/[1;(¢t) + 21 .(1)], see chapter “Theoretical Principles of
Fluorescence Spectroscopy,” Eq. (15).
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In the early 1990s, Ediger et al. [67] experimentally studied the local dynamics
of long and relatively monodisperse polyisoprene (PI) chains labeled in the middle
by one anthracene unit (see Fig. 2), which also shows the orientation of the
transition dipole moment incorporated as a co-monomer in the middle of the
chain in dilute solutions in a series of solvents differing substantially in their
viscosity (the viscosity coefficients covered two decades). From the orientation of
the dipole moment, it is evident that the hindered rotation of the rigid anthracene
unit around the bonds connecting it to the PI chain does not affect the fluorescence
depolarization, which guarantees that the pure segmental motion is monitored by
measuring r(¢). They fitted and analyzed the anisotropy decays using the Hall-
Helfand model and studied the dependence of the mean reorientation correlation

~1/2
time, in this case given by 7. = (ﬁ + T%) , on the bulk solvent viscosity and
2

compared the results with the predictions from the classical Kramers’ theory [68].

Kramers theoretically investigated the passage of a particle over an energetic
barrier in the presence of friction caused by collisions with the other molecules. He
obtained an Arrhenius-type expression for the rate constant of this process, i.e., an
exponential dependence on the height of the barrier E. The pre-exponential term
contains the mass of the particle, the friction coefficient, and parameters describing
the shape of the barrier. At the high friction limit, the equation simplifies and
acquires the form

E
7. o n'exp (R—;> (7)

(where 7 stands for the viscosity), which means that the reorientation correlation time
7. should depend linearly on the bulk viscosity. Ediger with his colleagues [67]
studied the effect of viscosity both by '>*C NMR and by time-resolved fluorescence
anisotropy and found that 7. o< 7“ where exponent « is less than 1; for NMR he
obtained a = 0.41, while the fluorescent study provided a = 0.76. They explained the
difference as being a consequence of the chain modification: anthracene is signifi-
cantly heavier and more hydrophobic than the isoprene unit and its presence affects
the local dynamics. However, the power dependence of 7. on the viscosity is intrigu-
ing and shows that the solvent molecules play important role, even though they do not
specifically interact with the polymer segments (the dependences were the same for
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Fig. 2 Polyisoprene chain labeled by one anthracene unit in the middle of the chain. The
orientation of transition dipole moments is indicated by the arrow
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a whole series of solvents differing in their chemical structure and by two orders of
magnitude in their viscosities). The results suggest that, in addition to the inherent
barriers to the coordinated hindered rotation of several bonds, the presence of the
solvent molecules increases the experimental barrier, i.e., Eexp = Ea + aE,, where
E,, is an additional energy barrier due to interaction of the polymer segments with
the solvent molecules. A similar nonlinear dependence of the rate of the isomeri-
zation on the solvent viscosity was observed by Fleming [69, 70], who explained
the role of the solvent in an analogous way. However, the effect of the viscosity on
the chain dynamics is more complex. For the assumed dependence of 7. on 7,
parameter A, defined as A = [(z./) exp(—EA/RT)], or its logarithm should not
depend on # and hence the A vs. log 7 plot should yield a constant value for all
solvents. Careful analysis of experimental data shows that A decreases with
increasing solvent viscosity, which indicates that the behavior is more complicated.
Because the frequency of fast motions is high, the authors considered the theory of
frequency-dependent friction, which was originally proposed by Grote and Hynes
[71] for elucidation of an apparently peculiar dependence of the rates of some
chemical reactions on the viscosity. This theory assumes that two different time-
scales have to be taken into account to describe the reaction properly. One timescale
is based on the average residence time of the particle in the potential energy well.
The other is a faster timescale necessary for passage of the particle across the top of
the barrier. If the latter time is much shorter than the former, the low-frequency
motions, which contribute to the zero-sheer viscosity, are simply too slow and do
not affect the motion of the particle over the top of the barrier. In this case, the high-
frequency viscosity is effectively much lower than the low-frequency (or zero-
sheer) viscosity and the process proceeds very rapidly compared with the pre-
dictions based on the simple Kramers’ theory and the zero-shear viscosity. Analysis
and interpretation of the experimental results by Ediger et al. suggest that the very
same mechanism is operative in the fast internal motions of flexible polymer chains.

We have chosen this particular (relatively old, but very important and highly
didactic) study intentionally because we wanted to demonstrate how complex a
thorough fluorescence study of polymer systems has to be (or should be).

The segmental dynamics is usually slower than the rotational motion of the
solvent molecules and the presence of a polymer in the solvent results in slower
dynamics of the solvent molecules. However, in some systems, e.g., in solutions of
highly mobile polyisoprene (PI) chains in viscous solutions, the segmental dynam-
ics is faster than the random motion of the solvent molecules. This happens if PI
samples are dissolved, e.g., in “Arocolor 1248 (which is a viscous mixture of
randomly chlorinated biphenyls), which presumably self-organize around the poly-
mer chains and strongly affect the friction. The surprising finding that the addition
of polymer chains to the solvent accelerates its dynamics was actually obtained by
fast mechanical dynamic analysis, dielectric relaxation, and NMR studies [72—
75]. Gisser and Ediger [76] carefully analyzed the NMR data and proposed a
plausible explanation. Later this concept was extended by Ngai et al. [77, 78] for
mixtures of low fractions of fluorescently labeled polymer A with an excess of
polymer B taking into account that the B matrix is a solvent for the minority
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polymer. Inspired by the influence of the faster chain dynamics on the slower
dynamics, the authors developed a useful and successful fluorescence method for
investigating polymer blends.

S Dynamics of Concentrated Solutions and Polymer Melts

Fluorescence anisotropy studies of concentrated solutions are important for two
reasons. Firstly, they bridge the gap between the results for dilute solutions, which
can be interpreted relatively easily on the basis of the existing models, and the
practically important dynamic behavior of bulk polymers, which is very compli-
cated and its theoretical description and appropriate analysis are difficult. Secondly,
they elucidate the contribution of the local friction to the macroscopic viscosity
n(c,T,M) of concentrated polymer solutions. The viscosity coefficient n(c,T.M),
where c is the polymer concentration, M is its molar mass, and T is temperature, can
be expressed as

n(C)vTaM) :ACO(C’T)g(CvM) (8)

where A is a constant for the given polymer—solvent system, {o(c,T) is the friction
coefficient of one repeating unit, and g(c,M) is the known dependence of # on ¢ and
M. This expression enables separation of the topological and frictional contribu-
tions to the viscosity and simultaneously it shows that #, which is proportional to the
longest relaxation time (describing the reorientation of the end-to-end vector), is
simultaneously proportional to ,, which reflects the reorientation of the smallest
parts of the chain. It suggests that the large-scale motion is a relatively straightfor-
ward result of a number of local motions. However, no theory based on the
molecular structure and interacting potentials is available for the prediction of
Co(c,T) dependence. Therefore, fluorescence measurements, which study the fastest
reorientation motions, are a suitable tool for testing the validity of Eq. (8).

Fujita and coworkers [79] studied fluorescently labeled polyoxyethylene chains
and found a good correlation between the concentration dependence of the friction
coefficient evaluated from the anisotropy measurements and from the macroscopic
viscosity. Fujita developed the “free-volume theory” which describes reasonably
well the concentration dependence of { in the whole concentration region, [80] but
it does not enable prediction of the parameters at a molecular level. Hyde et al. [81]
used the Fujita theory for fairly successful interpretation of the experimental data.
An interesting paper has been published by Viovy and Monnerie [82]. The authors
studied concentrated solutions of anthracene-labeled polystyrene in toluene. They
found good correlation of the local dynamics with the viscosity in the range of high
concentrations and made one very important observation: the local dynamics are
unaffected by the overlap of the polymer chains that occurs at concentrations higher
than ¢* (concentration of the first overlap—see chapter “Conformational and
Dynamic Behavior of Polymer and Polyelectrolyte Chains in Dilute Solutions”).
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This observation is in a striking contrast to the concentration dependence of the
viscosity in the transition region between dilute and concentrated solutions.

Equation (8) also describes the dependence of the bulk viscosity n(T,M) of
polymer melts on T and M. However, the bulk viscosity does not depend on the
concentration in this case. The relation shows the correlation between the slow
large-scale motion and the fast segmental motions of the chains in bulk polymer
melts at elevated temperatures. From the point of view of the temperature-
dependent dynamic behavior, a fundamental question concerns the shortest length
scale of the fast motions that control the glass transition temperature. The incertitude
follows from the fact that it is not intuitively clear whether the fast motion proceeds
on the scale of one or several tens of repeating units. Viovy et al. studied the
dynamics of labeled polybutadiene chains in melts by fluorescence anisotropy
measurements and published several papers on this subject [83—85]. They confirmed
that there is good correlation between the viscosity and the friction coefficients and
found that the functional shape of the correlation function was temperature inde-
pendent, which means that the mechanism of the monitored dynamic process does
not change with temperature. Later they used 9,10-dialkylanthracenes with increas-
ing oligomer alkyl chain lengths and found that the correlation times for chains with
more than 14 carbons on each side do not change and correspond to those in
“infinitely” long chains. Therefore, they decided that the length scale of the fastest
chain motions corresponds to the part of the chain containing ca. 30 carbons.
Because of the short timescale of the lifetimes of excited singlet states, fluorescence
measurements can be employed only at fairly high temperatures (more than 100 K
above the glass transition temperature) when the chain dynamics is fast and the
correlation times are comparable with the fluorescence lifetimes (101 ns). However,
Rutherford and Soutar used phosphorescence depolarization, which allowed them to
probe the behavior at relatively low temperatures [86].

The dynamics of polymer melts can also be studied indirectly via the rotational
reorientation of rigid probes dispersed in the polymer matrix. Several other authors
employed this approach and, in addition to the temperature dependence, they also
studied the effect of the probe size and shape [87-92]. They compared the depo-
larization correlation times of probes dispersed in the polymer matrix with those
covalently attached to the polymer chains. They found the same type of temperature
dependence of the depolarization characteristics of free (dispersed) and chemically
attached probes (correlated with the temperature dependence of the viscosity), but
the correlation times of the free probes were shorter, probably for two reasons: first,
the probe is not directly attached to the chain and provides information on the chain
indirectly, and second, the size of the employed probes was smaller than the
30-carbon part of the chain, which was identified by Viovy as the shortest rate-
determining unit.
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6 Fluorescence Depolarization Studies of Chain
Conformations in Dilute Solutions

The conformational behavior of polymer and polyelectrolyte chains in dilute
solutions is an interesting and practically important aspect and has been a subject
of numerous studies since early 1950s. While the dynamics of polymers can be
studied more or less directly by time-resolved depolarization measurements, the
conformations and conformational transitions are studied indirectly via changes in
the reorientation correlation times. However, because the correlation times depend
sensitively on the chain conformations and the changes accompanying the struc-
tural transitions are usually quite pronounced, the conclusions concerning the
conformational behavior are reliable in the overwhelming majority of cases.

Poly(methacrylic acid), PMAA, is an archetype of interestingly behaving and
practically important polyelectrolyte and its behavior has been long studied by
various techniques, e.g., by viscometry, calorimetry, and other methods [93—
96]. PMAA is also one of the first polyelectrolytes, the conformational behavior
of which has been systematically studied by fluorescence methods, particularly by
time-resolved fluorescence, since the 1980s. Early fluorescence studies on PMAA
were published by Morawetz et al. [97—100] and by Ghiggino et al. [101]. At that
time, the currently generally accepted “pearl necklace” model of polyelectrolyte
conformations in thermodynamically bad solvents [102] had not yet been
published, but it was already well known that the little ionized PMAA chain
forms very compact globular structures at low pH values, while at high pH values
when the degree of ionization is high, the chain uncoils and expands, forming
stretched rodlike conformations. In the 1980s, the term “hypercoiling” or
“supercoiling” was commonly used for compact PMMA conformations at low pH
values and the term “polysoap-reminiscent polyelectrolyte” can be found in the
older literature on PMAA. About 10 years before the famous “pearl necklace”
model was published by Dobrynin et al., Ghiggino actually offered an acceptable
tentative explanation of the conformational behavior of PMAA (which is an
annealed PE) using a very similar model to that presented later by Dobrynin for
quenched PEs. Unfortunately, he did not publish the data and his model in a regular
(periodical) journal, but in Polymer Photophysics edited by D. Phillips [101], which
is probably the main reason why his discovery remained largely unknown to the
broader scientific community. In the early 1990s (i.e., still before the Dobrynin
paper), the pH-dependent conformational behavior of PMAA was studied by
Bednar et al. [103, 104] The authors studied the behavior of chains of different
lengths randomly labeled by pendant dansyl groups (see Fig. 3) attached to the
chain by a short spacer and compared it with that of analogously labeled poly
(acrylic acid). The content of fluorescent groups was low and varied from 1 to 5 per
chain. The authors measured the fluorescence decays and the fluorescence anisot-
ropy decays in a broad pH range from 2 to 9.

Dansyl is a suitable group for this type of studies, because its fluorescence is
polarity dependent. Its quantum yield is high and the fluorescence lifetime is long in
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nonpolar media and both characteristics are appreciably diminished in polar media.
Nevertheless, the photophysics of dansyl are relatively simple and the interpretation
of r() decays is straightforward. In practice this means that, at low pH values, when
the probes are entrapped inside compact “supercoiled” globules and experience low
polarity of their immediate microenvironment, both the fluorescence lifetime and
the reorientation correlation time are long. At high pHs, when the chain forms a
stretched rodlike conformation, the probes are exposed to the polar aqueous
medium and can rapidly rotate around the bonds connecting them to the chain so
that both measured times are short. The total fluorescence intensity (measured at the
magic angle) decays non-exponentially in all cases and can be fitted, to a first
approximation, by a double-exponential curve (with zg; and 7p,). Because the
double-exponential fits did not provide a fully random distribution of the experi-
mental errors and some non-negligible “humps” were noticeable mainly in the
region of short times (but also at long times), the authors assumed that the probes in
the individual polymer globules do not experience the same polarity and used two
relatively narrow Gaussian distributions of lifetimes with fixed maxima
corresponding to 7y and 7. At that time, computer power was fairly low com-
pared to present-day standards and the parameters of the Gaussian functions were
obtained by a laborious iterative method aimed at the best possible fit (low x> and
random distribution of residuals) with fixed contributions of the fast and slow
lifetimes—the same as those defined by the pre-exponentials in the original
double-exponential fit. The main conclusions drawn from the advanced analysis
were the following: For all the studied dansyl-labeled PMAA samples (differing in
molar masses and in the degree of labeling), the distributions of both lifetime
components, 7g; and 7g, depend on the pH. They shift to shorter values with
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Fig. 4 Upper part: The fast
fluorescence lifetime

component, 7g; (curve 1), 20
and slow fluorescence
lifetime component, 7,
(curve 2), as functions of pH
obtained by double-
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increasing pH values. The dependences of average values (zg;) and (zg,), as well as
those obtained from double-exponential fits, 7g; and 7g,, follow sigmoidal curves
with pronounced drops and inflexion points at ca. pH 6, depending slightly on the
ionic strength of the solution. The relative contribution of the fast lifetime, A,
(in %), increases with pH and its dependence on pH can also be described by a
sigmoidal curve with an inflexion point at ca. pH 6. Dependences of g, Tgp, and A;
on pH for one of the studied samples are depicted in Fig. 4. The distributions of the
lifetimes for the same sample and three selected pH values are shown in Fig. 5. The
experimental anisotropy decays, r(f), were mostly fitted by double-exponential
curves with the residual anisotropy term, r... Because the dansyl fluorescence
quantum Yyield is fairly low at high pH values and the statistical quality of the
depolarization data in alkaline buffers is poor, the authors decided to fit the data at
high pH values by single-exponential decays and based the discussion of the results
of depolarization measurements in the whole pH range on the mean rotation
correlation time 7, alone. The dependences of mean rotation correlation times
from different samples in solutions with the same ionic strength collapse on one
“master curve,” which is shown in Fig. 6 together with the dependence of the mean
fluorescence lifetime zg for the sample, the components 7g; and 7g, of which are
depicted in the Fig. 5. The authors explained this behavior, including the fact that all
the mean rotation correlation times 7, of samples differing substantially in their
molar mass collapse in one “master curve,” by the Ghiggino model which, similarly
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Fig. 5 The distribution of
fluorescence lifetimes
(amplitudes A;™") for three
selected pH values: pH 8.7
(solid), pH 6.0 (dashed),
and pH 3.88 (dash-dotted).
Adapted with permission
from Macromolecules
24,1991, 2054-2059, figure
5, [104]. Copyright (1991)
American Chemical Society

Arel

to the Dobrynin model, assumes the formation of several compact globules within
one chain. According to Ghiggino, the size of globules depends mainly on pH and
ionic strength of the solution, but does not almost depend on the length of the
annealed polyelectrolyte chain. Let’s analyze and discuss the results in more detail:
the fact that the decays are essentially double exponential in the entire studied pH
region indicates that, in all cases, two classes of pendant dansyl probes exist on
polymer chains and “feel” different hydrophobicity of the environment: the probes
(1) entrapped in compact globules and (2) the water-exposed probes attached to the
stretched parts of the chain. The distributions of 7, are narrow, indicating that the
water-exposed probes experience almost the same polarity of the environment. The
distributions of the “entrapped” probes are appreciably broader because the dansyls
entrapped in different positions within the collapsed domains “feel” different
polarity of the microenvironment. The probes located in the center of the globule
are protected well against interactions with the water molecules, while those close
to the polymer—water interface are screened less well. The data in Figs. 4, 5, and 6
show that, at low pH, the water-exposed dansyl probes “feel” lower effective
hydrophobicity than the probes “hidden” in the coiled parts of the chain at high
pH values. This slightly surprising finding cannot be explained solely by the
polarity of the medium but is a result of strong interactions in the ionized system
(containing not only the ionized polymer chains, but also small ions) at basic pH
values. At high pHs, the loose and only slightly coiled chain domains of the highly
ionized annealed PE chain (which are somewhat less ionized than the average
degree of ionization) do neither preclude nor hinder close approach of small ions
to the probes and efficient quenching of their fluorescence.

The fact that the rotation correlation times of probes attached to PMAA chains
with substantially different molar masses (starting at ca. 20 x 10* g/mol) obey the
same dependence on pH confirms the assumption that all the chains form different
numbers of globules of the same size, each of them formed by parts of the chain
roughly corresponding to 20 x 10* g/mol. The formation of the pearl necklace
structure is further supported by high residual anisotropy at low pH: the globules
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Fig. 6 The comparison of the pH dependence of mean rotation correlation times 7, from different
samples in solutions with the same ionic strength (collapsed on one “master curve”) with the pH
dependence of the mean fluorescence lifetime 7y for the sample, the components zg; and 7, of
which are depicted in the Fig. 5. Springer, Self Organized Nanostructures of Amphiphilic Block
Copolymers I, 241, 2011, 187-249, figure 7, [105]. Copyright 2011. With kind permission from
Springer Science and Business Media

connected to each other by elongated parts of the chain can relatively easily rotate
in 1D, but the two remaining rotational directions would require slow rotation of the
whole interconnected object, which is outside the time window of fluorescence
measurements. It is worth noting that the fast anisotropy decays at high pH also
exhibit quite high residual anisotropy. This observation can be easily explained: the
chain is stretched and the probe can rapidly rotate around the axis defined by the
linker. Analogously to the previous case, the rotation proceeds in 1D and full
randomization of the emission components assumes slow reorientation of the
whole stretched and electrostatically stiffened PMAA chain (see chapter “Confor-
mational and Dynamic Behavior of Polymer and Polyelectrolyte Chains in Dilute
Solutions”).

Comparison of the dependences of mean times zg and 7, on the pH (Fig. 6) is also
interesting. The onsets of increasing parts of the two curves (when pH decreases)
roughly coincide. However, the lifetimes increase more steeply with decreasing pH
than the rotation correlation times, which pass through maximum value at pH 4.
The sudden steep change in 7 is caused by the fact that the fluorophore “feels” only
the interactions with its immediate microenvironment, which changes rapidly from
the very beginning of the conformational transition. The rotation correlation time 7,
reflects the size of the forming globules. The data suggest that the process does not
proceed as a fully cooperative sudden transition, but that the globules grow pro-
gressively with decreasing pH. However, the size of the globules is strongly
affected by their compactness, which increases with decreasing pH and causes a
decrease of rotation correlation times in the pH region below pH 4. In the early
2000s, some authors of this experimental paper performed the molecular dynamics
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simulation of the pH-dependent behavior of PMAA and found good semiquantita-
tive agreement of the experimental and simulation data [106].

Shortly after the work published by Bednaf, Soutar and coworkers also studied
the behavior of several annealed PEs (including PMAA) in water by fluorescence
methods [107]. He and his coworkers also observed profound transitional changes
accompanied by pronounced changes in the fluorescence characteristics. Later they
focused on the thermoresponsive behavior of N-isopropylacrylamide, NIPAM, and
other polymers [108—110]. The solution behavior of NIPAM in water is very
interesting. It dissolves in water at low temperatures, but its lower critical solution
temperature (LCST—see chapter “Conformational and Dynamic Behavior of Poly-
mer and Polyelectrolyte Chains in Dilute Solutions”) is reached at ca. 32 °C and two
phases separate at higher temperatures forming turbid cloudy solutions which fully
reversibly clarify upon cooling. The existence of LCST in the temperature region
below the normal boiling point of the pure solvent is rather rare and in this case it is
due to a specific hydrophobic-to-hydrophilic balance (appropriate amphiphilicity)
which induces pronounced changes in the solvation shell of the NIPAM units upon
heating. This theoretically interesting and practically important behavior attracted
the interest of a number of research groups [111-114]. In spite of substantial
information obtained by various researchers, the debate concerning the major
determinant of the coil-to-globule transition is still continuing. Some authors
accentuate the breakdown of hydrogen bonds between the polymer and water
[115, 116], while others attribute the chain collapse to the “hydrophobic effect,”
which should affect the water structure surrounding the hydrophobic substituents of
the polymer [113, 114, 117, 118]. It is likely that both effects contribute to this
interesting behavior [119, 120]. Poly(N-isopropylacrylamide) and its copolymers
are attractive “smart” stimuli-responsive polymers from a practical point of view,
because their aqueous solutions respond very quickly to changing temperatures.
The rapidity of the response has been attributed to a two-stage mechanism: indi-
vidual chains collapse in globules prior to aggregation of the resultant globules
[117, 121-124]. Soutar and coworkers investigated a large series of PNIPAM
copolymers with various polymers differing in their hydrophobicity and confirmed
the prediction that LCST can be manipulated and tailored by the copolymer
composition.

At the end of the section devoted to studies of the collapse of polymer chains in
dilute solutions, we will consider an interesting paper published relatively recently
by Soutar et al. [125] This paper is devoted to the aspects of “cosolvency” and
“cononsolvency,” which are intriguing phenomena observed in dispersions of
certain solutes in mixed solvents. While “cosolvency” is a relatively common
phenomenon consisting in the fact that a mixture of two (or more) poor solvents
becomes a good solvent for the same solute, e.g., certain compositions of water/
methanol mixtures act as a good solvent for poly(methyl methacrylate) which is
insoluble in both of them [126], “cononsolvency” is a rarer occurrence: in this case
a solute (soluble in all the components of the solvent mixture) is insoluble in the
mixture at the same temperature. An example of such a system is PNIPAM in
methanol-water mixtures [127, 128]. So far, there is no consensus concerning the
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main reason for the peculiar behavior of the ternary water—-methanol-PNIPAM
system. Based on simple solution theory, it is obvious that the effective water—
methanol interactions are preferred over the interactions of PNIPAM segments with
the solvent components. However, this phenomenological description does not tell
us which molecular mechanism is responsible for the observed behavior. Recently,
the “string of pearls” model was proposed for PNIPAM on the basis of light
scattering and computer simulation data [128]. It focuses on polymer—solvent
interactions and assumes that, below LCST, the polymer consists of highly solvated
stretched parts and more coiled dehydrated parts. The structure is reminiscent of the
“pearl necklace” structure of PEs, but the reason for its formation in PNIPAM
systems is different. In stretched parts, water and methanol molecules compete for
NIPAM units (competitive binding). Upon heating, the bound solvent molecules
are released in a cooperative manner and “cooperative dehydration” occurs,
followed by the formation of relatively compact polymer coils. An alternative
explanation ascribes the coil collapse to the deterioration of the average bulk
solvent quality rather than to polymer—solvent interactions [129]. The
non-monotonously changing solvent quality of the mixture derives from the appre-
ciably changing strength of the water—methanol interactions in a broad range of
solvent compositions. To rationalize this hypothesis, it was argued that some
transient “water—methanol complexes” of different stoichiometry form in the bulk
solvent.

Soutar et al. [125] measured the time-resolved anisotropy, 7(¢), for dilute solu-
tions of PNIPAM, randomly labeled by ca. 5 mol.% acenaphthylene in water,
methanol, and in the whole region of their mixtures at temperatures covering the
LCST dependence (see Fig. 7) on the composition of the solvent mixture. They
found that the anisotropy decays are double exponential in all cases. They used the
“string of pearls” model for the system in pure water and in water—methanol
mixtures, where they ascribed the short time to the rotation of probes in the highly
solvated parts of the PNIPAM chain and the long time to the rotation of probes in
coiled dehydrated parts. Because they also observed the double-exponential

Fig. 7 Schematic LCST
phase diagram of PNIPAM 40
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mixture. Adapted from Soft ~
Matter 7, 2010, 1176-1184, =
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Society of Chemistry
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fluorescence anisotropy decay in pure methanol (good solvent) regardless of the
temperature, they tentatively suggested that there exist the parts of chains differing
in rigidity on nm length scales: loose H-bonding between NIPAM segments is
responsible for the faster motion of more flexible parts of the chain and the strong
H-bonding between the segments and methanol molecules actually slows down the
segmental dynamics.

The authors used the mean rotation correlation time, (z,), for comprehensive
discussion of the behavior of the ternary mixture. Figure 8 shows the logarithm of
the mean rotation correlation times normalized by the viscosity coefficients on the
mixed solvent, i.e., In({z;)/n) vs. methanol volume fraction. The curve indicates
that, in the region of compositions between 20 and 60 % methanol, the solvent
quality and dynamic behavior of labeled chains differ significantly from both the
methanol-rich and the water-rich regions.

Soutar and coworkers analyzed the cooperative character of the conformational
transition (cooperative dehydration or more precisely de-solvation) in mixtures
differing in composition using the method that they developed earlier [130, 131]
and plotted In((z,)/n) vs. reciprocal temperature, 1/T (see Fig. 9, where the exper-
imental dependence is schematically depicted). The curves in water-rich media
show a very sharp decrease at LCST, which is a signature of cooperative dehydra-
tion. Increasing content of methanol reduces the magnitude of the changes in the
plotted values (i.e., the magnitude of the conformational transition) and also
“smears” the sharpness of the transitions. The methanol-rich mixtures behave
effectively as good solvents for PNIPAM at ambient temperatures and no sharp
change of plotted curves (suggesting no transition) was observed. This study did not
answer all the questions concerning the molecular mechanism of the
“cononsolvency,” but has greatly contributed to understanding the PNIPAM behav-
ior in mixed aqueous solvents.
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7 Comments on Self-Assembly Studies

The self-assembly of amphiphilic block copolymers and polyelectrolytes is amply
treated in other chapters of this book. The individual studies will not be discussed in
detail in this part. We will pursue a different line of thought. We will compare the
enormous research potential of fluorescence spectroscopy with other currently used
experimental methods to show its specific features and advantages for self-
assembly studies.

For this purpose, we have chosen the most typical and relatively simple example
of the self-assembled polymer systems, i.e., the solution of copolymer micelles
formed by high-molar-mass diblock copolymers with one hydrophobic and one
hydrophilic block of comparable lengths in aqueous media [132—135]. The micelles
formed in such a system contain several tens to a few hundreds of associated
polymer chains (depending on the lengths of the blocks and segment—solvent
interactions, etc.) and consist of compact spherical cores with a radius of
ca. 10 nm formed by the insoluble blocks and diffuse shells formed by the soluble
blocks (neutral or polyelectrolyte). The hydrodynamic radius ranges from several
tens to usually less than two hundred nm and, for the PE block (especially in the
case of annealed PEs), it depends on the pH and ionic strength of the bulk solvent
[136]. Nanoparticles of this size strongly scatter UV—vis light, X-rays, and also
neutrons. Therefore, the most frequently used experimental approaches for their
characterization and study employ different variants of the scattering methods
[137-139]. Fluorescence spectroscopy has been employed less than scattering
methods, but is a frequently used technique in studying polymeric nanoparticles
[47, 48, 140—143]. It has been used more often than other spectroscopic techniques,
such as NMR [144-146], EPR [147], microscopy imaging [148, 149], ultracentri-
fugation [150, 151], and other separation techniques [152—154].

Let us compare the advantages and weak points of scattering and fluorescence
methods for studying polymeric nanoparticles. The great advantage of scattering
methods for self-assembly studies is the high scattering power of polymeric
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nanoparticles. The intensity of the light scattered by a particle with radius R is
proportional to R®, which ensures a strong signal and high sensitivity of scattering
methods, providing that the “optical contrast” between the polymer and solvent is
sufficient. The “contrast” depends on the difference between the scattering power of
the monomer unit and of the solvent molecule; e.g., in case of the visible light, the
scattering contrast is the refractive index increment, (dn/dc), where n is the refrac-
tive index of the solution and c¢ is the weight concentration of the polymer.
Scattering methods very sensitively detect the onset of the association process
with changing concentration, temperature, or solvent composition and enable the
evaluation of the sizes of scattering particles. A steep dependence of the intensity of
the scattered light, /., on the size of the particles, i.e., I, R® V2, where V is their
effective volume, translates into a quadratic dependence on the molar mass M, i.e.,
I, < M?. In the macroscopic ensemble, this means that the experimental molar
mass is the weight average molar mass and the size characteristics measured by the
light scattering are the z-averages, e.g., the radius of gyration, which can be
evaluated by the static (or elastic) light scattering, is defined as
<Rg>z = (Z Rgl-N,-M,-2 / Z N,~M,-2> ; similarly the experimental hydrodynamic
radius obtained by the dynamic light scattering is based on the z-average of
diffusion coefficients D;, i.e., (Ruy) x (D;), ' In strongly polydisperse systems,
the contribution of large particles to the scattering is strong, which may sometimes
be a significant disadvantage. For example, in a system of relatively uniform
nanoparticles with radius of ca. 10 nm containing an admixture of a few percent
of large particles (with R of the order 10? nm), the scattering is dominated by the
low fraction of large particles and information on almost 100 % of the small
particles is lost.

In contrast to the scattering techniques, the use of fluorescence methods requires
the presence of fluorescent probes and provides indirect information on the system,
which is a disadvantage. However, a great advantage lies in the fact that a low
fraction of fluorescently tagged nanoparticles can be studied in a system containing
a large excess of different non-fluorescent but highly scattering particles. Other
advantage is that the studies can be targeted at different features of the system
structure and behavior, e.g., the solvent relaxation studies can elucidate the role of
the solvation of micellar shells [142, 143].

Because chapter “Fluorescence Correlation Spectroscopy Studies of Polymer
Systems” is devoted to the application of fluorescence correlation spectroscopy
(FCS) to polymer systems, we will not discuss its application in detail here, but
would like to mention that FCS provides analogical data to dynamic light scattering
(DLS), i.e., the diffusion coefficients of fluorescent chains or nanoparticles, but, in
contrast to DLS results, which are the z-weighted averages, the FCS results are
weighted differently. In a system of dissolved single-tagged polydisperse chains,
the contributions of chains of different lengths to the diffusion coefficient are
weighted by the number fractions. An indisputable advantage of FCS is the ability
to study fluorescently labeled nanoparticles in mixtures with the unlabeled particles
and the simultaneous DLS and FCS measurements of labeled particles provide
complex information on their properties and polydispersity [155].



Historical Perspective of Advances in Fluorescence Research on Polymer Systems 177

Nonpolar micellar cores can solubilize various hydrophobic fluorophores.
Therefore, a number of papers describe the fluorescence studies of untagged self-
assembled nanoparticles with added probes. The best-known example is the use of
pyrene for estimation of the onset of the association process and studies of the
micellar properties. A number of steady-state and time-resolved measurements of
pyrene fluorescence have been performed in both polymer and colloid systems
[156—162]. The simplest and commonest measurement of c.m.c. is based on the fact
that the excitation and emission spectra of pyrene are polarity dependent. When the
micelles start to form at c.m.c. in aqueous media, the strongly hydrophobic pyrene
is solubilized in the cores and its spectra change substantially. The low-energy band
of L, (S; — Sp) in the excitation spectrum shifts from 338 to 332.5 nm and the
vibrational structure of the emission spectrum in the 360 to 400 nm region also
changes significantly. The third vibrational band corresponds to the allowed tran-
sition and its intensity is not affected by the polarity. The first band, which
corresponds to the symmetry forbidden transition, is weak in nonpolar media, but
is intense in polar media due to strong dipolar interactions with the surrounding
molecules [163]. Hence, analogously to numerous studies on colloids, the
concentration-dependent onset of the micellization of amphiphilic block copoly-
mers in aqueous media can be monitored by pyrene fluorescence, i.e., by plotting
the ratio of intensities of the first-to-the-third band, /;/I5 vs. (—log c). However, the
critical micelle concentration (c.m.c.) of high-molar-mass copolymers is usually
very low (some polymeric micelles are kinetically frozen and c.m.c. does not exist
at all). In this case, the sigmoidal curve of 1,/I5 vs.(—log c¢) is also obtained, but it is
a result of the dilution, which cannot be taken as a signature of c.m.c. [164]. During
the progressive dilution, the ratio of the total volume of micellar cores to the volume
of the bulk solvent decreases and the partitioning of pyrene between the micelles
and the bulk aqueous medium changes. The dilution provokes the release of pyrene
in the aqueous phase. Pyrene is only poorly soluble in water, but its fluorescence in
saturated aqueous solutions is readily measurable by sensitive spectrometers. The
partition coefficient of pyrene between the polystyrene cores and water is high,
ca. 10° [164, 165], but, at high dilutions around c.m.c., the ratio of the total volume
of all the micellar cores in the solution to the bulk solvent is lower than 10~°, which
means that more pyrene molecules (exhibiting a high ratio /,/I3 of ca. 1.9) are
present in the aqueous phase than in micellar cores (where the emission of solubi-
lized pyrene has a low ratio I,/I5 of ca. 1.1). Therefore, the measured /,/I5 values
increase with dilution. In the early 1990s, Winnik at al. [140] actually solved the
problem and proposed a method for unambiguous estimation of low c.m.c. of
polymer systems. The authors carefully studied a series of polystyrene-block-
polyoxyethylene copolymers differing substantially in their total length and also
in the block length by steady-state and time-resolved fluorescence methods.
They found that the ratio of the molar extinction coefficients of pyrene in micelles
and in water is e,/e,, = 3.9 and the analogous ratio of the fluorescence quantum
yields (which can be expressed as the ratio of mean fluorescence lifetimes)
iS /e = Tm /7w = 1.8. Using the Lambert—Beer law, they expressed the ratio
of the intensities in the excitation spectrum, F = I33g/l33, 5 at 333 and 332.5 nm,
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respectively, as a function of the polymer concentration and showed that the plot in
the form

o (F _Fmin)
E(e) = Fom—F) vs.c 9)

(where F,;, and F,x correspond to the bulk water and to the micelles, respec-
tively) yields a straight line, which is directed toward the beginning of the system of
coordinates (¢ =0, R=0) in the kinetically frozen systems without c.m.c. The
presence of c.m.c. in reversible systems is manifested by a plot consisting of two
linear parts. The less steep part (at low concentrations) goes to (¢ =0, £ =0) when
extrapolated to infinite dilution and the more steeply growing part (observed at high
concentrations) yields c.m.c. as an intercept with the horizontal c-axis. This method
should be used for the c.m.c. measurement and for discrimination between revers-
ible and kinetically frozen systems. At high dilutions, when the measured ratio
F approaches F,,x, the experimental errors increase, but their acceptable scatter is a
good test of the experimental accuracy. Unfortunately, a high percentage of
published data (including recent data) suggests that only a few researchers among
polymer scientists who used pyrene fluorescence are aware of the Winnik method
and this is the main reason why we mention this apparently trivial application here.

The versatility of solubilization studies is based on the fact that a great variety of
fluorophores can be solubilized in different domains of nanostructured
nanoparticles, e.g., either in micellar shells [166, 167] or in cores (see the next
part for more details), which facilitates targeted studies of various properties
(compactness, rigidity polarity, etc.). However, non-fluorescent species can also
be solubilized to alter the properties of micelles and fluorescence characteristics of
already present fluorophores. To demonstrate the broad applicability of measure-
ments with the solubilized probes, we give a few examples of studies aimed at
different aspects. Prochazka, Kiserow et al. studied the micellization of polysty-
rene-block-poly(methacrylic acid) labeled by 2-vinylnaphthalene monomer and
dimer attached to the free end of the polystyrene block in 1,4-dioxane—methanol
and in 1,4-dioxane—water mixtures and in purely aqueous media and investigated
the effect of solubilization of the nonpolar compounds in the micellar cores [47, 48,
141]. In 1,4-dioxane media (good common solvent), the chains are molecularly
dissolved and are fairly flexible. Therefore, the time-resolved anisotropy, r(¢),
measured in a 1,4-dioxane-rich solution of the copolymer containing only one
pendant naphthalene rapidly decayed to zero. The measured depolarization was
due, in part, to the fast rotation around the bond connecting it to the chain and to
fairly fast segmental motion of the chain end. The onset of micellization on the
1,4-dioxane—-methanol and on the 1,4-dioxane—water composition scale was dem-
onstrated by a sudden slowing of the anisotropy decay and by the appearance of
appreciably high residual anisotropy. The fluorescence behavior of the sample
labeled with the 2-vinylnaphthalene dimer was also interesting. The sample
exhibited strong excimer fluorescence in good common solvents. The time-resolved
measurements revealed that the excimers are formed by fast rotational motion of
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two vicinal pendant naphthalenes with respect to each other. The rapid increase in
the excimer emission in short times after the excitation (characteristic time ca. 1 ns)
indicated that the pendant aromatic naphthalene rings easily acquire the necessary
coplanar position within the lifetime of the excited state of the monomer. In
compact micellar cores (in methanol-rich or water-rich media), the naphthalene
fluorophores are trapped and strongly immobilized in random positions inside
compact cores and the excimer emission was very weak. The time-resolved mea-
surements showed that weak excimer emission occurs from a low fraction of
appropriately pre-organized pairs. The excimer fluorescence decay curves did not
show the rising part. The onset of the micellization vs. solvent composition
monitored by both fluorescence methods coincided nicely with that measured by
light scattering, which confirmed the applicability of the above fluorescence
methods for self-assembly studies. The authors further studied the effect of the
solubilization of toluene in micellar cores on the fluorescence of pendant tags. From
the point of view of fluorescence measurements, toluene is an indifferent com-
pound—it does not quench the naphthalene fluorescence and, as its low polarity is
similar to that of polystyrene, it does also not affect the effective polarity of the
micellar cores. However, it swells the cores and partially liberates the segmental
dynamics. The study has shown that the slow step-by-step addition of toluene to the
aqueous solution of micelles and its consequent solubilization in the polystyrene
cores accelerated the anisotropy decays and promoted the excimer fluorescence
(including the recovery of the rising build-up part).

Because the copolymer micelles serve as well-defined and well-characterized
models of (usually worse-defined, i.e., considerably polydisperse) biopolymer
nanocontainers for targeted drug delivery purposes, a number of studies were
aimed at the controlled uptake and release of nonpolar compounds from micelles.
Munk, Prochazka, Webber et al. [164, 165, 168, 169] studied the release of
aromatic fluorophores from the polystyrene-block-poly(methacrylic acid) micelles
in aqueous media. The cores of the micelles were loaded by the probe during
preparation of the micelles, when the samples were dissolved in a solvent mixture
rich in 1,4-dioxan, where reversible micelles with swollen cores are formed spon-
taneously. Relatively concentrated aqueous solutions of micelles with probes in
their cores were prepared by dialysis against solvents with increasing water content
and finally against the aqueous buffers. They contained the micelles highly loaded
by the fluorophore. To be precise, the fluorophore partitioned between micelles and
the bulk solvent (the saturated solution of the probe). The individual aromatic
fluorophores used (naphthalene, anthracene, phenanthrene, pyrene, perylene)
were strongly hydrophobic and the concentrations of their saturated solutions
were in the range 107> to 10~7 mol/L. Their release from micelles was triggered
by a sudden several-hundred-fold dilution by pure water. The fluorescence of
probes released in the bulk solvent was quenched by a water-soluble quencher
(TI") and the time-dependent decrease in the steady-state fluorescence, which is
proportional to the total number of fluorophore molecules in all the micellar cores,
was monitored on a timescale of minutes to hours. The results were interpreted
using the numerical solution of the differential equation describing the diffusion of
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probes from spherical cores under the constraint of a constant amount of probes in
the system. Note that the slow diffusion inside the cores toward the core-shell
interface is the slowest rate-determining process. The decrease in the emission
intensity nicely followed the theoretically predicted curve and this relatively simple
measurement allowed the evaluation of the extremely low diffusion coefficient of
pyrene in glassy polystyrene, D = 9.4 x 10~'” cm?s~'. This small value, which is
actually one of the smallest experimental diffusion coefficient values ever reported,
shows that the diffusion motion of the bulky pyrene molecule is strongly hindered
in compact polystyrene cores, which are presumably glassy at ambient tempera-
tures. The glass transition temperature of high-molar-mass polystyrene is
ca. 100 °C, but it depends on the chain length and also on the size of the polystyrene
domains and therefore it decreases with decreasing size of the micellar cores. AFM
studies of polymeric micelles deposited on the mica surface suggest that the
mobility of the chains in the micellar cores is higher than that in the bulk polysty-
rene and therefore the rigidity of the cores is lower than that of the bulk PS. The
studies by Matejicek et al. [148, 149, 170, 171] suggest that the cores with a radius
ca. 10 nm should still be in the glassy state.

A prerequisite of the self-assembly studies with specifically tagged block copol-
ymers is their successful targeted synthesis. A series of tailored monodisperse and
specifically tagged samples, e.g., tagged at the end of one block, at the ends of both
blocks, in between the blocks, etc. (together with their untagged analogues), was
prepared by Ramireddy and Munk [172] in the early 1990s and the samples were
studied for several years by Webber, Kiserow, Prochazka et al.. Some studies have
already been cited [47, 48, 141, 143, 171] and others will be described in a later
part. The micelles formed by samples tagged by the excitation energy donor at the
beginning of the insoluble block and by the energy acceptor in between the blocks
contained the donor tags in the cores and acceptors at the core-shell interface. A
number of experimental and also Monte Carlo simulation studies were aimed at the
distribution of chain ends in the cores [173-176]. Other samples with tags in
between the blocks and at the end of the soluble block were used for studying the
distribution of the ends of the shell-forming PMAA chains [177-180]. In this case,
the attachment of the strongly hydrophobic fluorophore (anthracene) at the free end
of the PMMA block represents a considerable modification of the shell. The study
was actually aimed at the behavior of the modified micelles, which is also a very
relevant issue, because the functional nanocontainers for drug delivery purposes
contain various targeting groups, which are intentionally attached to the stabilizing
water-soluble shell. If the targeting groups differ in polarity from the shell-forming
chains, e.g., if they are less polar, they can be buried in the shell similarly to the
hydrophobic fluorescent probes [148]. The study showed that the hydrophobically
end-modified shell-forming blocks form two types of conformations: A major part
of the chains are quite stretched and their ends are relatively far from the core-shell
interface, which is reminiscent of the behavior of untagged chains. However, a
minor fraction of the chains form fairly collapsed recoiled conformations and the
tagged ends come very close to the core-shell interface, i.e., the distribution of
distances of the tags from the core-shell interface is bimodal (see Fig. 10).
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Fig. 10 Schematic structure of the hydrophobically modified polystyrene-block-poly(methacrylic
acid), PS-PMAA, micelles in aqueous media. Right-hand part: 100 % modified shell, upper left-
hand part: non-modified shell, bottom left-hand part: partially modified shell (mixed micelles
containing both the modified and non-modified PMMA blocks), black circles: excitation energy
donor (naphthalene), red circles: excitation energy trap (anthracene), green curves: stretched
PMMA blocks, blue curves: collapsed (recoiled) PMMA blocks, and dashed red semicircles: the
volume around the excited energy donor delimited by the Forster radius. Note that the PMAA shell
is in all cases strongly inhomogeneous. It contains a compact inner layer formed by relatively
collapsed non-dissociated parts of PMAA chains, and a diffuse peripheric layer formed by fairly
stretched ionized parts of chains

In the double-tagged system with energy donors in between the blocks, this
special bimodal radial distribution of traps means that a certain fraction of the
excited donors are not quenched by NRET, but another fraction is affected very
strongly. Experimentally, this is manifested by a very broken plot of the ratio
Fpa(D)/Fp(t) vs. time ¢, where Fpa(t) is the fluorescence from the double-tagged
micelles and Fp(t) is the decay measured in a virtually identical micellar system
formed by chains of almost the same length of both blocks tagged only by
naphthalene in between the blocks (see Fig 11). Simulations have shown that the
strongly “broken-like” curves cannot be obtained for systems with continuous
distributions of donor-to-trap distances [177, 178]. In systems formed by an excess
of pure PE (i.e., untagged) chains with a small admixture of end-tagged ones, all the
tagged chains collapse and the fluorophores (anthracene) come close to the energy
donors (naphthalene) embedded in the core-shell interface. This is manifested by
very strong naphthalene quenching and strong anthracene emission (if naphthalene
is excited). The pure PE chains are stretched and compensate the entropy decrease
due to the collapse of the tagged chains. This finding suggests that, if some
functional groups that are attached to the real medically applicable drug delivery
systems were less polar than the stabilizing chains, they could hide in the shell and
thus lose their biological activity.
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Fig. 11 Relative fluorescence decays of naphthalene tags. Fpa(f)/Fp(f) vs. time t. Fpa(?) is the
fluorescence from the double-tagged micelles and Fp(f) is the decay measured in a virtually
identical micellar system formed by chains of almost the same length of both blocks tagged
only by naphthalene in between the blocks in a 1,4-dioxane—water mixtures with 5, 20, and 100 vol %
water, respectively (curves 1, 2, and 3). Adapted with permission from Macromolecules 35, 2002,
9497-9505, figure 7, [178]. Copyright 2002. American Chemical Society

A number of experimental fluorescence studies of specific self-assembling
copolymer systems will be described in the next chapter.

8 Comments of Fluorescence Studies of t-Conjugated
Polymers

Conjugated polymers (CPs) have attracted the interest of scientists for several
decades, because they are promising materials for manufacturing (opto)electronic
devices, such as light-emitting diodes [181], chemical sensors [182], solar cells
[183], and field-effect transistors [184]. Even though silicon-based materials still
predominate in the mass production of electronic devices, recent advances in
research on organic polymer (opto)electroactive materials revealed a number of
promising properties which promote the gradual replacement of traditional mate-
rials by CPs. Moreover, CPs are flexible materials with low specific density and are
easy to process compared to the silicon compounds used so far. Last but not least, a
number of chemically different CPs can be synthesized and their properties can be
tuned by targeted modification of their covalent and configurational structures. The
performance of CP-based devices, which are usually produced in the form of thin
active layers, depends on a number of factors, i.e., not only on the energy band gap,
but also on chain conformations, on mutual arrangement of neighboring chains in
the film, and on chain mobility, which influence the charge transport and fluores-
cence properties, etc. While measurement of the functional properties of thin films
(thermomechanical properties, electric conductivity, spectra, etc.) is easy and
straightforward, the relationship between the functional properties and the struc-
tures of these materials is complex, its investigation is difficult, and its understand-
ing is still limited. The complex behavior of CPs is caused by several inherent
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features related to delocalization of the © electrons. Efficient n-conjugation, which
is the prerequisite for successful applications of CPs, assumes the parallel align-
ment of p, orbitals in neighboring spz-hybridized C atoms within the polymer chain.
Extensive delocalization of & electrons can be achieved only for specific chain
conformations, which implies that the conformational variability of well-
conjugated sequences in the CP chains is restricted. In summary, the configuration
rigidity of double bonds together with a fairly restricted rotation around single
bonds (which partly adopt double bond character due to delocalization of the n
electrons) and energetic stabilization of the conformations with delocalized elec-
trons results in the formation of rigid conjugated segments which are responsible
for the fluorescence of CP materials because they behave as individual
fluorophores. They are connected by structurally distorted short units that can be
regarded as structural defects. Hence, the conjugated polymers are structurally
diverse in their very nature, but their chains are relatively stiff, which results in
(1) limited solubility and (2) a high tendency toward aggregation, which strongly
hinders the study of the structure—property relationship at the level of single
molecules. Conventional spectroscopic methods applied to bulk polymer materials
or to their dilute solutions provide information on the ensemble-average properties,
i.e., on the properties of systems containing different arrangements of single chains
and their aggregates, and the analysis and interpretation of spectroscopic charac-
teristics are difficult. The fluorescence data are furthermore affected by the very
efficient intra- and intermolecular nonradiative resonance energy transfer from the
high-energy states to the low-energy states. An unambiguous interpretation of the
relationship between the fluorescence and structural characteristics at the molecular
level is almost impossible because, in condensed systems of chains differing in
conformations and in interactions with the microenvironment, there are different
energy transfer routes from the high- to low-energy states which funnel the exci-
tation energy efficiently and very rapidly to low-energy states before the emission
occurs.

In the case of polyacetylene (PA), which is an archetype of CPs, there are four
stable (low-energy) stereoconformations of parts of PA chains: trans-transoid,
trans-cisoid, cis-transoid, and cis-cisoid; see Fig. 12 (the first and second parts of
the stereo-descriptor refer to the configuration/conformation of the double and
single bonds, respectively). As already explained, only very short parts of the
chains acquire regular conformations, and the effective conjugation length (the
number of conjugated double bonds in stretched conformations), which affects the
electric and luminescence properties, is quite short (for PA it is a part of the chain
containing ca. 10 double bonds). The structural defects are usually created ran-
domly during the synthesis, and the distribution of conjugation lengths is broad.
The structure of the CP chains can be also affected by the post-synthetic processing.
While the isomerization of the double bond requires high energy (i.e., photonic
[185, 186] or ultrasonic irradiation [187] is needed to provoke the change), the
conformations of single bonds can be manipulated quite easily by various external
stimuli, such as the pH, temperature, additives, etc. [188], which enables tuning of
the properties and optimizing the performance of developed devices.
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Fig. 12 Possible stereoconformations of polyacetylene chains

Even though the PA-based polymers are classical model CP polymers, very little
work has been done on the development of light-emitting PAs because of the low
emission quantum yield of the unsubstituted PA, its low conductivity, and its low
solubility. Nevertheless, Tang et al., Masuda et al., and others [188—193] exten-
sively studied the potential for improving the functional properties by attaching
various pendant groups with different electronic and steric effects to the PA chain
(both fully organic and hybrid organic—inorganic, e.g., containing Si atoms) and
proposed a number of reasonable light-emitting systems, particularly of the poly
(di-substituted acetylene) type [188, 194-204]. It was shown that, e.g., the
bi-substitution of hydrogen atoms in PA by bulky aromatic substituents
(by phenyl and simultaneously by biphenylyl bearing other groups) causes signif-
icant twisting and stabilization of twisted chain conformations, which shortens the
conjugation length, increases the band gap, and shifts the infrared emission of the
unsubstituted PA to the visible region. The energy transfer from the absorbing
pendant groups to the m-conjugated skeleton increases the emission yield of the
skeleton and the di-substituted PAs exhibit strong green or blue fluorescence
(as seen in Fig. 13).

Systematic studies have shown that very efficient fluorescence-emitting mate-
rials can be prepared by the attachment of pendant silole rings to the PA skeleton
[205]. If, e.g., pentaphenyl-silole, PPS, which itself strongly emits green light, is
attached directly to an unsubstituted PA which, as already mentioned, is a weak red
emitter, the efficient fluorescence resonant energy transfer (FRET) from excited
pendant groups to the skeleton induces fairly strong red emission from the conju-
gated part of the skeleton (Fig. 13). However, if PPS is attached via oxygen to the
aliphatic substituent of poly(1-phenyl-2-nonylacetylene), which is itself a strong
blue emitter, the FRET from the skeleton to the pendant groups produces strong
green emission (Fig. 13). This is a nice example showing that different types of
substitution of PA chains not only shift the emission wavelength and emission yield
but can also reverse the direction of energy transfer.

As the ultimate use of CPs in (opto)electronic devices requires detailed knowl-
edge of their UV-vis absorption and emission characteristics, it is not surprising
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Fig. 13 Excitation energy transfer and luminescence from substituted polyacetylenes. In the first
case, the silole ring absorption followed by the energy transfer (thin curved arrow) to PA chain
results in a fairly strong red emission (bold broken arrow), while the PA absorption and conse-
quent energy transfer from PA to the pendant silole ring results in a strong green emission.
Reprinted with permission from Chem. Rev. 109, 2009, 5799-5867, chart 9, [193]. Copyright
2009. American Chemical Society

that large numbers of spectroscopic studies have been devoted to various
n-conjugated polymers. It is not our ambition to present an exhaustive list here or
to give a detailed discussion of all the studies that have been performed. A number
of excellent original and review articles have been published on this subject [206—
213]. We would like to highlight modern trends in research on the relationship
between the structure and functional properties of CPs. We will concentrate on the
role of chain conformations and on the intricate interplay of intra- versus inter-
chain energy transfer and will give a few examples of studies of CP materials
suitable for the design of organic emitting diodes (OLEDs), e.g., polythiophene,
poly(phenylene-vinylene), or polyfluorene derivatives. In particular, we would like
to outline recent advances in single-molecule spectroscopy (SMS), which were
made possible by the development of sensitive fluorescence techniques.
Single-molecule spectroscopy monitors and analyses the spectroscopic signal
from single molecules. It was successfully developed in several spectroscopic areas
and concerns methods whose inherent sensitivity enables the study of very dilute
systems—these include especially surface-enhanced Raman scattering (SERS) and
fluorescence spectroscopy. Two basic variants exist for fluorescence SMS: (1) SMS
of static systems, which will be described in more detail later, and (2) SMS of
flowing systems, which comprises several approaches also including fluorescence
correlation spectroscopy (FCS). The general prerequisite of SMS measurements is
the ability to monitor and analyze fairly low fluorescence signals from very small
and well-focused volumes with sufficient accuracy. As a matter of fact, sensitivity
is not the main problem. At first, single photon counting is a sensitive detection
method. Then, the fluorescent molecule with a lifetime of several ns, passing the
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laser beam in times of about 1 ms in flowing systems, will be excited many times
(theoretically up to 10° times). As the most photostable compounds decompose
before the absorption of 10° photons [210], usually only 10'=10° photons can be
detected in various systems, but these numbers of photons are sufficient for
sensitive detection. However, the background noise due to traces of fluorescent
impurities in the solvent and to other disturbing effects, such as possible reflections
and Rayleigh and Raman scattering, is the main problem. Several ways of reducing
the noise have been developed for flow systems, e.g., solvent photobleaching before
mixing with the studied sample [214]. Because the noise mostly comes from excess
solvent, the most important condition is to ensure detection of the signal from the
smallest possible volume. Four different approaches to small detection volumes in
flow systems are listed below: (1) a hydrodynamically focused stream of the sample
solution crossing the narrowly focused laser beams (volumes of ca.10 pm x 10 pm x
10 pm, ie., ca. 1 pL) [215, 216], (2) levitated or slowly falling microdroplets
crossing the excitation laser beam (volumes of ca. 1 fL to 1 pL) [217, 218],
(3) microcapillaries and microchannels crossed by the laser beam (volumes
ca. 1 fL to 1 pL) [219], and (4) confocal (one or two photon) excitation and
detection (volumes of ca. 1 fL) [220]. FCS is a special variant of the latter
technique, but it will not be treated in this part because another chapter is devoted
to the application of FCS for polymers. When referring to SMS in the following
parts of this chapter, we will always be referring to the static SMS variant. The
principles and all the details of the above SMS variants were recently nicely
described in an interesting review by Keller et al. [210].

Successful static SMS measurement assumes wide field illumination of a thin
polymer film combined with sensitive single photon counting detection from highly
spatially resolved areas of ca. 0.1 um?. Solutions of the studied polymers are usually
diluted to the nanomolar region and spin cast on a solid support. The measurements
are performed either at ultralow temperatures (to suppress the noise) or at ambient
temperatures. The active polymers can be mixed with an excess of an inert polymer
or covered by a thin layer of transparent inert polymer to suppress undesirable
effects [207]. In all SMS studies, it is first necessary to answer the important
question of whether or not the analyzed signal comes from single molecules. The
criterion for answering this key question can be based on several observations.
From a practical point of view, the following physical features of the system should
be fulfilled: (1) the brightness of all the individual (randomly distributed) emitting
spots in the microscope image of the studied surface area with deposited molecules
should be approximately the same, (2) the polarized excitation and emission images
should indicate that the individual emitting spots are characterized by fixed transi-
tion absorption and emission dipole moments, and (iii) all the individual spots
should exhibit discrete and mutually independent photochemistry. The third crite-
rion is obvious for small single molecules, but for CPs the spectroscopic behavior
depends on how efficiently the fluorophores are coupled—not only in individual
chains, but also in the bulk material. The above criterion provides a useful practical
guide, but ultimate proof requires a more sophisticated measurement based on the
fact that (iv) a single molecule emits only one photon which can be registered by
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Fig. 14 Single-molecule
spectroscopy detection. The
proof that the measured
signal comes from one
molecule is based on the
fact that the time-correlated
simultaneous detection of
two photons by two
mutually delayed detectors
drops to zero when the time
delay vanishes. Adapted
from Adv. Mater. 22, 2010, 100 -
1689-1721, figure
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only one detector at any given time. Therefore, the most frequently used method
employs two time-correlated detectors. The measured signal is divided by a 50—
50 % beam splitter and the coincidence rate of the simultaneous detection of two
photons is measured as a function of the delay time between the two detectors.
When the delay time is zero, the probability of double detection drops to zero and
the coincidence rate should also be zero, to prove that the signal is monitored from a
single molecule (see Fig. 14).

The first applications of SMS for CPs were reported by Barbara et al. in
1996-1997. The group of researchers from the University of Minnesota and MIT
(originally also from the Ohio State University) studied high-molar-mass poly
(p-pyridyl vinylene) [221] and later also derivatized poly(p-phenylene vinylene)-
poly(pyridyl vinylene) CP samples [222] by fluorometry using near-field optical
microscopy (NFOM) for resolving the single emitting spots in a film spin cast from
very dilute solutions. They observed that the spectra, quantum yields, and time-
resolved characteristics of the individual emitting spots (which they persuasively
identified as individual chains) significantly differ from the ensemble-averaged
characteristics measured in solutions. Later they found considerable dynamic
(time-dependent) fluctuations in the fluorescence intensity at the single-molecule
level manifested by sudden reversible photobleaching steps. When analyzing the
origin and mechanism of these fluctuations, Barbara and coworkers realized that the
fluorescence intensity at the single-molecule level should be theoretically propor-
tional to the product of the probabilities of the absorption and emission. Therefore,
they investigated the role of factors that can decisively affect these two probabil-
ities. They focused on (1) the excitation power, (2) the relative orientation of the
absorption transition dipole moment to the polarization plane of the excitation
beam, (3) the absorption cross section, and (4) the fluorescence quantum yield
and concluded that none of them causes the observed fluctuations. In this seminal
study, they revealed the true source of the fluctuations and actually explained the
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inherently low photoluminescence efficiency of CPs. At that time, the fluctuating
intensity of fluorescent molecules was usually attributed to spectral diffusion [223],
which is a common phenomenon in SMS and the probable reason for this behavior
in many systems. It originates from the fact that the single-molecule spectrum is not
the ensemble-average spectrum from a large system of fluorophores. Each individ-
ual molecule is submitted to different instantaneous interactions with its temporally
changing microenvironment and the position of the SMS spectral bands (which are
usually quite narrow compared with the ensemble-average spectra) fluctuates
non-negligibly on the wavelength scale. The fluctuations are rapid and proceed
on a sub-nanosecond timescale. If the fluorophore is excited at a fixed wavelength,
the fluctuations of the absorption band position on the wavelength scale (due to
spectral diffusion) affect the probability of the absorption at different times and
cause fast fluctuations in the emission intensity. Barbara and coworkers designed an
ingenious experiment and showed that the discrete jump-like fluctuations in the
emission intensity are not due to spectral diffusion. Realizing that, for spectral
diffusion, the time fluctuations in the blue-edge- and red-edge-excited spectra
should be complementary because spectral shifts to shorter wavelengths increase
the emission intensity of the blue-edge excited spectra and shifts to longer wave-
lengths increase intensity of the red-edge excited spectra, they performed simulta-
neous time-dependent measurements and analyzed the corresponding emission
signals. They found that the blue-edge- and red-edge-excited signals were not
complementary, but virtually identical, which completely rules out spectral diffu-
sion and shows that the fluctuations have some other cause. Carefully analyzing
other potential sources of intensity fluctuations, they came to the conclusion that the
discrete jumps in the fluorescence intensity are caused by the reversible photo-
chemical generation of defects along the polymer chain, such as pairs of separated
charges, i.e., cation radicals and anion radicals. The pronounced discrete jumps in
the intensity suggest that the exciton is very mobile and the subset of individual
fluorophores within the chain behaves as one communicating species; in other
words: the migration of the excitation energy is rapid and efficient and the excitons
can collide with the quenching defects on a timescale much shorter than the
fluorescence lifetime. The jumps from the “dark regime” to the emitting one
indicate that the defects can spontaneously “self-heal” and disappear.

The discovery that the excitation is very mobile and fluctuates within the
macromolecular chain and that it can be sensitively and reversibly influenced by
tiny changes in the structure represented a breakthrough in the research on and
understanding of the function of PCs at the molecular level, but its impact was
practically not noticed by the scientific community; in fact, it took several years
before other researchers appreciated its value in its entirety and employed its
conclusions in their further research.

Since the beginning of this century, Barbara and his coworkers [224, 225] and
later also his younger colleagues and successors [226—-229] have been developing
and optimizing SMS and have published a number of articles on CPs. Paul
F. Barbara unfortunately died at a relatively young age in 2010, but, in tribute to
his contribution, his younger colleagues, who continue in his research, consider him
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to be the inventor and founder of the research route they pursue and still include his
name in the list of authors. Recent papers focus on different problems: they study the
effect of the structure of the polymer chain, its regioregularity, effect of pendant
groups, and the role of the solvent from which the thin film has been spin cast [209] on
the rate and efficiency of the excitation energy transfer from high- to low-energy
regions. The studies show that very efficient 3D exciton funneling from high- to
low-energy regions proceeds in collapsed disordered chains [213], which effectively
behave as single fluorophore systems, while the extended (either regioregular or
intentionally stiffened ladder-type polymers) [208] behave as multichromophore
systems. Excitation energy transfer is significantly slower in latter systems, but occurs
over fairly long distances. Studies of the relationship between single chain structures
(including the bending of fluorophores [230] and their mutual orientation [231]) and
the optoelectronic properties of CPs are very relevant topics with respect to the
contents of this issue, but we will confine ourselves to mentioning the excellent
reviews by Lupton in Advanced Materials in 2010 and by others [206, 207, 210, 222].
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Abstract We discuss applications of selected fluorescence spectroscopy tech-
niques for the studies of block copolymer micelles in aqueous solution, focusing
on solvent relaxation measurements using polarity-sensitive fluorescent probes, on
fluorescence quenching studies, and on using fluorescent pH indicators for studies
of micelles with polyelectrolyte coronas.

Keywords Block copolymer micelles ¢ Fluorescent probes ¢ Fluorescence
spectroscopy

1 Introduction

Fluorescence emission in the condensed state is influenced by interactions of the
emitting molecule with its surroundings. The emission spectrum of the fluorophore
as well as the lifetime of its excited state can generally be sensitive to the polarity
and viscosity of the solvent or to the presence of specific molecules or ions in the
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vicinity of the fluorophore on the distances up to several nm. The nanometer range
of the fluorophore sensitivity to the properties of their microenvironment makes
fluorescence spectroscopy a suitable tool for studying local properties (polarity and
viscosity of the binding site of the probe, its accessibility to small molecules or
ions) of nanosized objects like macromolecules, micelles, vesicles, or various
colloidal particles.

While studies of biological macromolecules (proteins and nucleic acids) [1, 2]
and phospholipid vesicles [3—5] using fluorescence spectroscopy techniques are
numerous and many reviews have already been published, much less attention has
been paid to surfactant micelles [6-9], and fluorescence studies of block copolymer
micelles are even scarcer [10-12] so far despite the fast growing number of
publications on block copolymer self-assembly in the literature.

Block copolymer self-assembled nanoparticles [13—15] form in selective sol-
vents, that is, solvents for only some of the blocks and precipitant for the others. In
the simplest case of a diblock copolymer, core/shell nanoparticles such as micelles
or vesicles are formed, the core of which consists of collapsed or weakly swollen
solvophobic blocks and the shell (also referred to as the corona) of strongly swollen
solvophilic blocks. In the case of amphiphilic micelles in aqueous solutions, water
is too strong a precipitant for core blocks, and such polymers are not directly
soluble in water (unless the hydrophobic block is very short), and the aqueous
solutions have to be prepared indirectly using a cosolvent (a solvent for the core
block miscible with water) which can be removed from the solution by dialysis or
distillation after the dissolution of the copolymer [16].

Amphiphilic block copolymer micelles prepared by the latter procedure are in a
kinetically frozen, nonequilibrium state as the exchange of copolymer chains
(so-called unimers) among the micelles is prevented by high activation energies
for the release of the unimers and for the insertion of the unimers to the micelle. The
shell of a block copolymer micelle can be treated as a dense polymer brush tethered
to a curved interface. Physical properties gradually change with the distance from
the core/shell interface in the radial direction, r. Most importantly, the segment
density decreases, and (in the case of a weak polyelectrolyte corona) the degree of
ionization or protonation increases with the increasing distance r [17]. As a result,
block copolymer micelles exhibit much higher internal heterogeneity as compared
with surfactant micelles.

Since synthetic copolymers seldom exhibit intrinsic fluorescence, either cova-
lently bound fluorescent labels or non-covalently bound fluorescent probes are
necessary for the vast majority of fluorescence studies of block copolymer micelles.
The former are mostly attached during the synthesis of the copolymer [18]. This
could be done conveniently by using a fluorescent initiator and/or fluorescent
terminating agent. In such cases, the labels are located at the ends of the blocks
or in between of them. Fluorescent probes can be used for studies of amphiphilic
block copolymer micelles in aqueous solutions where strong hydrophobic effect
allows for binding of the probe either in the micellar core (hydrophobic probes) [19]
or in the inner part of the shell close to the core/shell interface (amphiphilic probes)
[20]. The latter, developed mainly for membrane studies, are derivatives of
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hydrophilic fluorophores with long aliphatic chains giving them amphiphilic
character [21].

This chapter brings a short review of fluorescence studies on block copolymer
micelles. From the variety of fluorescence spectroscopy applications, we focus
rather on those which are based on general principles of the technique than on
those that require specifically designed fluorophores and also omit those that have
been extensively reviewed before like fluorescence resonance energy transfer [1].

2 Polarity-Sensitive Fluorescent Probes

In this section, we will not discuss polarity-sensitive probes, the mechanism of
which is based on the specific electronic structure (even though one of them, pyrene
[19], belongs to the most widely used) and focuses on fluorophores used for
monitoring the solvent relaxation after the transition of the probe to the electron-
ically excited state [22]. Let us first briefly explain the mechanism of these
fluorescent probes (Fig. 1).

The change of the electronic state of the fluorophore upon absorption of a photon
is accompanied by an instantaneous change of the fluorophore’s dipole moment
which is followed by the reorientation motion of the surrounding solvent molecules
until their permanent dipole moments are again oriented parallel with the changed
dipole moment of the fluorophore. The latter process, called solvent relaxation,
leads to the decrease of the energy of the system (the fluorophore + the solvent cage)
which could manifest itself as the red shift of the emitted radiation, depending on
how fast the solvent relaxation is as compared with the lifetime of the fluorophore’s
excited state, 7.

Let us first consider that the characteristic time of the solvent relaxation, 7y, is
much larger than 7. In such a case, no spectral change due to the interaction with the
solvent can be observed in the emission spectrum because the de-excitation of the
fluorophore occurs prior to the solvent relaxation. In the opposite case when
TR >> 7, the emission occurs from the fully relaxed state. The observed red shift
of the emission spectrum is independent on the time after excitation and reflects
only the strength of the dipole—dipole interaction between the fluorophore and the
surrounding solvent molecules. The most interesting situation occurs when the
characteristic time of the solvent relaxation is comparable to 7. In such a case, the
red shift of the spectrum will increase with the time after excitation as it will
correspond to the emission from more relaxed states. Hence, the dynamics of the
solvent molecules around the fluorophore is translated into the time dependence of
the maximum and the half-width of the emission band which can be followed by the
time-resolved emission spectroscopy measurements.

The time-resolved emission spectrum (TRES) is usually not measured directly.
Instead, it is obtained by the so-called spectral reconstruction method from a series
of emission decays D(w,t) measured by various wave numbers w. TRES is then
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hydrophilic
block

hydrophobic

SHELL (CORONA)

Fig. 1 Examples of localization of fluorophores in an amphiphilic block copolymer micelle
(polystyrene-block-poly(acrylic acid)): (a) fluorescent label (9,10-diphenylanthracene covalently
bound between hydrophilic and amphiphilic block), (b) amphiphilic probe (N-(dodecanoyl)
aminofluorescein) solubilized at the core/shell interface, and (c¢) hydrophobic probe (pyrene)
solubilized in the core

calculated by the simple normalization using the steady-state spectrum of the
fluorophore, S(w), as [23, 24]

Flo,) = 22 05). 1)
J D(w,t)df

0

In the simplest case, the shape of the emission band can be approximated by the
lognormal function:

S@.) = h(t)exp{—ln(2)1n2 {A@ + Z(tt))y[z)— w(r)]] } o

where A(t) is the height of the emission band, w(¢) is the emission maximum wave
number, and the A(f) and y(¢f) are the asymmetry parameters. The emission



Fluorescence Spectroscopy Studies of Amphiphilic Block Copolymer Micelles in. . . 207

maximum wave number is further treated in the normalized form as the correlation
function C(¢):

3)

wWo — Weo

where wy and w., are the maximum wave numbers at t=0 and at t— oo,
respectively. The decay rate of the C(f) function can be described by the relaxation
time 7gR:

R = JOO C(r)de (4)
0

In the case when the probe exhibits multiple relaxation times as a result of
heterogeneity of the binding sites, Eq. 4 provides the mean relaxation time. Even
though some characteristics of the 7y distribution can in principle be obtained by
fitting the C(f) function by a multiple-exponential decay function, a more reliable
way to follow the heterogeneity of the system in terms of solvent relaxation is to
plot the full width at half maximum (FWHM) of the emission band, o(?), as a
function of time. The o(#) function can be calculated from the asymmetry param-
eters of the lognormal function, A(#) and y(¢), as

sinhy (¢)

r(?)

In a homogeneous system, only the maximum moves toward lower wave
numbers, but the FWHM does not change with time. In a heterogeneous system,
however, we often observe an increase in FWHM with the time because of the
simultaneous emission of slow-relaxing higher energy states and fast-relaxing
lower energy states which leads to the broadening of the emission band. In the
later stages of the relaxation process, energy levels of the slow-relaxing states
approach those of the fast-relaxing ones which are already fully relaxed, and the
FWHM decreases again. The o(f) function thus exhibits a maximum for solvent
relaxation in the heterogeneous system.

Even though the emission behavior of all fluorophores in solution is influenced
by solvent relaxation, solvent relaxation studies typically use fluorophores, the
dipole moment of which increases strongly upon excitation, causing a very pro-
nounced effect on the emission spectra. Many of them are derivatives of
aminonaphthalene (Fig. 2).

While in water at room temperature (and other low-molar-mass solvents of
similar viscosity), the reorientation of the solvent molecules typically occurs in
several tens of picoseconds, the rotational motion of the solvent trapped in nano-
structured polymer systems such as in micellar shells is substantially slowed down,
and its relaxation can be followed on the subnanosecond or nanosecond time
scale [23].

o(r) = A(r) (5)
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While there are many papers in the literature on the solvent relaxation in
solutions of proteins, surfactant micelles, and phospholipid vesicles studied by
time-resolved emission spectroscopy [25-27], similar studies focused on block
copolymer micelles are scarce. In most cases, amphiphilic fluorescent probes
localized in the inner part of the shells of amphiphilic block copolymer micelles
in aqueous solutions were used for the studies. The studies reveal the heterogeneity
of the binding sites of the probe that manifest itself by multiple-exponential
fluorescence decays. In the case of block copolymer micelles, interpretation of
the relaxation behavior can be complicated by redistribution of the probe molecules
in the micelles during its excited-state lifetime of the probe [28]. The redistribution
occurs as a result of the increased polarity of the excited probe as compared with its
ground electronic state.

Block copolymer micelle studies carried out with poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) triblock copolymers (Pluronics)
and Coumarin 343 [29, 30] as a fluorescent probe demonstrated that both the
fluorescence lifetime and the emission maximum strongly depend on the probe
localization in the Pluronic micelle. Water molecules in the interior of the micelles
close to the core/shell interface relaxed much more slowly than those in the outer
part of the shell which had almost the same mobility as bulk water.
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Prochazka et al. [31] studied solvent relaxation in the shells of polystyrene-
block-poly(ethylene oxide) (PS-PEO), polystyrene-block-poly(2-vinylpyridine)
(PS-PVP), and polystyrene-block-poly(2-vinylpyridine)-block-poly(ethylene
oxide) (PS-PVP-PEO) in aqueous solutions, using Patman as a fluorescent probe.
While in the case of the PEO shell of the PS-PEO micelle, a slow relaxation was
observed because the mobility of water molecules in the shell was hindered by the
strong hydrogen bonding to PEO chains, the solvent cage of the probe in the shell of
PS—PVP micelles appeared to relax much faster. Interestingly, water in PS—PVP—
PEO terpolymer micelles exhibited a slow relaxation as in the case of the PS-PEO
diblock, but the relaxation time became pH responsive due to the presence of the
weak polyelectrolyte PVP block.

3 Fluorescence Quenching

Fluorescence quenching [32] is a phenomenon that consists in the decrease of
fluorescence intensity caused by an external stimulus, such as a change in temper-
ature, pressure, solvent composition, and other factors. Here we will further deal
with fluorescence quenching caused by the addition of specific substances, called
quenchers, to the fluorescent system. Let us neglect the trivial case of the internal
filter effect which decreases the fluorescence intensity either by absorption of the
excitation radiation or by reabsorption of the emitted fluorescence by the quencher
and focus on processes that consist in interactions between the fluorophore and
quencher molecules.

Let us first consider the case of the dynamic quenching, which means that the
interaction between the fluorophore and the quencher occurs in the excited state of
the fluorophore, F*, either as a collision or a long-range resonance energy transfer
between F* and Q, both leading to nonradiative deactivation of F*. The excited-
state lifetime 7 can be expressed by the sum of the rate constants of individual
deactivation processes:

1
L e (6)
ke + ki + kq[Q]
where kg, ki, and kg, respectively, are the rate constants of fluorescence, internal
conversion, and pseudo-bimolecular quenching and are the quencher concentration
in the system. The ratio between the lifetime in the absence of the quencher ([Q] =
0), 79, and that in the presence of the quencher is given by the equation

@_kf+ki—|-kq[Q]_ kq B B
T ke + ki _1+kf+ki Q=1+ kgrolQ) = 1+ Ksv[Q) ™)

The Eq. (7) is known as the Stern—Volmer equation [33] and Kgy = k47 as the
Stern—Volmer quenching constant. Plotting the 7o/r ratio as a function of [Q] thus



210 M. Stépének

produces the linear dependence, the slope of which has a meaning of the ratio
between the rate constant for the bimolecular quenching and the rate constant for
the intramolecular deactivation processes.

In the steady state, the rate of the activation of the excited state by absorption of
exciting radiation, v,ps, is equal to the rate of its deactivation by fluorescence, by
internal conversion, and by quenching, so that

Vabs = [F*] (kf + ki + kq [QD (8)

where [F*] is the steady-state concentration of the fluorophore in the excited state.
Since I = kF*], the ratio between the fluorescence intensity in the presence of the
quencher, /, and that in the absence of the quencher (at [Q] =0) is expressed by the
equation

I ki+k+k[Q
o AR ki ©)

In other words, the Stern—Volmer equation holds also for the I/l ratio which can be
easily obtained from steady-state fluorescence measurements. However, the acqui-
sition of Iy/I instead of 7o/ does not allow for distinguishing dynamic quenching
occurring in the excited state of the fluorophore from the so-called static quenching.
The latter mechanism consists in the formation of a nonfluorescent complex of the
quencher Q with the fluorophore F in the ground state:

Q+F+=QF (10)

The concentrations of the free fluorophore, [F], the fluorophore—quencher complex
[QF], and the quencher [Q] then fulfill the equation

[Flo = [QF] + [F] = [F] + Ks[Q][F| (11)

where [F], is the overall concentration of the fluorophore in the system and
Ks=[QFJ/[Q][F] is the stability constant of the complex QF. Assuming that the
steady-state fluorescence intensity is proportional to the concentration of the free
fluorophore, the 1/l ratio is given by the formula

Iy [Fl,
e R (12

which is formally identical to the Stern—Volmer Eq. (9), but the meaning of the
constant Ky is entirely different. Fluorescence emission decay measurements allow
for distinguishing between static and dynamic quenching. While in the case of
dynamic quenching the emission lifetimes follow the Stern—Volmer equation, the
static quenching mechanism consists in the removal of a fraction of the fluorophore
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by its binding in a nonfluorescent complex and thus does not affect the emission
lifetime.

In the case that both static and dynamic quenching occurs, the Iy/I ratio is (unlike
the zo/z ratio) affected by both processes, and the plot of /y/I vs. [Q] produces an
upward curved dependence:

2= (14 KsvQ)(1 +Ks[Q) (13)

In a microheterogeneous system with multiple types of the binding sites of the
probe, the sites can have different accessibilities for the quencher, which are
expressed by multiple quenching constants. The overall intensity of the quenched
fluorescence is then given by a formula

I f
IT)‘;HK,»[Q] (14

where fi,...,f, are the fractions of fluorescence intensity corresponding to
fluorophores bound to the individual types of the binding sites (fi +f>+---+f,=1)
with the quenching constants K7, . . ., K,,. In the simplest case of a system containing
only two types of binding sites of which one with the intensity fraction f has the
quenching constant K and the other with the fraction 1 —f is inaccessible to the
quencher (the quenching constant, K’ = 0), Eq. (11) can be rearranged as

Plotting I/(Io — I) as a function of [Q] ' provides a linear dependence, the intercept
of which is equal to /~'. Equation (12) has often been used in studies of the protein
structure to determine the amount of tryptophan residues located on the surface of
the protein and those buried inside the tertiary structure of the protein [34].

As the fluorescence quenching technique allows for distinguishing fluorescent
probes in the bulk solution from those solubilized in the micellar core or in the
interior part of the shell, it has been used for studying solubilization of hydrophobic
or amphiphilic low-molar-mass compounds in amphiphilic block copolymer
micelles [35-37]. If a hydrophobic fluorophore is used as a model compound, the
method can be used both for measurements of equilibrium partitioning of the
hydrophobe between the micellar pseudophase and the aqueous phase, as well as
for following the release of the hydrophobic compounds from the micelles. The
latter studies are of great importance in pharmacology for characterization of
containers for controlled drug release based on block copolymer micelles [38].
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4 Fluorescent pH Indicators

Fluorescent electrolytes, the emission quantum yield of which strongly depends on
whether they are in a neutral or ionic form, have often been used as pH indicators.
The best known example of such a fluorescent probe is fluorescein, which fluo-
resces only in its dianionic form, while the monoanionic form and the neutral form
are basically nonfluorescent.

In nanostructured systems, the pK of the indicator may differ from that in water
because of a different dielectric permittivity of its microenvironment. In charged
systems, an additional shift of the pK value may appear as a result of the interaction
of the probe with the local electric field.

The latter phenomenon was well described already in the 1970s by Fernandez
and Fromherz [39] who studied the pK shift of hydroxycoumarin (fluorescent in the
anionic form) and aminocoumarin (fluorescent in the neutral form) amphiphilic
derivatives, solubilized in ionic surfactant micelles. The study demonstrated that
the attraction of the proton to the negatively charged surface of anionic micelles
hinders dissociation of acids (which thus behave as weaker ones as compared to
water) and promotes protonation of bases (which thus behave as stronger ones as
compared to water). The positively charged surface acts oppositely. The authors
showed that the potential of the electric double layer, WV, is related to the shifted pK
of the indicator as

pK = pKine + (16)

2.303RT

where pKj, is the intrinsic pK of the indicator at the local dielectric permittivity of
the probe microenvironment. The pKj,, values can be assessed by measurements
with nonionic surfactant micelles, assuming that the local ¢ at the interface between
the aqueous solution and the interior of the micelle formed by long aliphatic chains
is very similar to that of ionic surfactant micelles. The obtained ¥ values, however,
were much larger for amphiphilic coumarins indicating that the response is very
sensitive to the exact localization of the probe with respect to the electric double
layer of the micelle.

In the case of block copolymer micelles with weak polyelectrolyte shells, the
situation is much more complex. Firstly, the amphiphilic pH indicators do not bind
only at the core/shell interfacial layer, but they can be solubilized also in the inner
part of the shell. Secondly, the electric field surrounding the indicator probe cannot
be described by the simple electric double layer as in the case of ionic surfactant
micelles, because the shell thickness is typically several tens of nm with the degree
of dissociation (or protonation) of the polyelectrolyte block and consequently the
charge density gradually increasing with the increasing radial distance from the
core—shell micelles.

Fluorescence measurements with N-(dodecanoyl)aminofluorescein (DAF) [40]
bound in polystyrene-block-poly(methacrylic acid) (PS-PMAA) micelles in
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alkaline aqueous solution (pH 9.2) provided pK values of DAF that corresponded to
the electric potential of ca. —50 mV according to Eq. (16) using neutral micelles of
polystyrene-block-poly(ethylene oxide) as the reference system for the estimation
of pKi,. The obtained value of ¥ was very similar to { potential obtained from
electrophoretic light scattering measurements for the same system. On the other
hand, the obtained fluorescence titration curves were not only shifted with respect
to the aqueous solution as predicted from the Fernandez—Frombherz theory, but they
were also less steep. This behavior was caused by the heterogeneity of DAF binding
sites in the micelles which resulted in a distribution of apparent pK values.

5 Conclusions

In this chapter, we overviewed several fluorescence techniques suitable for studies
of colloidal particles in aqueous solutions and discussed their application in the
research of amphiphilic block copolymer micelles. Unlike surfactant micelles or
phospholipid vesicles, amphiphilic block copolymer micelles have no sharp inter-
face between the hydrophobic interior of the particles and the bulk solution, which
results in greater heterogeneity of localization sites of fluorescent probes in the
polymeric micelles and consequently in more difficult interpretation of data in
comparison with surfactant micelles and phospholipid vesicles.

References

—

. Klostermeier D, Millar DP (2001) Time-resolved fluorescence resonance energy transfer: a
versatile tool for the analysis of nucleic acids. Biopolymers 61:159-179

2. Lukinavicius G, Johnsson K (2011) Switchable fluorophores for protein labeling in living cells.
Curr Opin Chem Biol 15:768-774

3. Jurkiewicz P, Sykora J, Olzynska A, Humpolickova J, Hof M (2005) Solvent relaxation in
phospholipid bilayers: principles and recent applications. J Fluoresc 15:883-894

4. Lentz BR (1993) Use of fluorescent-probes to monitor molecular order and motions within
liposome bilayers. Chem Phys Lipids 64:99-116

5. Silvius JR, Nabi IR (2006) Fluorescence-quenching and resonance energy transfer studies of
lipid microdomains in model and biological membranes (review). Mol Membr Biol 23:5-16

6. Grieser F, Dummond CJ (1988) The physicochemical properties of self-assembled surfactant
aggregates as determined by some molecular spectroscopic probe techniques. J Phys Chem
92:5580-5593

7. Almgren M (1992) Diffusion-influenced deactivation processes in the study of surfactant
aggregates. Adv Colloid Interface Sci 41:9-32

8. Winnik FM, Regismond STA (1996) Fluorescence methods in the study of the interactions of
surfactants with polymers. Colloids Surf A Physicochem Eng Asp 118:1-39

9. Behera GB, Mishra BK, Behera PK, Panda M (1999) Fluorescent probes for structural and

distance effect studies in micelles, reversed micelles and microemulsions. Adv Colloid

Interface Sci 82:1-42



214 M. Stépének

10. Szajdzinska-Pietek E, Schlick S (2005) Self-assembling of ion-containing polymers and
surfactants in aqueous solutions studied by ESR and fluorescence probes. J Mol Liq
117:153-164

11. Nakashima K, Bahadur P (2006) Aggregation of water-soluble block copolymers in aqueous
solutions: recent trends. Adv Colloids Interface Sci 123:75-96

12. Duhamel J (2012) New insights in the study of pyrene excimer fluorescence to characterize
macromolecules and their supramolecular assemblies in solution. Langmuir 28:6527-6538

13. Hamley IW (1998) Physics of block copolymers. Oxford University Press, New York

14. Riess G (2003) Micellization of block copolymers. Prog Polym Sci 28:1107-1170

15. Hadjichristidis N, Pispas S, Floudas GA (2003) Block copolymers. Synthetic strategies,
physical properties and applications. Wiley, Hoboken, NJ

16. Tian MM, Qin AW, Ramireddy C, Webber SE, Munk P, Tuzar Z, Prochazka K (1993)
Hybridization of block-copolymer micelles. Langmuir 9:1741-1748

17. Uhlik F, Limpouchova Z, Jelinek K, Prochazka K (2004) Polyelectrolyte shells of copolymer
micelles in aqueous solutions: a Monte Carlo study. J Chem Phys 121:2367-2375

18. Robin MP, O’Reilly RK (2015) Strategies for preparing fluorescently labelled polymer
nanoparticles. Polym Int 64:174-182

19. Wilhelm M, Zhao CL, Wang YC, Xu RL, Winnik MA, Mura JL, Riess G, Croucher MD
(1991) Polymer micelle formation. 3. Poly(styrene-ethylene oxide) block copolymer micelles
formation in water—a fluorescence probe study. Macromolecules 24:1033—-1040

20. §tépének M, Podhdjecka K, Prochazka K, Teng Y, Webber SE (1999) Fluorometric and
ultraviolet-visible absorption study of poly(methacrylic acid) shells of high-molar-mass
block copolymer micelles. Langmuir 15:4185-4193

21. Saldanha C, Santos NC, Martins-Silva J (2002) Fluorescent probes DPH, TMA-DPH and
C-17-HC induce erythrocyte exovesiculation. J] Membr Biol 190:75-82

22. Maroncelli M (1993) The dynamics of solvation in polar liquids. J Mol Liq 57:1-37

23. Horng ML, Gardecki JA, Papazyan A, Maroncelli M (1995) Subpicosecond measurements of
polar solvation dynamics—Coumarin-153 revisited. J Phys Chem 99:17311-17337

24. Fee RS, Maroncelli M (1994) Estimating the time-zero spectrum in time-resolved emission
measurements of solvation dynamics. Chem Phys 183:235-247

25. Parasassi T, Krasnowska EK, Bagatolli L, Gratton E (1998) LAURDAN and PRODAN as
polarity-sensitive fluorescent membrane probes. J Fluoresc 8:365-373

26. Hawe A, Sutter M, Jiskoot W (2008) Extrinsic fluorescent dyes as tools for protein character-
ization. Pharm Res 25:1487-1499

27. Hutterer R, Schneider FW, Sprinz H, Hof M (1996) Binding and relaxation behaviour of
prodan and patman in phospholipid vesicles: a fluorescence and H-1 NMR study. Biophys
Chem 61:151-160

28. Sachl R, gtépének M, Prochéazka K, Humpolickova J, Hof M (2008) Fluorescence study of the
solvation of fluorescent probes prodan and laurdan in poly(epsilon-caprolactone)-block-poly
(ethylene oxide) vesicles in aqueous solutions with tetrahydrofurane. Langmuir 24:288-295

29. Singh PK, Kumbhakar M, Pal H, Nath S (2008) Effect of electrostatic interaction on the
location of molecular probe in polymer-surfactant supramolecular assembly: a solvent relax-
ation study. J Phys Chem B 112:7771-7777

30. Sen P, Ghosh S, Sahu K, Mondal SK, Roy D, Bhattacharyya K (2006) A femtosecond study of
excitation wavelength dependence of solvation dynamics in a PEO-PPO-PEO triblock copol-
ymer micelle. ] Chem Phys 124:204905

31. Humpolickova J, Stépének M, Prochdzka K, Hof M (2005) Solvent relaxation study of
pH-dependent hydration of poly(oxyethylene) shells in polystyrene-block-poly
(2-vinylpyridine)-block-poly(oxyethylene) micelles in aqueous solutions. J Phys Chem A
109:10803-10812

32. Matyus L, Szollosi J, Jenei A (2006) Steady-state fluorescence quenching applications for
studying protein structure and dynamics. J Photochem Photobiol B Biol 83:223-236

33. Stern O, Volmer M (1919) Uber die Abklingzeit der Fluoreszenz. Phys Z 20:183-188



Fluorescence Spectroscopy Studies of Amphiphilic Block Copolymer Micelles in. . . 215

34.

35.

36.

37.

38.

39.

40.

Lehrer SS (1971) Solute perturbation of protein fluorescence—quenching of tryptophyl fluo-
rescence of model compounds and of lysozyme by iodide ion. Biochemistry 10:3254-3263
Webber SE (1998) Polymer micelles: an example of self-assembling polymers. J Phys Chem B
1998(102):2618-2626

Luo LB, Eisenberg A (2001) Thermodynamic size control of block copolymer vesicles in
solution. Langmuir 17:6804—6811

Stépanek M, Prochdzka K (1999) Fluorometric studies of the polyelectrolyte shell of block
copolymer micelles in aqueous media. Langmuir 15:8800-8806

Kwon GS, Naito M, Yokoyama M, Okano T, Sakurai Y, Kakaoka K (1995) Physical entrap-
ment of adriamycin in AB block-copolymer micelles. Pharm Res 12:192-195

Fernandez MS, Fromherz P (1977) Lipoid pH indicators as probes of electrical potential and
polarity of micelles. J Phys Chem 81:1755-1761

Stépanek M, Prochdzka K, Brown W (2000) Time-dependent behavior of block polyelectro-
lyte micelles in aqueous media studied by potentiometric titrations, QELS and fluorometry.
Langmuir 16:2502-2507



Pyrene-Labeled Water-Soluble
Macromolecules as Fluorescent Mimics
of Associative Thickeners

Jean Duhamel

Contents

) 115 ¢ oY 11T 4 o) 218
2 Fluorescence Decay ANALYSiS ......oouuuueeieiiiitt i 221
3 Applications of the FBM and MFA ............. ..o 225
I o) s o3 ) 103 o1 249
) S (S 1<) 1161 P 250

Abstract The strong hydrophobicity of the chromophore pyrene combined with its
ability to form an excimer has led to its use as a fluorescent replacement of the
hydrophobes typically used in associative thickeners to prepare water-soluble poly-
mers (WSPs) labeled with a small number of pyrene pendants to yield pyrene-
labeled WSPs (Py-WSPs). Since the kinetics of excimer formation by diffusion are
coupled, the fluorescence decays of the pyrene monomer and excimer can be
analyzed globally to assess the fraction of pyrene labels that are isolated in solution
and form excimer by diffusion and the fraction (f,.,) of pyrenes that are
pre-associated and form excimer instantaneously upon direct absorption of a
photon. This review describes how new developments in the global analysis of
the fluorescence decays of the pyrene monomer and excimer of Py-WSP aqueous
solutions yield quantitative information about the associative strength f,,, of
Py-WSP. Most importantly for fluorescent mimics of associative thickeners,
the review describes the viscoelastic behavior of a series of pyrene-labeled
hydrophobically modified alkali swellable emulsion copolymers. Based on the
viscoelasticity results, Py-WSPs appear to be excellent fluorescent mimics of
non-fluorescent commercial associative thickeners, displaying similar behavior in
terms of massive shear thinning and increase in zero-shear viscosity with polymer
concentration. Consequently, the experiments described in this review provide a
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solid foundation for the characterization of the behavior of Py-WSP in aqueous
solution by both fluorescence and rheology measurements.

Keywords Pyrene aggregates and excimer ¢ Associative thickeners ¢ Fluorescence
Blob Model » Model free analysis ¢ Fluorescence ¢ Surfactants

1 Introduction

Over the past decades, amphiphilic macromolecules have found numerous industrial
applications as polymeric surfactants in personal care products, associative thick-
eners and colloidal stabilizers in paints, or shear-thinning agents for enhanced oil
recovery [1-9]. These amphiphilic macromolecules are typically water-soluble
polymers (WSPs) which have been hydrophobically modified with a small amount
of covalently attached hydrophobes to yield a hydrophobically modified WSP or
HMWSP. In aqueous solution, the hydrophobes of HMWSPs minimize their expo-
sure to water by self-assembling into hydrophobic aggregates which are stabilized
by the solvated WSP segments. The hydrophobic content, the nature of the WSP
whether it is neutral, ionic, pH-, or temperature-responsive, and the overall molec-
ular architecture of a HMWSP are all parameters whose balance determines whether
a HMWSP will undergo an open or close association mechanism. Among these
parameters, the hydrophobic content is critical in the design of a HMWSP since a
HMWSP with too large a hydrophobic content will precipitate in water before a
sufficiently large polymer concentration can be reached to induce interpolymeric
association while too low a hydrophobic content will fail to induce association.

There are three main families of commercially relevant associative thickeners
(AT) [10]. One main family of ATs comprises the hydrophobically modified
hydroxyethyl cellulose [11]. Hydrophobically modified ethoxylated urethanes or
HEURSs are obtained by condensation polymerization of short poly(ethylene glycol)s
(PEGs) and diisocyanates in the presence of long chain aliphatic alcohols (C;, or
greater) [12]. Consequently, HEURs are linear chains of PEG stitched together with
rigid diurethane segments terminated with aliphatic groups. Hydrophobically mod-
ified alkali swellable emulsion (HASE) copolymers are produced as a latex sus-
pension by copolymerizing under acidic pH methacrylic acid, ethyl acrylate, and
a macromonomer constituted of a PEG chain terminated at one end with a
hydrophobe and connected at the other end to a methylstyrene monomer via a
urethane bond [2]. Under the form of a latex, the HASE suspension has a very low
viscosity comparable to that of water. Under basic conditions however, the meth-
acrylate anions generated along the HASE backbone favor the solubilization of the
polymer which is associated with the breakup of the latex and the formation of a
polymeric network which thickens the solution dramatically.

Not only do HMWSPs self-assemble in water but their amphiphilic nature
enables them to also interact with small amphiphilic molecules such as surfactants
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and lipids and these associations induce particularly interesting solution properties
[13—16]. In the presence of the proper quantities of HMWSPs and surfactants, the
viscosity of the solution can increase by several orders of magnitude as the
surfactant enhances the ability of the HMWSPs to associate intermolecularly and
create an extended network in solution [13].

Because of their important industrial applications, the solution properties of
HMWSPs have been intensively studied. Numerous techniques have been used to
probe different aspects of the associative behavior of HMWSPs in water. Since
aqueous solutions of HMWSPs have remarkable viscoelastic properties, rheology
has been instrumental in characterizing these properties such as the distribution of
relaxation times of HMWSP solutions or the concentration of elastically active
junctions from G,, the plateau value of the storage modulus at high frequency
[9, 10, 15, 17]. Surprisingly considering the complex behavior of AT solutions,
HEUR aqueous solutions are characterized by a single relaxation time [9]. Surface
tension, conductivity measurements with surfactant-selective electrodes, and iso-
thermal calorimetry can detect the onset concentration (CAC) where associations
between surfactants and HMWSPs take place and the concentration C,,, where the
HMWSPs are saturated with surfactants and binding of surfactant onto HMWSPS
can no longer be detected upon further addition of surfactant [8, 18]. Dynamic Light
Scattering (DLS) yields the distribution of the hydrodynamic diameters (Dy,) of the
species present in solution, the small species with a Dy, of less than 10 nm
representing isolated HMWSPs with the larger species being aggregates of
HMWSPs. Since the LS signal is dominated by larger objects, isolated HMWSPs
are no longer detected by DLS at HMWSP concentrations sufficiently large to
generate a large population of aggregated HMWSPs [19]. The aggregation number
and diameter of the hydrophobic domains generated by the associations of
HMWSPs into polymeric micelles have been determined by time-resolved fluores-
cence experiments on free molecular pyrene physically bound to the micelles [20]
and small angle neutron scattering (SANS) [21], respectively. Together, these
techniques provide a means to characterize the fascinating properties of HMWSPs
in aqueous solutions in terms of their rheological behavior, dimension of the
hydrophobic microdomains generated by the hydrophobes, and concentration
regime where HMWSPs self-assemble into extended networks.

While the information retrieved from these techniques is highly relevant to
the study of HMWSPs, it is noticeable that the behavior of the hydrophobes,
which are themselves critical for the self-assembly of the HMWSPs in the first
place, cannot be probed easily by any of these techniques. Yet the level of
clustering of hydrophobes along a WSP chain [22-24], the molecular volume
occupied by the hydrophobe [25], or the spacer length separating the hydrophobes
from the main chain [26] have been shown to be important parameters that control
the associative behavior of HMWSPs in aqueous solution. There is much to learn on
how interactions between hydrophobes are affected at the molecular level by these
parameters, and in turn, how these hydrophobic interactions affect the associative
behavior of HMWSPs in solution. The primary requirement for a technique capable
of retrieving such information would be that it distinguishes whether the
hydrophobes are in one of two states, namely isolated or aggregated.
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The ability of pyrene, a hydrophobic fluorophore, to form an excimer upon
encounter between an excited and a ground-state pyrene monomer has made pyrene
the ideal candidate to probe the hydrophobic interactions taking place in aqueous
solutions of HMWSPs by replacing the hydrophobic pendants of HMWSPs by
pyrene derivatives and monitoring the extent of pyrene excimer formation by
fluorescence [27]. 1-Pyrenemethanol, 1-pyrenemethylamine, 1-pyreneacetic acid,
1-pyrenebutanol, 1-pyrenebutyric acid, and 1-pyrenebutylamine are examples of
commercially available derivatives of pyrene that can be used to label a WSP with
small amounts of pyrene to generate a pyrene-labeled WSP (Py-WSP) where
pyrene acts as the hydrophobic moiety of an equivalent non-fluorescent HMWSP.
The astounding photophysical properties of pyrene allow one to probe the local
environment surrounding a pyrene monomer by inferring its micropolarity from the
I,/15 ratio (the ratio of the fluorescence intensity of the first over the third peak in the
fluorescence spectrum of the pyrene monomer) of a I-pyrenemethoxy or
1-pyrenemethylamine derivative or its microviscosity from the magnitude of the
pyrene lifetime (7). Indeed, 7y for a WSP randomly labeled with
1-pyrenemethylamine typically ranges between ~120 and 150 ns in aerated water
but can be larger than 200 ns in a highly viscous hydrophobic environment that
shields pyrene from contact with oxygen dissolved in water [28]. Furthermore,
hydrophobically driven pyrene—pyrene interactions can be assessed from the I/l
ratio (the ratio of the fluorescence intensity of the pyrene excimer over that of the
monomer), the P, ratio (the peak to trough ratio of the pyrene absorption spec-
trum), comparison of the Pg and Py, ratios (the peak to trough ratio of the
fluorescence excitation spectra of the pyrene monomer and excimer, respectively),
and the magnitude of the Ag_/Ag, ratio (the ratio of the sum of the negative
pre-exponential factors over that of the positive pre-exponential factors obtained
from the multiexponential fit of the excimer decays). The relationship that exists
between these photophysical properties of pyrene and the associative behavior of
Py-WSPs in aqueous solutions is now well established and has been thoroughly
reviewed numerous times [27-30].

Despite the abundance of information retrieved about the behavior of the
hydrophobic pyrene labels of Py-WSPs by monitoring the parameters 1,/I3, 7y,
Ie/lm, Pa, Pg, Py, and Ag_/Ag, presented above, it is remarkable that all these
parameters provide only qualitative information about the behavior of the pyrene
labels. Considering the wealth of knowledge about the photophysical properties of
pyrene harnessed over the past five decades since the kinetics of pyrene excimer
formation were first handled by Birks [31], it might look somewhat surprising that
so little effort might have been devoted toward developing procedures aiming to
retrieve the molar fraction of aggregated pyrene, f,,,. Yet in terms of the charac-
terization of the hydrophobic interactions taking place between the pyrene labels of
a Py-WSP in water, f,., appears to represent a much more accurate description of
the extent of hydrophobic association compared to the ratios Ig/ly;, Pa, Pg, Pm, and
Ag_/Ag, discussed earlier which only offer qualitative information about what f,,.,
is likely to be. The main reason for the dearth of scientific reports on f,,, comes
from the complexity associated with the multiexponential analysis of the pyrene
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monomer and excimer fluorescence decays acquired with aqueous solutions of
Py-WSPs [32-34]. This complexity together with the knowledge that sums of
exponentials yield unreliable kinetic parameters in the analysis of fluorescence
decays [35] provided a grim outlook to the scientific community for tackling the
issue.

Over the past 15 years, the Fluorescence Blob Model (FBM) in 1999 [36] and the
Model Free Analysis (MFA) in 2005 [37] were introduced to, first, deal with the
distribution of excimer rate constants that led to the multiexponential character of
the fluorescence decays acquired with Py-WSPs and, second, provide a robust
analytical framework to analyze the monomer and excimer fluorescence decays
globally to yield reliable f,,, values. The aim of this chapter is to describe the
mathematic rationale underlying the application of the FBM and MFA to retrieve
fage from the decay analysis and present experimental examples describing the
implementation of these robust analytical tools.

2 Fluorescence Decay Analysis

In the vast majority of instances, the pyrene monomer fluorescence decays acquired
with aqueous solutions of Py-WSPs, particularly when the pyrene labels are
randomly incorporated into a WSP, are always multiexponential in nature. This
experimental observation is a consequence of the distribution of distances between
an excited pyrene and a ground-state pyrene or pyrene aggregate formed in water
that leads to a distribution of rate constants for excimer formation by diffusion [30—
32, 34]. Unfortunately, the analysis of multiexponential decays is notoriously
difficult to handle and unless the decay times resulting from the photophysical
processes are well resolved (i.e., separated by a factor of at least 2) as is the case for
pyrene end-labeled short alkyl oligomers, the parameters retrieved from a
triexponential fit should be considered with utmost caution [32]. Indeed early
reports [38, 39] on the analysis of the fluorescence decays of Py-WSP based on
the DMD model [40] or one of its variants introduced originally by Zachariasse to
deal with the multiexponential decays of pyrene end-labeled oligomers yielded sets
of parameters whose validity has been questioned [41].

The kinetic analysis of these multiexponential decays required a radical depar-
ture from the classic photophysical approach that attempted to assign a rate constant
representing a specific photophysical process to each decay time. Instead, it was
proposed that an excited pyrene label covalently attached onto a WSP would probe
a restricted volume in the solution [34]. This proposal came from the consideration
that the motion of an excited pyrene label is strongly hindered as it must drag the
polymer segment it is attached to in order to move through the crowded polymer
coil and that its ability to form an excimer is limited by the time it remains excited
since no excimer formation can take place upon encounter between two ground-
state pyrenes. The volume probed by the excited pyrene label was referred to as a
blob which could then be used to compartmentalize the polymeric ensemble of
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Scheme 1 Compartmentalization of a polymer coil into blobs among which the pyrene labels
distribute themselves randomly

associated Py-WSPs into a cluster of blobs among which ground-state (GS) pyrene
monomers and pyrene aggregates would distribute themselves randomly according
to a Poisson distribution as depicted in Scheme 1. Based on this proposal, the
kinetics of pyrene excimer formation could be handled in the following manner.
Inside a blob, diffusive backbone motions would bring a GS pyrene within striking
distance of an excited pyrene with a rate constant k.. The presence of two pyrene
labels within a short distance of each other, a distance also referred to as a capture
radius (Rc) [42—44], allows hydrophobic forces to drive the encounter between an
excited and a GS pyrene with a rate constant k, which has been found to be much
larger than ko [31, 32]. Any multiple i of GS pyrenes present in a blob results in a
rate constant for diffusive motions given by the product i X kpjop. GS pyrenes or
pyrene aggregates can diffuse in and out of a blob according to the product of the
exchange rate constant and the local concentration of blobs inside the polymeric
assembly, namely the product k. x [blob]. The kinetic analysis of the fluorescence
decays of the pyrene monomer and excimer yields kyjon, ke X [blOD], the average
number of GS pyrene monomers and pyrene aggregates per blob (n), k,, and the
molar fractions fyifr, firee> fr2, and fgo of the pyrene species Py, PYfe PYa, and
EO* that diffuse in solution with a rate constant ky;., do not form excimer, form
excimer with a rate constant k;, and form an excimer instantaneously upon direct
excitation, respectively. In many cases, a small contribution (fg;) of long-lived
dimers (EL*) has been found as a result of poorly stacked pyrene monomers
[45]. The parameter fgq, or the sum (fgo+fgr) if the EL* species is also present,
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could be taken as a measure of f,,,, the molar fraction of aggregated hydrophobes
for a HMWSP in aqueous solution. The hlob analogy applied to handle the complex
kinetics of pyrene excimer formation in polymers randomly labeled with pyrene,
including Py-WSPs in aqueous solution, has led this mathematical treatment to be
referred to as the Fluorescence Blob Model (FBM).

The first application of the FBM to determine f,,, for a series of poly(N,N-
dimethyl-acrylamide)s randomly labeled with different amounts of pyrene
(Py-PDMA) was conducted in the following manner [43]. First the fluorescence
decays of the pyrene monomer were fitted according to the FBM to yield kpjop, (1),
the product k. x [blob], and the fractions fyaitr and furee Of the pyrene species Py
and Py}, detected in the monomer decay. These early experiments were carried out
with a Photon Research Associate time-resolved fluorometer originally purchased
in the 1970s whose poor temporal resolution did not detect the too short-lived
pyrene species Py;,. The parameters retrieved from the FBM of the pyrene mono-
mer decays were then fixed for the analysis of the excimer fluorescence decays
which yielded the excimer lifetimes 7y, and 7g; and the molar fractions frqifr, fEro,
and fgg;, of the pyrene species Py}, EO*, and EL* found in the excimer decays.
The fractions fyairs, fmfrees JEdite> JEE0, and fggr. could then be combined to yield the
molar fractions fgifs, firee, fro» and fgr. representing all the pyrene species in the
solution. This first study constituted a proof of principle that the complex fluores-
cence decays of pyrene monomer and excimer acquired with aqueous solutions of
Py-PDMA could be analyzed in a quantitative manner to yield physically relevant
kinetic and structural parameters. It was found that fgo + /gL = fae increased with
increasing pyrene content and that f,,, decreased when increasing volumes of
acetone were added to the aqueous solutions of Py-PDMA. These results were
reasonable since higher pyrene contents would induce stronger pyrene aggregation
in water while increasing amounts of acetone mixed in water would reduce pyrene
association as acetone is a good solvent for pyrene. This protocol was applied to
probe the hydrophobic interactions of a series of pyrene-labeled hydrophobically
modified alkali swellable emulsion copolymers (Py-HASE) [46, 47].

This early success in the sequential analysis of complex fluorescence decays led
to the implementation of a program that would analyze globally the fluorescence
decays of the pyrene monomer and excimer of any Py-WSP according to the FBM
to yield kpjops ke X [blob], (n), ky, and the molar fractions fyr, firee> fr2» fE0» a0d fEL
[48]. In so doing, a complete description of a broad range of Py-WSP aggregates in
water could be obtained in terms of kinetic behavior with the rate constant ky,p, k>,
and k. X [blob] and structural composition with the molar fractions fjisr, frrees fx2s fE0»
and fg; . This global analysis was applied to monitor the interactions of Py-HASEs
with surfactants [49-51].

At about the same time, this laboratory got involved in the characterization of
other pyrene-labeled macromolecules such as pyrene-labeled lipids associating in a
membrane bilayer [52] or a 2K semi-telechelic poly(ethylene oxide) (Py;-PEO)
forming polymeric micelles in water [53] for which the notion of an excited pyrene
diffusing inside a blob might be more challenging to apply. While the FBM analysis
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of fluorescence decays acquired with such pyrene-labeled macromolecules might
be difficult to justify from a physical standpoint as the concept of blobs could not be
easily introduced to model pyrene excimer formation in these systems, the actual
parameters retrieved from the analyses based on the FBM were yielding quite
sensible trends. A smaller k., value would reflect slower diffusive motions within
a pyrene-labeled macromolecule, whereas an increase in fgo+fgr =/fage Would
indicate an increased level of association between the pyrene labels. These obser-
vations led to the realization that it should be possible to describe the diffusion-
controlled pyrene excimer formation without making any physical assumption on
this process while still retaining the ability to determine the molar fractions fj;ss,
firee> fE0, and fgr quantitatively. The implementation of the MFA was a result of
these considerations [35].

In the MFA, the monomer fluorescence decay is fitted with a sum of exponentials
whose pre-exponential factors a; and decay times 7; describe pyrene excimer
formation by diffusion. These same a; and 7; parameters obtained from the mono-
mer decay analysis were also fixed to the same values in the excimer decay analysis
and the monomer and excimer decays were fitted globally with this set of con-
straints. It is important to stress at this stage the importance of these constraints as
they are the key for retrieving reliable parameters that accurately describe the
kinetics of pyrene excimer formation in pyrene-labeled macromolecules. While
these constraints were readily built in the programs that used a FBM-based global
analysis of the monomer and excimer fluorescence decays so that the parameters
kblobs (1), and k. X [blob] could be retrieved from the global fit of both monomer
and excimer fluorescence decays, it was not so obvious from our earlier papers that
these constraints were also incorporated in the programs that used the MFA. Indeed,
global analysis of the pyrene monomer and excimer fluorescence decays had been
carried out earlier by many other research groups [36, 37, 54—56], and the equations
used for these fits shared many similarities with those used in the MFA. The crucial
distinction was that all previous analyses focused on the decay times used in the
exponentials that were kept the same in the monomer and excimer decay analysis
while omitting to consider the pre-exponential factors which were left free to float.
Imposing that the pre-exponential factors in the excimer decays be a function of the
monomer pre-exponential factors @; and decay times 7; reduced the number of
degrees of freedom and brought to the fore an unprecedented level of accuracy in
their recovery. In turn, this improved accuracy in the recovery of the
pre-exponential factors and decay times led to an accurate description of the
expected behavior of the Py-WSP aqueous solutions. Since this analysis did not
make any assumption on the process of pyrene excimer formation, it was referred to
as the Model Free Analysis or MFA. The MFA yielded the average rate constant of
pyrene excimer formation (k) found to equal Za,- / Z a;t; — 1/7y as well as the
molar fractions fyiss, frree> fr0, and fgr.. In any study where the monomer and excimer
fluorescence decays were fitted globally according to the FBM or MFA, identical
parameters were retrieved confirming that both analyses are internally consistent
and provide a robust analytical tool to describe pyrene excimer formation
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quantitatively [35, 39, 48, 49]. A number of selected examples of application of the
FBM and MFA to the characterization of pyrene-labeled water-soluble macromol-
ecules are presented hereafter.

3 Applications of the FBM and MFA

Molar Fractions of the Pyrene Species in Solution One of the main claims made by
this laboratory about fitting the monomer and excimer decays globally according to
the FBM and MFA is that these analyses yield a set of parameters that are
representative of the pyrene-labeled macromolecules being investigated. One
important experiment conducted toward validating this claim probed the self-
assembly of a pyrene-labeled Gemini surfactant in water [57]. The chemical
structure of the Gemini surfactant referred to as Py-3-12 considered is given in
Fig. la. Py-3-12 is constituted of two hydrophobic tails, namely a 1-pyrenehexyl
and a dodecyl hydrophobes connected by a propyl linker via two dimethyl-
ammonium cations. The self-assembly of Py-3-12 in water was monitored by
UV-Vis absorption and steady-state and time-resolved fluorescence as a function
of surfactant concentration. As the Py-3-12 concentration was increased from the
critical micellar concentration (CMC) of 0.22 mM to 0.6 mM, the P value of Py-3-
12 solutions was found to decrease from 1.8 to 1.6 suggesting strong hydrophobic
aggregation of the pyrene labels. Yet this conclusion based on the P, values was
contradicted by the Ag_/Ag, ratio of —0.70 £0.04 found from the excimer decay
analysis whose value suggested a low level of aggregation between the pyrene
pendants. In the end, the Ag_/Ag, ratios were found to properly describe the state of
the pyrene labels. The apparent broadening of the absorption spectra of Py-3-12 in

° lo .o 0.30
Bf /G;TL\/\/N\ Bf
0.25 1
P 4
’oﬁ.”q.”’h g ¥
020 - ® 0 o ‘4
N »
5 ™
£ o015 | .
—
Q0| ©
- '
S ois | @
§ ) .
0.00

0.0 0.2 0.4 0.6 0.8 1.0

A B) [Py-3-12] (mM)

Fig. 1 (a) Chemical structure of Py-3-12. (b) Plot of the concentration of unmicellized Py-3-12
surfactant [S¢] as a function of total Py-3-12 concentration. Fluorescence decays were acquired
with the front-face ( filled diamond) and right-angle (open square) geometry [55]. “Reprinted with
permission from Langmuir 2011, 27, 3361-3371. Copyright 2014 American Chemical Society”
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water as a function of surfactant concentration was a consequence of a 2 nm shift in
the absorption spectrum of 1-pyrenehexyl from 343 nm in water to 345 nm when
isolated in SDS micelles. As the Py-3-12 surfactant partitioned itself between water
and the micelles, the two absorption bands were observed in the Py-3-12 solution
resulting in an artificially broader absorption spectrum. Interestingly, the dodecyl
chains of the Py-3-12 surfactant provided sufficient oil content in the micelles to
solubilize the pyrene labels and minimize pyrene aggregation.

The monomer and excimer decays of the Py-3-12 solutions were acquired and fitted
globally according to the MFA. The restricted geometry experienced by the pyrene
labels in the Py-3-12 micelles led to the formation of two types of excimer, the
shorter- and longer-lived excimers E0* and EL* having a lifetime 7gq and 7g; above
the CMC of 31+2 and 59 £4 ns, respectively. MFA of the decays yielded the
molar fractions fg;, firees fE0> and fgr.. The fraction f.. decreased from 0.9 to 0.2 as
the Py-3-12 concentration was increased from 0.06 to 1.00 mM. These surfactant
concentrations were chosen to bracket the 0.22 mM CMC of Py-3-12. The level of
pyrene aggregation, fgo +fgL = fage, remained low and equal to 0.14 4= 0.03 over the
entire range of Py-3-12 concentration studied, as expected from the Ag_/Ag, ratios.
Most interestingly, multiplying fi.. by the concentration of Py-3-12 surfactant
yielded the concentration of free Py-3-12 surfactant in solution [S¢]. [S¢] increased
with increasing surfactant concentration up to 0.22 mM above which [S¢] remained
constant. This trend shown in Fig. 1 agrees perfectly with what would be expected
of a surfactant whose CMC was found to equal 0.22 mM by surface tension
measurements. This result strongly supports the notion that the global MFA of
the monomer and excimer fluorescence decays acquired with Py-3-12 in water
provides an accurate representation of the state of the pyrene labels. It was also the
first time that this well-known effect about surfactants was probed by using pyrene
excimer fluorescence. The average rate constant of pyrene excimer formation (k)
was found to equal 7.8 (£0.8) x 10® s7!. As it turns out, this rate constant is
comparable to that found in a fourth-generation pyrene end-labeled dendrimer
where the local pyrene concentration generated by 16 pyrene labels in the
dendrimers is very large [58], as large as that found in the Py-3-12 micelles.
While application of the MFA to the fluorescence decays of the Py-3-12 solu-
tions in water has provided the strongest evidence so far that this type of fluores-
cence decay analysis can accurately retrieve the molar fractions of the pyrene
species present in solution, other studies have provided further support that this is
indeed the case. The study with the poly(N,N-dimethylacrylamide) randomly
labeled with pyrene (Py-PDMA) has already been mentioned [43]. The pyrene
labels of Py-PDMA were strongly aggregated in water, with f,,, increasing with
increasing pyrene content. As acetone, an organic solvent that is miscible with
water and can dissolve pyrene, was added to the aqueous solution, f,,, decreased
continuously with increasing amount of acetone added to the solution. A similar
study where f,,, Was monitored as a function of the addition of an agent aiming to
reduce the hydrophobically driven aggregation of the pyrene labels of a Py-WSP
consisted in adding the surfactant sodium dodecyl sulfate (SDS) to a pH 9 aqueous



Pyrene-Labeled Water-Soluble Macromolecules as Fluorescent Mimics of. . . 227

solution of Py-HASE [35]. The pyrene content of the Py-HASE equaled
36 pmol g~ '. At pH 9, the methacrylate monomers were negatively charged
allowing complete dissolution of the polymer. At SDS concentration lower than
1.25 mM, most pyrene labels were aggregated and the global fit of the fluorescence
decays according to the FBM and MFA yielded an f,,, value of 0.70 & 0.05. Higher
SDS concentrations resulted in a marked decrease in 4, as the surfactant interacted
with the pyrene aggregates by forming mixed micelles of SDS and pyrene in a
process that isolated the pyrene labels.

In another example, known amounts of pyrene derivatives were purposely added
to two solutions containing two different pyrene-labeled macromolecules [59]. In
the first experiment, known amounts of a 2K semi-telechelic PEO chain labeled at
one end with pyrene (Py;-PEO(2K)) were introduced to a solution of a telechelic
2K PEO chain doubly end labeled with pyrene (Py,-PEO(2K)). In a second
experiment, 1-pyrenebutanol was added to solutions of a fourth-generation
dendrimer end labeled with 16 pyrenyl units (Py;4-G4). The pyrene derivatives
Py;-PEO(2K) and 1-pyrenebutanol were selected as they represent typical fluores-
cent impurities encountered in the study by fluorescence of a doubly end-labeled
PEO chain (Py,-PEO) or a pyrene end-labeled dendrimer (Py,4-G4). The overall
pyrene concentration was kept at 2.5 x 10~® M, low enough to ensure that excimer
formation would occur intramolecularly and that the pyrene derivatives that were
added to the pyrene-labeled macromolecules would not induce intermolecular
pyrene excimer formation. In each experiment, global MFA of the monomer and
excimer fluorescence decays yielded the fraction ff.. of pyrene labels that would
not form excimer. The recovered f;.. matched the value that was expected based on
the composition of the mixtures. As fq.. increased from 0.0 to 0.9 with increasing
amounts of pyrene derivative added to the solution of excimer-forming pyrene-
labeled macromolecules Py,-PEO(2K) and Py4-G4, the parameters describing
pyrene excimer formation remained unchanged since excimer formation within
the macromolecule was unaffected by the presence of the pyrene derivative.

Taken together, the experiments that were described above justified the claim
that global fits of the monomer and excimer fluorescence decays according to the
FBM and MFA provide a reliable means to determine the molar fractions of the
different pyrene species present in solution. Considering the variety of pyrene-
labeled macromolecules that have been synthesized to date, be they synthetic in
nature [27, 29-31] or from a biological origin like DNA [60, 61] or proteins [62],
the ability to characterize the nature of the pyrene labels, whether they form
excimer by diffusion (Pyj and Py;,), are isolated in the macromolecule and
cannot form excimer (Py},...), or are aggregated and form excimer instantaneously
upon absorption of a photon (EO0* and EL*), offers a new and reliable means to
probe these macromolecules at the molecular level. Examples of applications of
these new analytical tools to the characterization of Py-WSPs are presented
hereafter.

Associative Behavior of Py-HASE In 1997, the then Union Carbide company
provided this laboratory with about 1 L of three samples of Py-HASE latex with
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solid contents of about 30 wt% and having pyrene contents (1p,) determined in our
first publication as 11, 42, and 65 pmol g_1 [44]. These samples will be referred to
as Py(12)-HASE, Py(42)-HASE, and Py(65)-HASEG6S, respectively. Due to the
repeated precipitations conducted to recover the Py-HASE samples from the
emulsions, some variation in Ap, values was observed from batch to batch. Never-
theless, by providing such large quantities of Py-HASE samples, Union Carbide
enabled the implementation of an experiment rarely attempted with pyrene-labeled
macromolecules, namely the characterization of the viscoelastic properties of
associative thickeners whose hydrophobes had been replaced by pyrene labels.
The dearth of examples for such investigations in the scientific literature is rooted
in the large quantities of pyrene-labeled polymers that are required to conduct
rheology experiments. Low viscosity samples for which the bob and cup geometry
is necessary require gram quantities of Py-WSPs for each run. Compared to the
~50 mg quantities of pyrene-labeled sample typically prepared for fluorescence
measurements, the difference in the amount of polymer needed to be synthesized
for a rheology experiment is striking.

Supplied as a slightly acidic latex solution, the Py-HASE samples could be
dissolved in tetrahydrofuran (THF), an organic solvent that dissolves both polymer
and the pyrene labels [44]. The Py-HASE samples were also soluble in basic
aqueous solution at pH 9. In both THF and basic aqueous solutions, the Py-HASE
samples formed excimer with an /g/I\; ratio that increased with Ap,. But whereas the
pyrene excimer fluorescence decays exhibited a pronounced rise time in THF, this
rise time was practically absent from the Py-HASE samples in aqueous solutions
indicating that pyrene excimer formation was induced by direct excitation of pyrene
aggregates. Accordingly the Ag_/Ag, ratios observed for the excimer fluorescence
decays of the Py-HASE samples in THF took values that were always more
negative than —0.80, while their value was always more positive than —0.15 in
aqueous solutions. These observations were corroborated by the global FBM
analysis of the pyrene monomer and excimer fluorescence decays that yielded
similar fractions of aggregated pyrenyl pendants for Py(42)-HASE and Py(65)-
HASE found to equal 0.0540.01 and 0.58 £0.09 in THF and aqueous solution,
respectively. In the organic solvent, the pyrene labels are soluble and very little
aggregation is observed whereas water promotes hydrophobic associations of the
labels. Certainly the most intriguing result from this analysis was not the exact
value of f,,, but rather that f,,, was not equal to unity implying that a substantial
amount of hydrophobes in the Py-HASE samples were not aggregated, even at
Py-HASE concentrations as high as 10 g L™". This conclusion was confirmed later
on using Py-HASE concentrations of up to 50 g L™ [45]. This observation matters
as the determination of many parameters used to predict the behavior of HMWSPs
in solution, such as their aggregation number or junction density in a viscoelastic
gel, often assumes that all hydrophobes are involved in hydrophobic associations.
As our results demonstrated, this was certainly not the case for the Py-HASE
samples and f,,, values substantially different from unity have also been found
for other Py-WSPs such as a series of pyrene end-labeled poly(ethylene oxide)s
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used as fluorescent mimics of HEURSs [42]. Of course the discrepancy from unity
observed for f,,, obtained with the Py-HASEs could have been due to the poor
hydrophobicity of pyrene which might be insufficient to induce proper rheological
properties. To address this concern, the viscoelastic properties of the Py-HASE
aqueous solutions at pH 9 with 0.05 M KCIl were characterized by static and
dynamic rheology [45].

At the time where the rheology experiments with the Py-HASE samples were
conducted, the ability of pyrene to act as a decent hydrophobe for the synthesis of
associative thickeners had been demonstrated in a single example. In 1991, Richey
et al. had prepared a HEUR sample where the hydrophobes had been replaced with
1-pyrenebutanol [63]. The Py-HEUR sample exhibited the typical fluorescence
expected for a Py-WSP and its aqueous solution was found to have a large zero-
shear viscosity and undergo shear thinning, both typical properties of associative
thickeners in aqueous solution. These results suggested that pyrene induces hydro-
phobic associations strong enough to trigger the peculiar viscoelastic properties
expected from aqueous solutions of HEURSs. As for typical associative thickeners,
the dissolution of the Py-HASE samples in basic aqueous solution, particularly
those with a higher pyrene content, led to a rapid increase in solution viscosity with
increasing Py-HASE concentration. Furthermore, the more concentrated Py-HASE
solutions shear thinned, the solution viscosity decreasing by more than 4 orders of
magnitude in some cases. The rapid increase of the zero-shear viscosity (7,) with Py
(35)-HASE concentration was illustrated in Fig. 2, where 5, was plotted as a
function of Py(35)-HASE concentration. After a transitory concentration regime
above the overlap concentration of the Py-HASEs, 5, was found to scale as
[Py-HASE]* where the exponent a took values of 3.5+0.0, 8.0+0.3, and
12.8 0.4 for Py-HASE samples with Ap, values of 12, 35, and 48 pmol g At
a concentration of 45 g L™ ! the Py-HASE solutions had a viscosity of 61, 2730, and
6240 Pa s that increased with increasing pyrene content of 12, 35, and 48 ymol g~ ',
respectively.
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Compared with the massive increase in 7, observed with increasing polymer
concentration, the ratio I/l was found to increase to a much lesser extent. While
1, increased by seven orders of magnitude when the Py(35)-HASE concentration
was increased from 1 to 45 g L™", the I/l ratio increased by less than threefold.
Nevertheless, the increase in Ig/l; was noticeable and indicated that intermolecular
interactions occurred. Furthermore, it took place in the same concentration range
where 7, increased suggesting that the increase in intermolecular hydrophobic
association between the pyrene labels coincided with the increase in 7, an expected
result if it was due to the formation of an extended polymeric network between
Py-HASE molecules.

The increase of the I/l ratio shown with Py(35)-HASE concentration in Fig. 2
was also observed with the other Py-HASE sample and it could be used as a
measure of the ability of a given Py-HASE sample to generate intermolecular
interactions, and thus its ability to form a viscoelastic polymeric network. Interest-
ingly the increase in Ig/l\; with Py-HASE concentration, and thus the ability of a
Py-HASE sample to form a network, differed with the pyrene content of the
Py-HASE sample. The Py-HASE sample having a low pyrene content showed a
much more pronounced increase in Ig/ly; with polymer concentration than the
Py-HASE sample having a larger pyrene content. This result reflected the less
compact structure of the coil of a Py-HASE polymer sample with a low pyrene
content where the pyrene labels are more accessible to induce intermolecular
associations. A Py-HASE sample with a large pyrene content would be more
collapsed due to stronger intramolecular hydrophobic interactions resulting in a
weaker ability to form intermolecular interactions. The increasing collapsed nature
of the polymer coils observed for Py-HASE samples having increasing pyrene
contents was corroborated by intrinsic viscosity measurements whereby the [#]
value of the Py-HASE samples was found to decrease with increasing pyrene
content. This result was also confirmed by FBM analysis of the fluorescence decays
which indicated that f,,, increased with increasing pyrene content of Py-HASE
[44, 45].

The storage and loss moduli of the Py-HASE solutions were determined as a
function of frequency to estimate the terminal relaxation time of the network (Ty)
and the high-frequency plateau modulus (G,). In general, G, was found to decrease
with increasing pyrene content, reflecting the lesser ability of the Py-HASE with a
high pyrene content to form intermolecular elastically active chains. This result was
somewhat contradictory to the much larger zero-shear viscosity (,) observed for
the Py-HASE solutions prepared with polymers having a high pyrene content. This
apparent contradiction was resolved by noting that the increase in the terminal
relaxation time 74 with pyrene content was much more pronounced than the
decrease in G, with increasing pyrene content. Since #, was found to equal the
product T4 X G, the overall result was that T4 X G,, and thus 7, increased with
increasing pyrene content.

Together, the results obtained from the fluorescence and rheology experiments
led to the proposal that the peculiar viscoelastic behavior of Py-HASE could be
rationalized with the following interpretation depicted in Fig. 3. A Py-HASE
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Network made of tightly connected flexible units of Py—HASEs with low pyrene contents

Fig. 3 Schematic representation of a network made of Py — HASE circular units held by hydro-
phobic aggregates (double horizontal bands). The top and bottom panels represent Py — HASEs
having a low and high pyrene content, respectively [45]. “Reprinted with permission from J. Phys.
Chem. B 2005, 109, 17406-17416. Copyright 2014 American Chemical Society”

sample with a high pyrene content would generate closed clusters of several
Py-HASE chains that would be tightly connected into a rigid network held together
by numerous hydrophobic associations. These clusters would then be connected
with each other via a few elastically active hydrophobic aggregates, resulting in low
G, values. Under shear, the disruption of the few elastically active crosslinks
leading to the observed shear-thinning behavior would occur on a timescale dic-
tated by the slow relaxation time T4 of the rigid clusters. In the case of the Py-HASE
sample having a low pyrene content, this sample was found to generate fewer
hydrophobic associations suggesting the formation of less rigid clusters that would
be connected to each other by a larger number of elastically active crosslinks, thus
yielding larger G, values. In turn, the clusters being less rigid would result in
smaller Ty values.

In summary, the combination of rheology and pyrene fluorescence provided
detailed insights into the complex viscoelastic behavior of aqueous solutions of
Py-HASE. Most importantly, it demonstrated that the hydrophobicity of pyrene is
sufficient to endow a Py-WSP with a rheological behavior that closely mimics that
of the equivalent non-fluorescent HMWSP.

Interactions of Py-HASE with Surfactants When aqueous solutions are prepared
with a constant concentration of a HMWSP and increasing amounts of surfactant
are added to the HMWSP solution, the solution viscosity is found to undergo
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dramatic changes over a narrow range of surfactant concentration, the viscosity
typically passing through a maximum several orders of magnitude greater com-
pared to the viscosity of the HMWSP solution without surfactant [13, 15, 16]. Over
the years, two explanations have been proposed to rationalize this behavior. Both
revolve around the notion that since 7, equals the product T4 X G, an increase in 7,
with increasing surfactant concentration is due to either an increase of T4 and/or G,
The first explanation proposed that the addition of surfactant enhanced the net-
working ability of the HMWSP by creating mixed micelles composed of surfactant
molecules and hydrophobic pendants from the HMWSP [13]. The process increases
the solution viscosity until the optimum network is obtained and the viscosity
passes through a maximum before decreasing again as more surfactants encapsulate
the hydrophobes, isolating the HMWSPs and resulting in a breakdown of the
polymeric network. Following this line of thoughts, changes in viscosity would
then result from changes in the concentration of mixed micelles that incorporate the
hydrophobes of different chains of HMWSPs and constitute elastically active
junctions. These changes would be associated with changes in G, that would be
reflected in changes in 7, as experimentally observed. While this proposal was
intuitively logical, it was contradicted by a later study where the parameters Ty and
G, were measured for a HMWSP as a function of the concentration of surfactant
added [16]. It was found that with increasing surfactant concentration, G, remained
constant while T4 increased. This study led to a second proposal whereby addition
of a surfactant to a HMWSP solution did not change the concentration of elastically
active junctions, thus the constant G, value observed as a function of surfactant
concentration, but rather changed the terminal relaxation time of the polymeric
network, namely T4. The discrepancy between the two proposed rationals led to the
idea that experiments conducted with the Py-HASE samples and sodium dodecyl
sulfate (SDS) might shed some light onto the interactions that take place between
the hydrophobic pyrenes and SDS and how the pyrenes distribute themselves
among mixed micelles.

The interactions between Py-HASE and SDS could be easily recognized from
the changes observed in the fluorescence spectra as SDS was added to the Py-HASE
solution [35, 46-49]. For each aqueous solution prepared with a set Py-HASE
concentration, two regimes in SDS concentration could be identified. At low SDS
concentration, pyrene aggregates led to weak excimer emission resulting in low
I/l ratios. As the SDS concentration increased, SDS surfactants interacted with
the pyrene aggregates, releasing some pyrene monomers into the water phase, and
enabling some diffusion between the pyrene hydrophobes leading to more efficient
excimer formation and emission. As a result, the /g/l ratio began to increase. As
more SDS was added, excimer formation occurred principally by diffusive encoun-
ters between two pyrenes inside a mixed micelle and the I/l ratio passed through
a maximum corresponding to the highest concentration of pyrene pendants per
mixed micelles. Past this SDS concentration, further SDS addition reduced the
pyrene occupancy of the mixed micelles resulting in isolated pyrene monomers
along the HASE backbone that were encapsulated in SDS micelles and could no
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longer form excimer. Consequently, a plot of I/l as a function of SDS concen-
tration showed an increase in I/l with increasing SDS concentration followed by
a decrease in Ig/ly; as further SDS was added to the solution. This behavior is
illustrated in Figs. 4 and 5 for the 10 g L' Py(38)-HASE solution. Similar results
were obtained with the solutions acquired with five other Py(38)-HASE concentra-
tions of 0.01, 0.1, 1.0, 2.5, and 6.0 g L

Information about the polarity of the environment experienced by the pyrene
labels of the 10 g L' Py(38)-HASE solution was determined from the /,/I5 ratios.
The ratios I,/I5 of the fluorescence spectra shown in Fig. 4 were determined and
they were plotted in Fig. 5 as a function of SDS concentration. The I,/I5 ratio
remained constant at 1.59 + 0.01 with SDS concentration up to an SDS concentra-
tion of 2.3 mM before reaching a constant value of 1.27 +0.04 for SDS concen-
trations greater than 10.7 mM. These [,/I5 ratios agreed closely with those of a
model compound, namely a 2K PEO chain terminated at one end with a
1-pyrenemethoxy unit (Py;-PEO(2K)), that yielded an /,/I5 ratio of 1.69 +0.03
and 1.38 +-0.02 at low and high SDS concentration, respectively. The /,/I5 ratios
obtained for Py(38)-HASE were slightly lower than those obtained with Py,;-PEO
(2K) because the interior of the Py(38)-HASE coil contains some hydrophobic
stretches of ethyl acrylate which create a less polar environment for the
1-pyrenemethoxy pendants than that encountered with Py,;-PEO(2K).

Besides the polarity of the environment experienced by the pyrene monomer, the
level of pyrene aggregation could be inferred from the Ag_/Ag, ratios obtained from
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the multiexponential analysis of the excimer fluorescence decays. The Ag /Ag,
ratios were also plotted in Fig. 5. The Ag_/Ag, ratios took a small and constant
value equal to —0.16 =0.05 at low SDS concentration below 1.1 mM before
becoming much more negative and equal to —0.86 - 0.03 at high SDS concentra-
tions above 5.5 mM. These values obtained for the Ag_/Ag, ratios were clear
indication that the pyrene labels are aggregated at low SDS concentration but
form excimer via diffusive encounter between two unassociated pyrene monomers
at high SDS concentration. This behavior corresponds to what would be expected
from the associations between a surfactant and a HMWSP in aqueous solution.
While informative, the ratios I;/[z and Ag_/Ag, only provide a qualitative
description of how the pyrene hydrophobic labels of Py(38)-HASE behave in
aqueous solution. A much more accurate description is obtained by fitting globally
the monomer and excimer decays according to the FBM or the MFA. Such analysis
yields the molar fractions corresponding to the different states of the pyrene labels,
namely the fractions fiifr, firee, and f,,, Which have been described earlier. These
fractions were plotted as a function of SDS concentration in Fig. 6 for the 10 g L™
Py(38)-HASE solution. At low SDS concentration, f,., is the largest fraction and
equals 0.61 +0.05 reflecting the high level of aggregation of the hydrophobic
pyrene labels. SDS begins to interact with the pyrene aggregates at concentrations
lower than 1 mM which reduces f,,,. These interactions between SDS and the
pyrene aggregates result in the release of pyrene monomers into the water phase as
indicated by the increase in fge.. Past an SDS concentration of 1 mM, sufficient SDS
molecules are interacting with the pyrene hydrophobes to induce an increase in
pyrene excimer formation by diffusion and fy;¢ increases. The creation of mixed
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micelles composed of pyrene labels and SDS molecules generates hydrophobic
microdomains inside the Py(38)-HASE coil which results in the incorporation of
the pyrene monomer that had been expelled earlier into the water phase back into
the mixed micelles as indicated by the decrease in fi.. for SDS concentrations
greater than 2 mM. The concomitant increase in fyir and decrease in fp. that
occurred with increasing SDS concentration above 2 mM continued up to an SDS
concentration of 10 mM above which the trends inverted with fg;¢ decreasing and
firee Increasing with increasing SDS concentration. In this high SDS concentration
regime, the pyrene labels are isolated inside mixed micelles that are mostly
composed of one pyrene label and several SDS molecules. The trends shown in
Fig. 6 for the molar fractions fgigr, firee» and f,q, are reasonable and, to this day, they
provide the most quantitative description currently available on the interactions
taking place between the hydrophobes of a HMWSP and a surfactant.

In Fig. 6, fyirr peaks at an SDS concentration of 10 mM, close to the SDS
concentration of 8.5 mM where the Ig/ly; ratio passes through its maximum in
Fig. 5. Furthermore, FBM analysis of the fluorescence decays indicates that the
pyrene labels of Py(38)-HASE are aggregated at low SDS concentration (high f,.,
value in Fig. 6) which is also the concentration regime where the I/l ratio takes its
lowest value. These trends suggested that the formation of excimer by diffusive
encounters between two pyrene monomers led to stronger excimer emission and,
thus, a larger I/l ratio than the emission resulting from an excimer formed by the
direct excitation of a pyrene aggregate. This observation agreed with earlier reports
that suggested that pyrene aggregates formed by Py-WSPs in aqueous solution lead
to weaker excimer emission upon direct excitation than pyrene monomers forming
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excimer by diffusive encounters. In the case of Py(38)-HASE, the ability of the
FBM analysis to recover the molar fractions of pyrene species that emit as isolated
monomers or pyrene aggregates led to the conclusion that the fluorescence quantum
yield of the excimer formed by diffusive encounters between the pyrene labels of
Py(38)-HASE is 4.5 times larger than that of the pyrene aggregates [47]. This result
rationalizes why the Py(38)-HASE aqueous solutions yield low Ig/Iy; values at low
SDS concentration where excimer is formed principally through direct excitation of
weakly emitting pyrene aggregates but high when enough SDS is added to the
solution to ensure pyrene excimer formation by diffusion inside the mixed micelles.

Having characterized at the molecular level the associative strength f,,, of a
Py-HASE sample as SDS was added to the solution, the zero-shear viscosity (1,) of
a 6 g L' Py(38)-HASE solution was measured with an Ubbelohde viscometer as
increasing amounts of SDS were added to the solution. Figure 7 shows a plot of 7,
and I/l as a function of SDS concentration. The trends obtained for 7, and Ig/Iy
were quite similar, both passing through a pronounced maximum in the same range
of SDS concentrations, at an SDS concentration of 7.1 mM for the Ig/l; ratio and
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10 mM for #,. However, it was noticeable that both trends were shifted relative to
each other.

The origin of this shift could be traced back to the pyrene occupancy in the
mixed micelles. An optimal network would be theoretically expected to have on
average two hydrophobes of a HMWSP per elastically active junction. As it turns
out, the average number of pyrenes per junction could be determined experimen-
tally from the global fit of the monomer and excimer fluorescence decays according
to the FBM. Indeed, the nature of the blob was expected to change as a function of
SDS concentration. At low SDS concentration, a blob corresponds to the volume
probed by an excited pyrene within the Py(38)-HASE coil, but as more SDS is
added and mixed micelles form, the motion of an excited pyrene is now restricted to
the volume of a mixed micelle. Consequently, the undefined blobs used by the FBM
at low SDS concentration are being replaced by the more concrete mixed micelles
at high SDS concentration. At high SDS concentration, the pyrene labels distributed
themselves among the mixed micelles according to a Poisson distribution so that the
average number of pyrenes per mixed micelle (n) retrieved from the FBM analysis
was equivalent to the average number of hydrophobes per hydrophobic junction.
For this equivalence to fully apply however, excimer formation needed to occur by
diffusive encounters between pyrene labels which corresponded to SDS concentra-
tions greater than 7.1 mM where the 6 g L™' Py(38)-HASE solution yielded its
maximum /g/l; ratio. A plot of (n) as a function of SDS concentration is shown in
Fig. 7. As more SDS was added to the solution, (n) decreased continuously
reflecting the dilution of the pyrene labels among an increasing number of mixed
micelles. At the SDS concentration of 7.1 mM where I/l peaked, (n) took a value
of 2.5 which decreased to 2.0 at the SDS concentration of 10 mM where 7, took its
maximum value. Thus, the SDS concentration at the maximum in /g/ly; corresponds
to a situation where excimer formation by diffusion is enhanced by a high local
pyrene concentration inside the mixed micelles resulting in a large pyrene occu-
pancy (n) of 2.5. As more SDS was added to the solution, the pyrene labels
distributed themselves into the increased population of mixed micelles until the
pyrene occupancy equaled 2.0. As expected, an average number of two
hydrophobes per elastically active junction should yield an optimal polymeric
network resulting in a large 7, value. As experimentally observed in Fig. 7, n,
followed closely the behavior of (n), passing through a maximum for an (n) value
of 2.0 corresponding to an optimally arranged polymeric network.

The close correlation found for Py(38)-HASE between the value of (n) and 7,
[48], 17, passing through a maximum for an (n) value of 2, was recently confirmed in
another study that monitored the interactions between SDS and a Py-HASE sample
having a pyrene content of 12 pmol g~ ' [49]. Due to its lower pyrene content, Py
(12)-HASE had been found to generate more intermolecular associations compared
to the Py(38)-HASE sample [45]. The molar fractions of the pyrene species in
solution determined by fitting the monomer and excimer decays globally according
to both the FBM and MFA resulted in trends as a function of SDS concentration
that were similar to those obtained for Py(38)-HASE in Fig. 6. More interestingly,
the fluorescence experiments with Py(12)-HASE were repeated at polymer
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concentration of 57 g L™ where the zero-shear solution viscosity increased 20 folds
from 200 Pa s with no SDS to 4000 Pa s with an SDS concentration of 11.1 mM.
Larger SDS concentrations led to a precipitous decrease in 7, [49]. The large
viscosities obtained with the 57 g L' Py(12)-HASE solution could be monitored
as a function of shear rate with a rheometer. Figure 8 indicates that all Py(12)-
HASE solutions showed a small Newtonian regime at low shear rate before
undergoing clear shear-thinning behavior at high shear rate. As observed in
Fig. 7, global fluorescence decay analysis based on the FBM showed that at the
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SDS concentration of 11.1 mM where 7, passed through a maximum, (n) took a
value of 2.0 suggesting again that the maximum 7, value was obtained when the
hydrophobes of a HMWSP would distribute themselves among the mixed micelles
to generate an optimal polymeric network.

The correlation found between 7, and (n) suggests that since (n) represents the
average number of hydrophobes per mixed micelle, it might be related to the
density (v) of elastically active junctions provided by G, = vkgT. The fluorescence
data indicated that the pyrene hydrophobes were not much aggregated for Py(12)-
HASE at SDS concentrations greater than 8.5 mM. In this SDS concentration range,
the concentration of elastically active junctions can be expected to equal the
concentration of mixed micelles that result in interpolymeric elastic bridges. This
concentration of mixed micelles is referred to as [Mic](inter) and it acknowledges
the fact that the mixed micelles can host hydrophobes from a same or different Py
(12)-HASE molecules. Only those mixed micelles hosting hydrophobes from
different Py(12)-HASE molecules yield elastically active junctions. An expression
of the concentration [Mic](inter) is given in Eq. (1).

(Mic](inter) = v = [1 — exp(—(n)) — (n)exp(—{n)] x % < fan(nter) (1)

The first term in Eq. (1) represents the probability of having two or more pyrenes
per mixed micelle having an average occupancy of (n), [Py] is the pyrene concen-
tration in the Py(12)-HASE solution, and fy;s(inter) is the fraction of pyrene labels
that form excimer intermolecularly. The fraction fy(inter) is obtained by
subtracting fy;s(intra) obtained at high SDS concentration from the value of fg;s
obtained experimentally from the FBM analysis of the fluorescence decays. A plot
of v as a function of SDS concentration is shown in Fig. 9 for the solutions of Py
(12)-HASE and SDS. For SDS concentrations greater than 10 mM where the pyrene
labels are no longer aggregated due to the presence of SDS, the decrease in 7, with
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increasing SDS concentration is nicely correlated with the decrease in the density of
elastically active junctions. The agreement between v and 7, is poorer for SDS
concentrations smaller than 10 mM due to the presence of a larger number of pyrene
aggregates that are not accounted for by Eq. (1).

The viscosity profiles shown as a function of shear rate in Fig. 8 were used to
estimate the relaxation time of the polymeric network (z;) by taking the inverse of
the shear rate corresponding to the intercept between the Newtonian regime at low
shear rates and the shear-thinning behavior at higher shear rates. A plot of 7, as a
function of SDS concentration is shown in Fig. 10. The same behavior as that of 7,
shown in Fig. 9 was observed where 7, passes through a maximum at an SDS
concentration of 11.1 mM. These results suggest that both G, (=vkgT) and z, pass
through a maximum with increasing SDS concentration and that at SDS concen-
trations lower than 11.1 mM, the addition of SDS contributes to enhancing the
number of elastically active junctions and slowing down the relaxation of the
network, while at SDS concentrations larger than 11.1 mM, an increase in SDS
concentration leads to the isolation of pyrene hydrophobes inside mixed micelles
containing one pyrene and several SDS molecules resulting in the precipitous
decrease of v.

The obvious disruption in the polymeric network illustrated by the massive
shear-thinning behavior of the Py(12)-HASE solutions observed in Fig. 8 suggested
that fluorescence should be able to probe the rearrangement of the hydrophobes
between inter- and intramolecular associations at low and high shear rates, respec-
tively. To this end, an optical interface using optical fibers was installed between
the rheometer and the spectrofluorometer allowing the acquisition of fluorescence
spectra of the solutions prepared with 57 g L™' Py(12)-HASE and different SDS
concentrations while being sheared at different shear rates. Figure 11 shows the
fluorescence spectra of a 57 g L™ Py(12)-HASE solution containing 11.1 mM SDS
acquired at shear rates of 0, 0.005, 0.05, 1, 10, and 500 s ! corresponding to
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American Chemical Society”

solution viscosity equal to 4000, 411, 69, 7.5, 2.0, and 0.6 Pa s (see Fig. 8b).
Although the solution viscosity decreased by close to 4 orders of magnitude over
this range of shear rates, the fluorescence spectra of the Py(12)-HASE solutions
overlapped perfectly regardless of shear rate. The same observation was made at
SDS concentrations of 0.1, 6, 11.1, and 17 mM which flanked both sides of the zero-
shear viscosity maximum in Fig. 9.

These clear-cut results led to the conclusion that the equilibrium that exists
between isolated and aggregated hydrophobes is not affected by shear so that the
same fractions of isolated and aggregated pyrenes are found in solution regardless
of the massive decrease in viscosity induced by shear. Shear thinning of a polymeric
network of associative thickeners is believed to reflect a rearrangement of the
hydrophobes whose association into hydrophobic aggregates undergoes a switch
from an open to a close association mechanism. The open association mechanism
yields more intermolecular interactions that increase the concentration v of elasti-
cally active junctions and results in a high solution viscosity, but as shear is applied
to the solution, the polymeric network is disrupted which results in the formation of
hydrophobic aggregates within a same polymer molecule, reduces v, and thus the
solution viscosity. However, this rearrangement of the hydrophobes with its dra-
matic effect on the ability of an AT solution to shear thin does not affect the
equilibrium between isolated and aggregated hydrophobes as demonstrated by the
perfect overlap of the fluorescence spectra in Fig. 11 acquired with a 57 g L™' Py
(12)-HASE solution containing 11.1 mM SDS.

Together, these studies conducted on a series of Py-HASE samples that used a
combination of fluorescence and rheology to probe the behavior of aqueous solu-
tions of Py-HASE at, respectively, the molecular and macroscopic levels provide to
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date the most detailed description of the behavior of the hydrophobes of a com-
mercially available AT and how they affect the balance between intra- and
intermolecular hydrophobic associations.

Associative Behavior of Pyrene Singly (Py;-PEO) and Doubly (Py,-PEO)
End-Labeled PEOs Due to their similarity to HEURs, namely a stretch of linear
PEO terminated at both ends with a hydrophobe, the hydrophobic associations
induced by pyrene doubly labeled PEOs have been under scientific scrutiny for
more than three decades. In 1982, Winnik reported that an aqueous solution of a
9.6K PEO chain end capped with 1-pyrenebutyric acid yielded an unexpectedly
high Ig/I\; ratio compared to the value obtained in 10 organic solvents [64]. This
result represented a solid evidence that hydrophobic associations were taking place
in water between the hydrophobic pyrene labels of Py,-PEO(9.6K). The demon-
stration that pyrene excimer fluorescence reflected the level of hydrophobic asso-
ciations between the pyrene labels of Py,-PEO led to further and more detailed
investigations.

Shortly after this early study by Winnik, the hydrophobic interactions between
the pyrene labels of Py,-PEO in water were investigated by Frank and Gast as a
function of PEO molecular weight and the capture radius (Rc) describing the
distance over which hydrophobic interactions extend their reach was determined
to equal 20 A [40]. A 20 A R value implies that two pyrene molecules separated by
less than 2 x Rc =40 A will diffuse rapidly toward each other to form a pyrene
aggregate. The Rc value was determined from careful analysis of the fluorescence
spectra acquired with a series of Py,-PEO samples with an M|, value of 4.8, 9.2, and
11.2K. The interactions of Py,-PEO with the hydrophilic and hydrophobic surface
of, respectively, silica [65] and polystyrene latex [66] particles were also investi-
gated by taking advantage of the changes in the I/l ratio that were observed as the
Py,-PEO samples interacted with the particles. The changes in the Ig/I\ ratio of
Py,-PEO [67] and Py,-PEO(8K) [68] were also monitored in the presence of
surfactant. As micelles formed in solution, they generated hydrophobic
microdomains that were targeted by the hydrophobic pyrene labels and where
they formed excimer effectively. In the case of the Py,-PEO(8K) sample which
was labeled with 1-pyrenemethanol, the location of the 1-pyrenemethoxy probe,
whether in water or inside a micelle, could be inferred from its /,/I5 ratio [66].

While all these studies recognized the existence of pyrene aggregates in water,
none actually determined the fraction of aggregated pyrene ( f,go). Only in 1992 was
a first protocol introduced that used the difference in fluorescence quenching
experienced by a pyrene monomer and a pyrene aggregate to determine f,,, for a
Py,-PEO(9.6K) sample [69]. This study established that only 7 % of the Py,-PEO
(9.6K) chains were forming pyrene aggregates, which translated into an f,,, value
of 0.07 since each chain of Py,-PEO(9.6K) bore two pyrene labels. Considering the
many rheological studies conducted on Py-WSPs that showed that the hydropho-
bicity of pyrene is sufficient to confer a strong associative character to a Py-WSP in
aqueous solution [45, 49, 61], the fact that only 7 % of all pyrene labels were
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forming pyrene aggregates for Py,-PEO(9.6K) was a bit surprising. Certainly, the
long PEO segments of Py,-PEO(9.6K) helped solubilize isolated pyrene monomers
in water.

The first global analysis of the monomer and excimer fluorescence decays of a
series of Py,-PEO samples was conducted in 1998 [43]. The Py,-PEO samples were
constituted of a Py,-PEO(3.8K) core flanked with two PEO overhangs of different
sizes on both sides and were graciously supplied by M.A. Winnik. Only the
polymer constructs with overhangs of 12, 17, and 47 ethylene oxide units were
considered as they formed excimer intramolecularly at the polymer concentration
used in the fluorescence experiments. The constructs having 2 or no ethylene oxide
overhang were too hydrophobic and they aggregated intermolecularly even at
polymer concentration as low as 3.8 mg L™, 1-Pyrenebutanol was used to label
the Py,-PEO(3.8K) constructs. The kinetic analysis of the decays followed closely
the notion of capture radius (R¢) first introduced by Frank and Gast [40]. At the low
polymer concentrations used in this study where pyrene excimer formation
occurred solely intramolecularly, the kinetic analysis assumed that excimer forma-
tion occurred in a sequential manner, the pyrene labels being brought within a
distance 2 X Rc by diffusion with a rate constant k; before undergoing a rapid
rearrangement subject to hydrophobic forces with a rate constant k,. This kinetic
analysis referred to as the sequential model (SM) represented a simplification of the
FBM as the diffusion of the pyrene labels could be handled with a single rate
constant compared to the distribution of rate constants required by the FBM. As the
size of the overhang decreased, k; increased as diffusion was made easier with the
smaller overhang. The fraction f,,, increased from 0.4 to 0.6 as the size of the
overhang decreased.

The kinetics of excimer formation were also investigated for a Py,-PEO(9.6K)
sample in water, different organic solvents, and their mixture with water [54]. The
pyrene monomer and excimer decays could be fitted globally with three exponen-
tials using free-floating pre-exponential factors. Unfortunately, the natural lifetime
of the unquenched pyrene monomer was estimated from that of 1-methylpyrene
which is not an ideal model compound due to its ~30 ns shorter lifetime compared
to that of the 1-pyrenemethoxy labels used for the Py,-PEO(9.6K) construct
[70]. Thus, the kinetic parameters retrieved from this analysis were expected to
be somewhat off. Also no final results were provided from the analysis of the
fluorescence decays acquired with Py,-PEO(9.6K) solutions in water suggesting
that the analysis did not yield reasonable parameters.

The SM was also applied to analyze globally the monomer and excimer fluo-
rescence decays acquired with a series of Py,-PEO(M,,) constructs with M|, values
equal to 2, 5, 10, and 16.5K and prepared with 1-pyrenemethanol [42]. Solutions of
Py,-PEO(2K) and Py,-PEO(5K) were insoluble in water at polymer concentrations
greater than 2 x 107> and 2 x 10~* M, respectively, due to the greater hydropho-
bicity of these two samples. Regardless of the Py,-PEO construct having an M,
greater than 2K, excimer formation occurred solely intramolecularly at concentra-
tions lower than Cp =4 x 107> M, but it took place intra- and intermolecularly at
larger concentrations. In other words, the boundary between the regimes where
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and (b) rate constants of ky; ( filled diamond) and k ( filled square) as a function of PEO molecular

weight for the Py,-PEO(M,,) constructs in water [42]. “Reprinted with permission from Langmuir
2013, 29, 2821-2834. Copyright 2014 American Chemical Society”
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excimer was formed intra- and intermolecularly was dictated by the pyrene con-
centration and not the length of the PEO segment of the Py,-PEO constructs
investigated.

The SM model was expanded to include the possibility of having intermolecular
excimer formation so that the kinetics of excimer formation could be analyzed
above and below the critical concentration of 4 x 10~> M. The SM global analysis
of the fluorescence decays showed that below Cp =4 x 107> M, faife increased and
fage decreased with increasing PEO length as the longer PEO chain was capable of
better solvating the hydrophobic pyrene label in water. For Py,-PEO(2K), f,co
equaled 0.96 and most pyrene labels were aggregated. Above Cp=4 x 107> M,
Jaiee decreased and f,,, increased with increasing polymer concentration indicating
stronger hydrophobic association between the pyrene labels. The rate constant k;,
for intermolecular diffusive encounters increased also with increasing polymer
concentration in this concentration regime, a consequence of intermolecular
excimer formation. The rate constant k;; for intramolecular diffusive encounters
decreased steeply with increasing PEO chain length and was always much smaller
than k, found to equal 7.3 (£0.5) x 107 s~ atall polymer concentrations and for all
Py,-PEO constructs. These trends have been summarized in Fig. 12a, b that plot,
respectively, the fractions of the pyrene species and the rate constants as a function
of M, for the different polymer constructs.

Finally, f,,s Which was determined in a direct manner via the SM analysis could
be used to determine Rc which had been found to equal 2.0 nm by Frank and Gast
[40]. Using a similar analysis based on the renormalization of the Gaussian distri-
bution of the end-to-end distances of the Py,-PEO constructs to account for the
hydrophobic interactions taking place over a distance 2 X Rc between the two
pyrene hydrophobes, an Rc value of 2.1 + 0.2 nm was recovered in perfect agree-
ment with the value obtained by Frank and Gast.
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In summary, the SM model which is a simplification of the FBM formalism was
successfully applied to globally fit the monomer and excimer decays of different
types of Py,-PEO constructs [42, 68]. The analysis provided the fractions of all the
pyrene species present in solution and the rate constants for the processes leading to
pyrene excimer formation. The information retrieved from this kinetic analysis
could then be used to describe in a quantitative manner the behavior of these
HMWSPs in water.

Molar Extinction Coefficient of Pyrene Aggregates The presence of pyrene aggre-
gates is known to induce a broadening of the pyrene absorption spectrum [27, 29,
31]. While amply documented in the literature, this effect which suggests that the
absorption spectrum of a pyrene aggregate differs substantially from that of a
pyrene monomer had never led to the determination of the spectrum of the molar
absorbance coefficient of pyrene aggregates in water. The reason for this state of
affair is that the vast majority of Py-WSPs are prepared with more than one pyrene
label per chain so that pyrene aggregates are always present in solution, even at
extremely low Py-WSP concentration since pyrene aggregates will still form
intramolecularly. Consequently, it becomes impossible to isolate the absorption
spectrum of a pyrene monomer covalently attached to the polymer from that of the
pyrene aggregates by diluting the Py-WSP solution since a Py-WSP always con-
tains a mixture of isolated pyrene monomers and pyrene aggregates. As a result, the
typical procedure that consists in monitoring the absorption spectrum of a mixture
of two compounds A and B capable of forming a complex AB as a function of the
concentration of A to drive the equilibrium to the complex is ineffective in the case
of Py-WSPs where the absorption spectrum does not change much with Py-WSP
concentration. This observation is illustrated in Fig. 13 that shows the absorption
spectrum of a poly(N,N-dimethylacrylamide) randomly labeled with 645 pmol of
1-pyrenemethylamine per gram of polymer (Py(645)-PDMA) which showed hardly
any change in its spectral features over a range of polymer concentrations spanning
three orders of magnitude [71].

As it turns out, time-resolved fluorescence can be used to circumvent this
complication. Fluorescence decays of the pyrene monomer and excimer of aqueous
solutions of Py-PDMA samples were acquired with a 1 nm slit width on the
excitation monochromator of the time-resolved fluorometer as a function of the
excitation wavelength which was changed by 1 nm increments. Global FBM
analysis of the monomer and excimer decays yielded the fractions fj;(4), firee(4),
fro(D), feo(d), and fr1 (4) as a function of wavelength. Since the pyrene aggregates
absorb light more effectively at higher wavelengths compared to the pyrene mono-
mer, the fractions fyir(1), firee(A), fr2(4), fro(4), and fg1 (1) were found to fluctuate as
a function of wavelength, which they ought not to do if they were absolute molar
fractions. This was illustrated by plotting fy(4) = fairr(4) + frree(4) +f12(4) which
represents the contribution of the different pyrene monomer species to the fluores-
cence decays as a function of excitation wavelength in Fig. 14.

In fact, the fractions fgis(1), firee(d), fro(d), fEo(4), and fgr(4) obtained from
the analysis of the fluorescence decays are a function of the real molar fractions
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I MMM, and /M that are independent of the excitation wavelength (4ey) as
well as the molar absorbance coefficients of the pyrene monomer (gy(1)) and
pyrene aggregates (ego(4)). If the molar absorbance coefficients ey(1) and egy(4)
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were equal, the fractions fyig(4), free(4)s fio(A), fEo(4), and fg (4) would remain
constant with ., and equal /3., fM 4, M, and fM . The fact that fiis(A), frree(4),
fo(A), feo(A), and fg1 (1) did not remain constant with 4., was a clear indication that
em(4) and ego(4) are not equal, as suggested by a solid body of experimental
evidence [27, 29, 30], and that a detailed analysis of the fractions fy;r(4), frree(4),
Jro(A), feo(d), and fgr (4) might yield a quantitative measure of egg(4).

To this end, relationships were established between the four fractions fy;(4),
firee(A), fia(4), and fro(4) (feL(4) is redundant since it equals 1 — f4ier(4) — frree(4) —
fo() — feo(4)) obtained at each excitation wavelength and the parameters fg’i'ff, f?fee,
koz, f%, em(4), and egg(4). Thus, these relationships yielded four independent
equations that depended on six variables. The molar absorbance coefficient of the
pyrene monomer in water ey;(4) was determined by preparing a Py-PDMA sample
with a very low pyrene content of 6 pmol g~' (Py(6)-PDMA). Py(6)-PDMA
generated a minimum level of pyrene aggregation which allowed the determination
of epm(4) from the absorption spectrum. Equating the absorbance of an aqueous
solution of a Py-PDMA sample determined experimentally to the concentrations of
pyrene species present in solution provided a fifth equation that enabled the
determination of the molar fractions fY, fM., /23, . and most importantly,
€go(4), the molar absorbance coefficient of a pyrene aggregate.

Figure 14 shows how strongly the fraction fy(1) = fgier(4) + firee(4) + fr2(1) undu-
lates as a function of A., and how these undulations were reduced for the molar
fraction /M = £\ + /M. + /M retrieved from the analysis. These experiments were
carried out for Py-PDMA samples having a pyrene content of 263, 479, and
645 pmol g~ ' and at polymer concentrations of 30 g L™' for Py(263)-PDMA,
0.1,0.7,and 30 g L~ ! for Py(479)-PDMA, and 1 and 30 g L~ ! for Py(645)-PDMA
representing a total of 6 different polymer solutions.

Together 150 monomer fluorescence decays and 150 excimer fluorescence
decays were acquired and fitted globally according to the FBM to yield six sets of
fractions fgir(1), firee(d), fio(A), feo(4), and fg1 (1) for each polymer solution. The
procedure described above was applied to these six sets of fuir(4), frree(d)s fi2(1),
feo(4), and fg1 (1) values which varied with the pyrene content and polymer con-
centration of the Py-PDMA samples. However, the procedure accounted success-
fully for these variations yielding a tight set of ego(4) values for a range of A
between 325 and 350 nm with 1 nm increments (Fig. 15). This study provided the
first spectrum of the molar absorbance coefficient egy(4) of pyrene aggregates in
water. The P, value obtained from the egy(4) spectrum equaled 1.5 0.1, much
lower than the P, value of 2.5 found for the isolated pyrene monomers of Py(6)-
PDMA.

This success led us to determine the egg(4) spectrum of pyrene aggregates
formed by another Py-WSP, namely Py;-PEO(2.5K) in water [72]. Since Py;-
PEO(2.5K) is known to form micelles in water, excimer formation took place
through diffusive encounters between solvated Py;-PEO(2.5K) chains and
Py,PEO(2.5K) micelles, rapid rearrangement of the pyrene moieties inside a
micelle, or direct excitation of pyrene aggregates. In other words, the pyrene labels
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Fig. 15 Molar absorption coefficient of the pyrene monomer (ep(4), solid line) and pyrene
aggregates (ego(4)) for Py(263)-PDMA with a concentration of 4.8 g L' (open triangle), Py
(479)-PDMA with a concentration of 0.01 g L! (open square), 0.08 g Lt (open diamond), and
1.8 g L™ (filled triangle), and Py(645)-PDMA with a concentration of 0.09 g L™" ( filled square)
and2.2 g L! (filled diamond) [69]. “Reprinted with permission from J. Phys. Chem. B 2008, 112,
15301-15312. Copyright 2014 American Chemical Society”

did not distribute themselves according to a Poisson distribution in the solution as
they did with the randomly labeled Py-PDMA samples. Consequently, the FBM
which had been instrumental in the determination of the egg(4) spectrum for
Py-PDMA solutions could not be applied to study pyrene excimer formation in
Py;-PEO(2.5K) aqueous solutions. Instead the MFA was employed to fit globally
the monomer and excimer fluorescence decays acquired as a function of ., for
three aqueous solutions of Py;-PEO(2.5K) with polymer concentrations of 5, 10,
and 13 mM. In this study, 75 monomer decays and 75 excimer decays were
acquired and fitted globally according to the MFA.

The fluorescence decays analysis yielded three sets of fuis(4), frree(4), fio(4),
Jfeo(4), and fgr (1) values that were processed according to the protocol outlined
earlier to yield three tight sets of egg(4) values demonstrating that the analysis
accounted satisfyingly for the variations in the fraction due to changes in the Py,-
PEO(2.5K) concentration. These three sets of ego(4) values were averaged to yield
the molar absorbance coefficient egy(4) of the pyrene aggregates generated by Py;-
PEO(2.5K) in water over the wavelength range between 325 and 347 nm with 1 nm
increments.

The ego(4) spectra obtained for the pyrene aggregates of Py-PDMA [69] and
Py;-PEO(2.5K) [43] are compared in Fig. 16. As for the Py-PDMA aqueous
solutions, the egg(4) spectrum of pyrene aggregates generated by concentrated
solutions of Py;-PEO(2.5K) was substantially broader than that of Py;-PEO
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(2.5K) at low concentration yielding P values of 1.8 0.1 and 2.6 at high and low
Py,;-PEO(2.5K) concentrations, respectively. The slight differences in P, values
obtained for aqueous solutions of Py;-PEO(2.5K) (1.8 £0.1) and Py-PDMA
(1.5 £0.1) might reflect differences in the nature of the pyrene aggregates. In any
case, the egg(d) spectra shown in Fig. 16 display similar spectral features being
much broader and red shifted by 3-4 nm compared to that of isolated pyrene
monomers and with a maximum value that is reduced by ~40 % compared to the
maximum &y(4) value obtained in the monomer absorption spectrum. These obser-
vations are reasonable and agree satisfyingly with the bulk of qualitative informa-
tion available in the scientific literature pertaining to the expected spectral features
of pyrene aggregates. But whereas all this information is qualitative in nature, the
experiments that were conducted with Py-PDMA and Py,;-PEO(2.5K) provided the
first set of values for the molar absorbance coefficient of pyrene aggregates in
water.

4 Conclusions

This chapter has highlighted some of the recent analytical developments that have
been implemented by this laboratory to retrieve quantitative information on the
level of pyrene aggregation from the global analysis of the fluorescence decays of
the pyrene monomer and excimer acquired with aqueous solutions of Py-WSPs.
Rheology experiments with a series of Py-HASEs clearly illustrated that the
hydrophobicity of a pyrene molecule is sufficient to induce the viscoelastic behav-
ior typically expected from associative thickeners. Consequently, associative thick-
eners where the hydrophobe was replaced by pyrene constitute excellent model
compounds to study their level of association quantitatively by fitting the fluores-
cence decays of the pyrene monomer and excimer globally according to the FBM,
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MFA, or SM. This review has illustrated how fluorescence decay analyses based on
the FBM, MFA, and SM have led to the determination of f,,, for several Py-WSPs,
namely Py-HASE, Py-PDMA, Py,-PEO, and Py;-PEO, and how variations in f,4,
could be monitored as a function of the concentration of surfactant added to a
Py-HASE solution. The good agreement between the results obtained by fluores-
cence on Py-WSPs and the general understanding reported in the literature about
the non-fluorescent equivalent of these HMWSPs suggests that the FBM, MFA, and
SM provide a robust methodology to analyze the complex fluorescence decays of
Py-WSPs in aqueous solutions.
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Abstract This chapter discusses the potential of fluorescence correlation spectros-
copy (FCS) to study polymer systems. It introduces the technique and its variations,
describes analysis methods, points out advantages and limitations, and summarizes
FCS studies of molecular and macromolecular probes in polymer solutions, poly-
mer gels, polymer nanoparticles, and polymeric micellar systems. In addition, a
comparison with other experimental methods is presented and the potential of a
combination with simulations discussed.

Keywords Fluorescence correlation spectroscopy ¢ Fluorescence microscopy ¢
Fluorescent probes ¢ Polymer solutions ¢ Polymer gels « Polymer nanoparticles ¢
Polymeric micellar systems ¢ Translational diffusion

1 Introduction

Fluorescence correlation spectroscopy (FCS) is a powerful method to measure the
timescales of dynamics within different environments and allows for a determina-
tion of some photophysical properties of the fluorescent probes. Even though most
studies have so far addressed biological questions, FCS could also give valuable
insights into polymer systems [1]. Its particular advantages are that it allows for
measurements with only minor sample amounts. Since the labeling concentrations
are very low, a significant disturbance of the systems can be excluded. Thus,
structures and their dynamics can be resolved in situ with a good spatial resolution
at the diffraction limit of optical light, i.e., on a sub-pm length scale. The elucida-
tion of diffusional processes on this scale is essential for a deeper understanding of
the relationship between polymer structure and dynamics and its manifestation on
the macroscopic properties of the polymer. The complexity of this relationship
challenges all experimental and theoretical methods, and only combining their
strengths will allow us to gain a consistent picture of polymers from the nanoscopic
to the microscopic scale. Unraveling these secrets is still amongst the very dreams
of polymer scientists and probably can foster the development of novel sophisti-
cated functional materials with tunable properties.

This book chapter is intended to review the current state of the art of FCS and to
emphasis the advantages, but also the limits of this technique for the measurement
in polymer systems. It will discuss analysis methods for FCS data and point out the
potential of FCS for future studies on polymers and their applications.



Fluorescence Correlation Spectroscopy Studies of Polymer Systems 257

2 FCS Measurements and Analysis

2.1 FCS Setup

Already in 1972, Magde, Webb, and Elson published the first paper on fluorescence
correlation spectroscopy yielding chemical rate constants and diffusion coefficients
[2], followed by a series of further reports on these novel techniques [3—5]. How-
ever, several further developments were necessary for FCS to reach its current
power which has been reviewed several times as for example in [6—-10]. One key
step in the evolution of FCS was its combination with confocal microscopy to
enhance spatial resolution basically down to the diffraction limit of the fluorescence
light and the concomitant increase in sensitivity [11]. Further important technical
improvements concern the quality of optical components and the sensitivity and
time resolution of detectors. Additionally, better labels and labeling strategies have
become available, a point which should not be underestimated.

In a typical FCS experiment, as shown in Fig. 1, a collimated laser beam is
focused by an objective lens into a diffraction-limited confocal volume within the
sample placed on a glass cover slide. Part of the light emitted from this confocal
volume is collected by the same objective and separated from excitation light using
a dichroic mirror and an emission filter. The emission light is focused onto a pinhole
blocking most of the light not originating from the confocal volume, thereby, as
shown in Fig. 2, improving mainly the axial z-resolution. However, to a minor
extent, also the lateral x- and y-resolution are improved. This way, the overall size
of the confocal volume typically can be reduced to ca. 0.1 femtoliter. The photons
passing through the pinhole are detected with a photo detector, typically an
avalanche photo diode (APD). Such APDs possess good quantum efficiencies
and, with appropriate electronics, allow for the determination of the arrival times
of single photons with an accuracy in the picosecond range.

2.2 Autocorrelation Analysis

The number of detected photons within a certain time interval is typically binned
and determines the measured fluorescence intensity. This intensity fluctuates on
different timescales caused by different diffusional, photochemical, or
photophysical processes. The timescales of these processes can be most straight-
forward analyzed using the autocorrelation function

G(T):<5I(t)-51(t—|—1)>:<I(t)~1(t+f)>_1 (1)

{1(0)* {1(0)*

of the fluorescence intensity /(¢) or its deviations 8I(¢) =I(¢t) — (I(¢)) from the
mean intensity. This function describes the (average) correlation between the
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Fig. 1 Typical FCS setup (figure reproduced and adapted from Woll [1] with permission of The
Royal Society of Chemistry)

lens

intensity at a time ¢ with the intensity at a time shifted by the time interval 7. It can
be interpreted as the conditional probability density of detecting photons, provided
one photon is detected at zero time. The autocorrelation function contains infor-
mation about the timescale of all processes that cause fluctuations in the fluores-
cence intensity.

Translational diffusion can be typically observed on timescales longer than 0.1
millisecond. In the ps range, the autocorrelation function often drops due to triplet
blinking [12]. After excitation, the fluorophore undergoes intersystem crossing
from a singlet (typically S;) to a triplet state (typically T;) and remains dark during
the lifetime of this triplet state before it relaxes back to the singlet system, where it
can fluoresce again by cycling between the S, and the S; states.
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Fig. 2 Effect of the pinhole on the axial resolution of a confocal microscope. Only light
originating from the confocal volume (red solid line, yellow area) can pass the pinhole without
loss. Light from planes further away from the objective (green dotted line) focuses already in front
of the pinhole (green dotted line and blue dotted line) and, thus, is mainly blocked, whereas light
from planes closer to the objective is not yet focused at the plane of the pinhole and, therefore,
most of this light also cannot pass (figure reproduced from Woll [1] with permission of The Royal
Society of Chemistry)

Photoisomerizations between two states with different fluorescence intensities can
also be observed in the ps range [13]. The fast photophysics within different singlet
states, i.e., the excitation from the singlet ground state and the emission of a
fluorescence photon from an excited singlet state, are determined by the absorption
cross section, the light intensity, and the fluorescence lifetime. This causes an
intensity increase within nanoseconds which is called antibunching [14]. For con-
centrations with statistically less than one fluorescence molecule in the confocal
volume, it is impossible to observe two fluorescence photons instantaneously
because after one photon has been emitted, the fluorophore is in the electronic
ground state. It requires time to be excited again and to emit a second photon. Thus,
the autocorrelation functions approach a value of zero for very short (sub-ns) time
intervals. Finally, rotational motion of single molecules with a well-defined transi-
tion dipole moment also causes intensity fluctuations. They can span a rather large
timescale between sub-nanoseconds and milliseconds depending on the viscosity of
the medium and even stronger on the probe size, since, according to the Stokes—
Einstein—Debye equation, the rotational diffusion coefficient of a probe is indirectly
proportional to the third power of its radius. However, care has to be taken when the
fluorophore is part of a larger probe molecule and can reorient independently within
this molecule. In this case, the fluorophore does not reflect the rotational motion of
the probe but a complex combination of probe rotation and its own reorientation
within the probe molecule.

The autocorrelation curve can then be fitted to autocorrelation functions calcu-
lated using reasonable models for the respective processes which are in detail
explained in Chapter 5 of the “Handbook of Fluorescence Spectroscopy and
Imaging” [15]. Here, we rather concentrate on providing the formulas typically
used for fitting.
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2.3 Analysis of Translational Diffusion

Translational diffusion can be described by a model with a 3D Gaussian intensity
profile of the confocal volume which possesses the same width wy, in the lateral x-
and y-direction but a different width w, in the axial z-direction. This can be related
to the autocorrelation [see Eq. (1)] using the following equation:

Gu(7) :1%(1 +%)1<1 + (%)2%>_ )

wherein N is the average number of fluorescent probes in the confocal volume and
7p is the diffusional correlation time. The square root term corrects for the differ-
ence of the axial and lateral size of the elliptical confocal volume. Typical values
are ca. 300 nm for wy, and ca. 1.5 um for w..

The highest sensitivity for the determination of 7, is realized when the confocal
volume contains in average approximately one independently diffusing probe,
which is the case for sub-nanomolar concentrations. If the probe concentration is
too low, the events of a probe diffusing through the confocal volume become rather
seldom and (random) background noise will dominate the signal resulting in no
correlation to be detectable. For much higher concentrations, the relative intensity
of the fluctuations of the fluorescence signal becomes less, and thus the sensitivity
of FCS decreases. However, it has been recently shown that with a high count rate
detector system and applying laser fluctuation corrections, FCS diffusion measure-
ments were possible even with fluorescent probe concentrations in the pM
range [16].

The correlation time 7, depends on the exact dimensions of the confocal volume
and is therefore not a quantity to compare translational motion in different systems
with each other. Therefore, in most cases, the diffusion coefficient D is calculated
using Einstein’s mean square displacement

o=

4D

TD = —_—
2

Wy

3)

which results in

-1 1
1 4Dt 4Dt\ ?
Gy(r) = N (1 +W—%y> (1 +W—:2> (4)
The dimensions wfy and w? have to be determined by a reference measurement. For
aqueous systems, a common and reliable reference is rhodamine 6G (Rh6G) in
water with a diffusion coefficient of 4.14 x 10~'" m* s~ ' [17]. The ratio w?/w? is
typically in the range between 5 and 8. The diffusion coefficient D can be used to
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determine the hydrodynamic radii of diffusing molecules, nanoparticles, or aggre-
gates using the Stokes—Einstein equation

kT
"~ 6anD

(5)

I'h

with the Boltzmann constant kg, the sample temperature 7, and the viscosity 7.

It should however be kept in mind that Eqs. (2) and (4) only describe transla-
tional diffusion, if the shape of the focal spot convoluted with the detection
efficiency profile is Gaussian, and if the emitters are point like. Micelles or other
aggregates with multiple labels distributed over the whole nanoparticle require an
analysis using the form factor of the distribution of labels on the particle [18]. Fur-
thermore, in order to obtain reliable diffusion coefficients for complex systems, it
has been reported that the minimum lag time, the maximum lag time, and the
averaging time are critical parameters which have to be chosen appropriately [19].

If several independent diffusants with different diffusion coefficients are present
in the sample, the autocorrelation function can be approximated by the summation
of the terms of Eq. (4):

-1 1
1 & 4D; 4D;t\ 2
Gtr<7):N§ fi'Qiz' <1+ Wzr) (l+ sz) (6)
i=1

Xy

z

where D; are the individual diffusion coefficients of the species i with a number
fraction of f; and a fluorescence quantum yield of Q. If the individual diffusion
coefficients differ by more than an order of magnitude, they can be unambiguously
identified as distinct shoulders in G(7). A smaller difference makes it difficult to
distinguish individual contributions. In principle, if it spans several orders of
magnitude, the distribution of D;’s can be yielded using a maximum entropy
method [20] or a multicomponent analysis using the CONTIN algorithm
[21]. Yet, the statistical quality of the measured G(z) is the limiting factor of such
types of analysis.

2.4 Analysis of Anomalous Diffusion

Another challenge is the analysis of anomalous diffusion from FCS measurements.
Deviations from normal diffusion can be caused by internal chain motions [22-24]
of (bio-)polymers, by molecular crowding [24—30], or by the restriction of diffusion
to a certain “corral” region [31]. Different approaches have been suggested to deal
with anomalous diffusion. One of the possibilities to describe anomalous diffusion
uses a power law scaling of time 7% [23, 26, 29, 30, 32, 33]. The scaling parameter a
can depend on the timescale investigated and thus allows for a distinction between
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translational and chain diffusion [22]. The ensemble average mean square displace-
ment (MSD) (Arz(r)) with time 7 can thus be expressed as follows:

(Ar* (7)) = 6D7” (7)

If the probability distribution of displacements is Gaussian, the exponent @ can
be obtained by a combination of Eqgs. (7) and (4) yielding [34]

2(t ! 2 (r 3

xy

Using this approach, the internal dynamics of long DNA molecules was studied
and discussed in the framework of theories for polymer dynamics [35-37]. Different
scaling regimes with exponents a of 2/3 and 1 were found for the internal dynamics at
intermediate timescales and the crossover to the diffusion of the whole chain at long
timescales, respectively. It has however been carefully checked whether the assump-
tions for using Eq. (8) are justified by the underlying microscopic model of diffusion.
Without the verification by such a specific microscopic model, false conclusions
might be drawn about subdiffusive behavior [38]. In general, single particle or single
molecule tracking are more suitable to distinguish between different types of diffu-
sion [39]. For a non-Gaussian distribution of displacements, Hofling et al. [40]
derived a relation between the particle trajectory and autocorrelation function G().
This, however, requires information about entire trajectories and the averaged infor-
mation from FCS experiments is not sufficient for its application.

Apart from the abovementioned analytical tools, a technical approach to detect
anomalous diffusion has been reported. Sample-volume-controlled-(SVC-) FCS can
directly detect anomalous diffusion by changing the diameter of the collimated
excitation laser beam [41, 42]. One of the challenges of this approach is however
the control over the optical parameters such as distortions of the confocal volume [43].

At constant focus size, it was shown that FCS cannot distinguish between
diffusion constrained by elastic force, walking confined diffusion, and hop diffu-
sion averaged over many measurements [44]. The simulations indicate that the
mean square displacements of all these types of restricted diffusion can reliably be
interpreted using one archetypal model presented by the following equation:

wherein Dy and Dg present the (macroscopic) diffusion coefficient measured for
long time intervals and the (microscopic) diffusion coefficient measured for short
time intervals, respectively. Equation (9) is only valid if the Dy and Dg are
sufficiently well separated. Furthermore, a is an effective confinement radius and
y an exponential decay constant which depends on the model used (y=1 for
diffusion constrained by elastic force, y =~ 0.866 for walking confined diffusion,
and y ~ 0.822 for hop diffusion).
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It should be emphasized at this point that FCS correlation curves can be often
fitted equally well by an anomalous diffusion model and using two diffusion time
constants. However, it has to be carefully analyzed which of the two models is more
appropriate. Combining FCS results with simulations [45], Vagias et al. [46] for
example showed that for the case of attractive tracer—polymer interactions, only a
two-component diffusion process is a physically meaningful model.

2.5 Full Correlation FCS to Detect Triplet Kinetics,
Rotational Diffusion, and Fluorescence Antibunching

In addition to translational diffusion, FCS is in principle also capable of determin-
ing the timescale of any process which causes fluctuations of the fluorescence
signal. These processes are in particular triplet kinetics, isomerization, rotational
diffusion, and fluorescence antibunching. Their timescales are typically shorter
than the one of translational diffusion. One technical problem for measuring
correlations on such short timescales is that measurements with one APD possess
a dead time in the ps range, i.e., the detector is “blind” for this time interval after the
detection of one photon. Therefore, any information about correlation of photons on
a shorter timescale is lost. Additionally, depending on the detectors used,
afterpulsing might cause artifacts. In order to obtain correlation values at shorter
timescales, a Hanbury Brown and Twiss setup [47] can be used which splits the
emission light and detects the photons on two independent detectors
[48, 49]. Cross-correlation of the photon arrival times on the two detectors enables
full correlation fluorescence correlation spectroscopy (fcFCS) measurements from
the time range of picoseconds to the several minutes which can result in cross-
correlation curves as presented in Fig. 3.

Fig. 3 Example of a full 204
correlation FCS curve. The
following parameters [see
Eq. (10)] were used to
simulate antibunching
(blue), and correlation drops
due to rotational diffusion —
(cyan), triplet blinking \:: 1.0 1
(green), and translational
motion (red): Tag =10"7s;
TR:IOj ssR=1; 054
r=10""s; fr=0.2;

=108, 0=7; N=1

1.5

Gfu

0.0
10™ 10° 107 10° 10° 10

t/s
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It was shown that for processes well separated in time, the correlation function
can be simplified by factorization [50]. Therefore, the curve in Fig. 3 was
constructed using the following combined equation with terms for translational
diffusion, triplet blinking, rotational diffusion, and antibunching (each process in
the corresponding line):

(-eel())

wherein N is the average number of independent emitters in the confocal volume,
7p the translational diffusion time, @ a geometric factor (the ratio between axial and
lateral diameter of the ellipsoid confocal volume), fr the triplet fraction, zr the
triplet lifetime, 7y the rotational diffusion time, R the rotational amplitude, and zap
the antibunching time.

In the following we want to comment on the contribution of rotational diffusion.
The theory to analyze rotational diffusion from FCS measurements was developed
by Ehrenberg and Rigler [51] and Aragon and Pecora [52, 53]. Strictly spoken, the
third term of Eq. (10) is only valid for the rotation of a spherical rotor with parallel
transition dipole moments for absorption and emission and also with the same
hydrodynamic properties in the ground and in the excited state. Furthermore, only
the term with quantum number [ = 2 of the angular momentum operator L? has been
considered [52, 54]. The sensitivity to measure rotational diffusion coefficients
depends also on the polarization settings of the FCS setup, as nicely documented by
Enderlein and coworkers [55, 56].

3 Technical Variations of FCS

As in most other experimental techniques, there is also a constant development and
improvement involved in FCS which broadens its range, applicability, and accu-
racy. These developments resulted in advances such as dual-focus FCS, total
internal reflection FCS, and STED-FCS which will be discussed in this section.
Apart from this progress, a multitude of other variations have been reported which
cannot be covered within this book chapter. These include FCS with two-photon
excitation [57-61], spatial fluorescence cross-correlation spectroscopy (FCCS)
which can be used to investigate microflows [62], dual-color FCCS to correlate
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the fluctuations from two spectrally distinct fluorophores in order to analyze
kinetics or association [63], pulsed interleaved excitation (PIE) FCS [56, 64],
fluorescence triple correlation spectroscopy (F3CS) [65], and filtered FCS [66].

One of the main tasks in FCS is to obtain the maximum amount of (useful)
information from the fluorescence light with reasonable effort and costs. Therefore,
as many photons as possible should be detected including their parameters such as
polarization, color, detection time, etc. [67]. Improvements have, however, not only
been restricted to an improved detection of photons and their parameters, but also
implemented new excitation and detection geometries.

3.1 Dual-Focus FCS

Enderlein and coworkers introduced dual-focus FCS (2fFCS) [68] in which two
laser foci are alternately excited and detected. The distance between both laser foci
serves as an internal distance reference, i.e., an intrinsic ruler. This avoids reference
measurements which are otherwise necessary to relate diffusion time and diffusion
coefficient. The accuracy of the obtained diffusion coefficients is sufficiently high
to allow for sensitive measurements of temperature on a micrometer scale [69]. In
addition, 2fFCS greatly reduces the dependency of FCS results on the size and
shape of the excitation volume which due to optical saturation effects can vary
significantly with excitation intensity. It is also less sensitive to slight changes in the
refractive index [70], coverslip thickness, laser beam geometry, or optical satura-
tion which can cause severe distortions of the confocal volume [43, 71] and, thus,
can result in significant errors and misinterpretations in single focus FCS. The
robustness of 2fFCS against optical and photophysical artifacts has been demon-
strated for the investigation of systems with inherently large optical aberrations as
they are often found in heterogeneous polymer systems [72]. However, when rather
large colloids or macromolecules are used as probes for 2fFCS, their size with
respect to the excitation laser focus has to be taken into account [73].

3.2 Total Internal Reflection FCS: Investigation
of Interfaces

One of the challenges to investigate interfaces by FCS is the selective collection of
the fluorescence emitted in the vicinity of the surface. The axial resolution of a
confocal microscope results in averaging of the fluorescence emission within
approx. 1 pm. As a consequence, surface effects are in most cases obscured in
“normal” FCS measurements. With the evanescent wave of a laser beam totally
reflected at the solid-liquid interface, however, the excitation can be restricted to a
ca. 100 nm thin layer at the interface. This so-called total internal reflection FCS
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(TIR-FCS) allows for an investigation of dynamic processes at liquid—solid inter-
faces [74—78]. Koynov and coworkers could for example measure diffusion coef-
ficients of molecules and quantum dots at water—glass interfaces [77].

3.3 Superresolution in FCS

Superresolution microscopy methods have revolutionized optical microscopy
within approx. the last two decades [79]. These methods can be separated in
localization-based methods [80], which exploit the possibility to localize the
isolated emission patterns of single molecules with high accuracy, and in methods
which restrict the volume of excitation by stimulated emission. The latter can be
combined with FCS resulting in STED-FCS (stimulated-emission-depletion FCS)
[81, 82], where the excitation volume is minimized by an intensive donut-shaped
STED laser pulse which depopulates basically all excited states except for a central
volume of sub-diffraction size. This way, the spatial resolution Ad in lateral
direction can be reduced to

Ad = 4 (11)

2n - sinay /1 +1;—
S

where # is the refractive index, a the half of the opening angle of the collected light,
A and I ,,,x are the wavelength and maximum intensity of the STED beam, and /g
represents the STED laser intensity at which the probability of fluorescence emis-
sion is reduced by half. STED-FCS has been used to study membrane dynamics
[81, 83], but also found its way into polymer science. King et al. studied the
mobility of end-labeled polystyrene chains in solutions of polystyrene in toluene
near the polymer overlap concentration c*. At concentrations higher than c*, they
found two modes of motion: self-diffusion and correlated segment fluctuations
[84]. Leutenegger et al. went even one step further and combined STED-FCS
with TIRF (see previous section) in order to achieve both high axial and lateral
confinement reaching measurement volumes beyond 1 attoliter [85] (Fig. 4).

3.4 Temperature Control in FCS

Temperature is an important parameter which can significantly influence the prop-
erties and applicability of polymer systems. In order to capture all the interesting
transitions in polymers, it is of considerable interest to be able to perform FCS
measurements in polymers in an extended temperature range from cryogenic
temperatures up to several hundred degrees centigrade with accurate temperature
control and without artifacts from temperature gradients or convection. A setup
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Fig. 4 STED-FCS: The principle of STED-FCS

with high-temperature accuracy and stability has been reported by Miiller et al. [86]
Elevated temperatures above ca. 80 °C can cause severe damages of the optical
components of the microscope due to heat transfer from the heating table. Flier
et al. [87] developed a heating device which allows for measurements at higher
temperatures of up to 150 °C using indium tin oxide (ITO) covered glass slides,
resistively heated by the application of a controlled voltage. This restricts the heated
mass to a minimum and therefore protects the optics from being overheated.

4 Limitations of FCS

4.1 Refractive Index Changes

FCS measurements possess some intrinsic limitations which should always be kept
in mind. One of the most severe pitfalls are refractive index changes which can
cause severe distortions of the confocal volume [43, 71, 88]. Such refractive index
changes can in particular appear in heterogeneous polymer systems where the
different compartments are composed of different polymers or solvents. The
distorted confocal volume causes failure of the equations typically used for the
FCS analysis which assume an ellipsoid shape of the confocal volume [see Eq. (2)].
Creating different models with the distorted volume is a hard or even impossible
task. Also the determination of diffusion coefficients using reference measurements
with the typical aqueous systems, i.e., Rh6G in water, will result in errors
[89]. Therefore, alternative calibration methods had to be found. Zettl et al. used
the known molecular weight dependence of the diffusion of rhodamine B (RhB)-
labeled polymer chains of different lengths in very dilute solution to determine the
size of the confocal volume and thus to calibrate the diffusion coefficient obtained
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by FCS [90, 91]. The observation volume can also be calibrated using fluorescently
labeled silica nanoparticles [92, 93] or dye-labeled polystyrene (PS) of known
molecular mass [94], with the diffusion coefficient in dilute solution known from
DLS measurements. One way to reduce the problems with distortions of the
confocal volume is to measure at relatively small penetration depths of ca. 10 pm
which is still reasonably far in the solution to avoid biased results due to influences
of the interface. Another possibility to measure in systems with significant refrac-
tive index changes is dual-focus FCS as described in one of the previous sections
[68]. Apart from the refractive index, slight changes in coverslip thickness, laser
beam geometry, pinhole adjustment, or optical saturation can also lead to
misinterpretations [43].

4.2 Spatial Resolution

The spatial resolution of FCS has been discussed in some papers [95, 96]. It has
been stated that FCS is capable of resolving dynamics at the nanoscale, i.e., far
beyond the limits of optical resolution [96]. On the other hand, it was mentioned
that, as for all optical techniques, the diffraction limit has to be considered [95]. In
general, it is possible to observe dynamics with a spatial accuracy beyond the
diffraction limit of light. However, one has to be aware that, even though photon
arrival times can be determined with picosecond accuracy, the obtained information
about dynamics is averaged over time. This means dynamic heterogeneities which
can be caused by mesh size fluctuations or fast structural changes cannot be
observed directly and at the most could be estimated with an appropriate model
explicitly implemented into the autocorrelation fit function. In addition, for the
determination of spatially resolved diffusion coefficients from FCS measurements
by changing the position of the focus, the diffraction limit determines the resolu-
tion. This can be only improved by superresolution techniques such as STED-FCS
as states above.

4.3 Choice of the Fluorescent Probes

Just as for any other fluorescence microscopy technique, the choice of the fluores-
cent probe is of significant importance for FCS. Drops in the autocorrelations
curves can occur as a result of photophysical and photochemical processes. In
particular, the contribution of saturation effects and triplet blinking has been
investigated [97, 98] and the rates of intersystem crossing and triplet decay as
well as the excitation cross section of fluorophores could be determined [12]. In
addition, antibunching is determined by the photophysics of the fluorophore.
Therefore, the choice of appropriate dyes is essential to obtain meaningful results.
Apart from that, the fluorescent probe should also serve as a selective label to
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observe the diffusing species of interest. However, the interaction between dyes and
polymer chains can also result in misinterpretations and should be carefully
checked.

5 FCS in Polymer Solutions

FCS is a suitable technique to study polymer dynamics in solution, and the
diffusional processes investigated by FCS provide important information about
the local mechanical and viscoelastic properties of polymer solutions. Typically,
a tiny amount of fluorescently labeled polymer chains or free dyes is added to the
polymer solutions to be investigated or vice versa. This has not only the advantage
of requiring minor amounts of fluorescent dyes or labeled polymers, but also
minimizes the disturbance of the system by the introduced fluorophores.

One very interesting question concerning polymer solutions is how the diffusion
of dye-labeled polymer chains and molecular probes changes with varying concen-
tration and molecular weight of the probe and the surrounding. Principally, three
different polymer concentration regimes can be distinguished: (i) dilute solutions in
which diffusion is fully governed by the hydrodynamic radius of the diffusing
species, (ii) semidilute solutions in which the polymer coils start to overlap, and
(iii) concentrated solutions in which the chains strongly interact with each other.
The border between the dilute and the semidilute regime is often called c*, whereas
the border between semidilute and concentrated regime is typically referred to as
¢, The semidilute and the concentrated solutions can be further divided into an
unentangled and an entangled regime, the border of which is normally referred to as
the entanglement concentration cg. In the latter regime, topological constraints
caused by entanglement dominate the dynamics. The transition between the
regimes depends primarily on concentration and molecular weight of the polymer.
In the following, the contributions of FCS to elucidate molecular dynamics in the
various regimes will be discussed.

In this context, it is essential to discuss how the diffusion of single molecules or
particles can be connected to the viscosity, if viscosity is a concept which still holds
for length scales in the nanometer range. In fact, viscosity is a strong function of the
length scale at which it is probed [99, 100], and already almost 30 years ago, the
concept of length scale-dependent viscosity has been developed
[101, 102]. Brochard and de Gennes suggested that the motion of a particle with
aradius Ry > R, (radius of gyration) is governed by the bulk viscosity [103]. As its
size, however, becomes close to the tube diameter or smaller, the diffusion coeffi-
cient can increase dramatically by up to a few orders of magnitude. For entangled
polymer solutions, this behavior is additionally governed by the entanglement
spacing d, (tube diameter) [104]. This was verified by diffusion measurements of
particles with different diameter 2R, which was comparable to the entanglement
tube diameter using fluctuation correlation spectroscopy, i.e., correlation of the
luminescence of gold nanoparticles after multiphoton excitation [105].
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A similar approach was presented by Hotyst et al. who studied the diffusion of
differently sized probes ranging from RhB molecules (1.7 nm) up to silica spheres
(114 nm) in polyethylene glycol (PEG) solutions with a combination of FCS,
capillary electrophoresis, and macroviscosity measurements (see Fig. 5)
[106]. They found that the large probes diffused as expected from the
macroviscosity of the solutions, whereas the diffusion of the small probes was
clearly faster. As a consequence of this behavior, they distinguish between a
macroviscosity experienced by larger probes and a nanoviscosity felt by small
probes where the latter was observed to be up to a factor of 100 times smaller
than the macroviscosity. A comparable result was also obtained for the diffusion of
2-44 nm sized probes in PVA solutions by Michelman-Ribeiro et al. [107]. The
crossover from probing nanoviscosity to probing macroviscosity was found at a
length scale at which the probe reached a size of approximately the radius of
gyration of the polyethylene glycol (PEG) polymer under investigation [106]. It
could be shown that the dependency of viscosity # on the ratio between an effective
probe size and the correlation length & of the polymer follows a stretched exponen-
tial function. Probes smaller than the radius of gyration R, of the polymer experi-
ence the nanoviscosity and the effective probe size is the probe radius R, whereas it
equals the radius of gyration R, for probe molecules of larger size which feel the
macroviscosity of the polymer solution [106]. Thus,
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Fig. 5 Viscosity determined using diffusion measurements of differently sized probes in PEG
20000 solution. Small probes experience nanoviscosity, whereas large probes follow the
macroviscosity which is shown as the dashed black line as a guide to the eye. The crossover
length scale between nano- and macroviscosity in PEG20000 is larger than 3.1 nm and smaller
than 13 nm (reproduced and adapted from Hotyst et al. [106] with permission of the PCCP Owner
Societies)
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and for a three-dimensional polymer coil in a good solvent equals to %. Using the
relationship shown in Eq. (12), all measured data of viscosity versus probe size
could be plotted on one master curve. Furthermore, the parameter b in Equation
(12) could be related to an excess activation energy for viscous flow compared to
the one observed for pure solvent. The intrinsic viscosity was found to be directly
proportional to this activation energy [108].

6 Diffusion of Small Molecular Probes

Small molecular probes sense the local viscosity and, therefore, no significant
difference for their mobility in solutions of polymers of different (high) molecular
weight is found. FCS measurements of the diffusion coefficients of a perylene
monoimide dye for various concentrations of solutions of different molecular
weight polystyrenes in acetophenone verified that all points fall onto the same
master curve which could be fitted with a stretched exponential [109]. That means
that from the perspective of the probes, the change in molecular weight of the
polymer between 110 and 450 kg/mol does not seem to make a difference. At low
polymer concentrations, the diffusion of the small probes is even not significantly
influenced by the presence of polymer chains at all since it can diffuse basically
unhindered through the polymer meshes. In a concentration range between ~6¢*
and 20c*, small molecules in polymer solutions were found to exhibit normal
diffusion,[110] in contrast to larger nanoparticles for which a subdiffusive behavior
was found (see below). The effect of the probe size on translational and rotational
motion of perylene diimide derivatives of different size was monitored during the
free radical bulk polymerization of styrene [54]. The increasing viscosity during
bulk polymerization causes a drop in diffusion coefficient. The relative drop in
rotational diffusion coefficient, i.e., the current diffusion coefficient D divided by
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the diffusion coefficient Dy in pure monomer solution (conversion = 0), was found
to be similar for all probe sizes. All plots of D/D versus the conversion showed the
same behavior whereas significant differences were observed for the relative
changes in the translational diffusion coefficient. The decrease in translational
diffusion of the smallest dye resembles the rotational diffusion data. With respect
to this scaling, the translational diffusion of the larger probes is significantly
lowered, pointing to a change from probing nanoviscosity, apparently the property
determining rotational diffusion, toward macroviscosity. A similar behavior was
observed for the diffusion of the enzyme aldolase in aqueous solutions of polyeth-
ylene oxide. It was argued that the viscosity experienced for rotational motion is
significantly reduced in comparison to the one experienced for translational motion
due to entropic reasons [108].

Diffusion of small molecular probes was also studied in polymer melts. Herein,
the diffusion of molecular tracers senses the glass transition temperature-dependent
local segmental dynamics of the polymer matrix, rather than its macroscopic
viscosity [111, 112]. The dependence of the diffusion coefficient on temperature
could be fitted using a Vogel-Fulcher—Tammann function with an activation energy
increasing with the tracer size and depending on the polymer. A combination of
FCS and laser scanning confocal microscopy allowed for monitoring the dynamics
of phase separation in a PS/poly(methyl phenyl siloxane) blend, two polymer
components with a difference in glass transition temperature of more than 113 K
and an upper critical solution temperature [113]. In polymer blends, the topology of
the matrix polymer plays a pivotal role. Cherdhirankorn et al. observed significant
differences in the diffusion of terrylene diimide probes in a polymer melt of linear
and star-shaped 1,4-polyisoprenes, respectively [26]. FCS measurements are how-
ever not limited to small probes as will be shown in the following section.

7 Diffusion of Macromolecular Probes

Fluorescence-labeled polymer chains have been investigated by FCS to determine
macromolecular diffusion in different polymer concentration regimes. Most studies
were performed on labeled PS chains in toluene solutions of non-labeled PS of
similar length.

For highly dilute and non-interacting solutions, this allows for the determination
of self-diffusion coefficients D. Proceeding to the dilute regime where the polymer
chains can interact with each other but still do not overlap, the dynamics is
dominated by the hydrodynamic radius of the diffusing probe. According to the
Kirkwood—Riseman theory [114], the diffusion coefficient can be calculated as
follows:

D:Do—kf~C (15)

where Dy is the diffusion coefficient at infinite dilution (see above) and k; is a
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proportionality factor. This linear dependence of the diffusion coefficient on poly-
mer concentration could be confirmed by the FCS measurements of Zettl et al. [90].

Further increase of the concentration above the overlap concentration ¢* [115]
causes a transition from the dilute to the semidilute regime. FCS measurements
have verified that the concept of an overlap concentration is very useful as the plot
of the diffusional correlation time versus the polymer concentration changes the
slope at ¢* [91]. In such a graph, linear fits of both regimes interact at the overlap
concentration which depends on the molecular weight of the dissolved polymer
chains. For increasing molecular mass, c* shifts to lower concentrations. Fitting the
dependency of c¢* on molecular mass resulted in a Flory exponent of 0.59 in
excellent agreement with the value of 0.588 predicted by theory for a polymer in
a good solvent [116].

A very detailed study over a broad range of concentrations between 10~* and 0.4
g/mL of high molecular weight PS chains (Mw =390 kg/mol) in toluene was
performed by Liu et al. [94]. In the dilute regime (¢ <c* ~ 0.01 g/mL), they
obtained basically a constant diffusion coefficient, i.e., D~ Proceeding to the
unentangled semidilute regime (c* ~ 0.01 g/mL < ¢ < cg = 0.02 g/mL), where the
polymer coils overlap but do not entangle effectively, a scaling of D ~c~ " in
agreement with theory was determined [117]. When entanglements start to domi-
nate the diffusional behavior at ¢ > ¢ ~ 0.02 g/mL, the scaling changes to D ~¢~ "
as predicted by basic scaling and reptation theory [115, 118]. The different regimes
and their scaling behavior with polymer concentration are illustrated in the double-
logarithmic plot in Fig. 6. FCS diffusion measurements of perylene-monoimide-
labeled PS chains in unentangled and entangled semidilute solutions gave compa-
rable results [109]. Additionally, in both of these studies, it was shown that the
transition between the different regimes is rather smooth. In unentangled semidilute
solutions of low molecular weight, the diffusion measurements of fluorescence-
labeled polymer chains elucidate a linear dependency between viscosity and
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temperature [58]. The activation energies obtained from Arrhenius fitting of these
data for different polymer concentrations can be related to free volume
theory [119].

Apart from the scaling of the diffusion coefficient of polymer chains with
concentration, the dependency on their molecular weight is of high interest. For
PS in the good solvent toluene, a scaling of D ~M > and D ~M > for dilute and
semidilute entangled solutions was determined, respectively [24]. The question
how the molecular weight of the surrounding chains depends on the diffusion
coefficient of a small fraction of labeled PS chains in toluene has also been
addressed [109]. It was found that higher molecular weights of the matrix polymer
result in slower diffusion of the macromolecular probes as long as the molecular
weight of the matrix does not exceed five times the molecular weight of the probe.
For large matrix molecular weight, a master curve was obtained when plotting D
normalized to the diffusion coefficient in infinite dilute solution versus the polymer
concentration normalized to the overlap concentration of the diffusing fluorescently
labeled polymer species. The obtained scaling parameters were -0.5 and -1.75 for
the unentangled and entangled semidilute regime, respectively, in agreement with
the previously mentioned study by Liu et al. [94]. In entangled polymer solutions,
the motion of polymer chains is not independent from other chains anymore since
the chains are coupled to each other through the entanglements. Therefore, in
addition to self-diffusion, a collective diffusion mode could be observed in a
semidilute solution of PS chains with a molecular weight of 515 kg/mol PS chains
and a concentration of 13 wt [24]. This collective mode has a significant impact, for
example, on the production of nanofibers [24].

For highly concentrated polymer solutions, FCS measurements revealed
subdiffusive motion as an additional mode on an intermediate timescale between
the fast collective diffusion and the slow self-diffusion [24]. In such slow systems,
however, FCS reaches its limits when probe motion becomes so slow that the
number of molecules moving into or out of the confocal volume within the
measurement time is too small to allow for reliable statistics. Increasing the
measurement time is often not straightforward since all fluorescence dyes have
only a limited photostability. If a dye bleaches within the confocal volume, it will
fake a faster diffusional motion than its real value. Therefore, for the study of such
concentrated systems, wide-field fluorescence microscopy and subsequent single
molecule tracking is a much better method [120] and has been utilized to study the
glass transition [87, 121].

8 Diffusion of Nanoparticles in Polymers

As already discussed for molecular probes, the probe size plays a pivotal role for the
analysis of polymer systems. Its size with respect to characteristic length scales of
the investigated system determines the dynamics to be measured. For sufficiently
large nanoparticles with diameters in the 100 nm range microviscosity can be
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accessed. This technique is often referred to as passive microrheology [122—
124]. In addition to its spatial resolution, the big advantage of microrheology is
that only tiny sample volumes are required, a challenge for other rheometers.

Mukhopadhyay and coworkers observed the diffusion of differently sized gold
nanoparticles (NPs) within an entangled liquid of poly(n-butyl methacrylate)
(PBMA) above the glass transition temperature [105]. Instead of using a fluores-
cence signal for detection, they used the multiphoton absorption-induced lumines-
cence of gold nanoparticles to perform fluctuation correlation spectroscopy
measurement. One key parameter for the diffusion behavior is the ratio of particle
size and tube diameter within the entangled polymer. Small nanoparticles can use
this path to “sneak” through the polymer meshes whereas for larger particles
Stokes—Einstein behavior is recovered. The size of the probes with respect to the
mesh size also determines the diffusional mode of the nanoparticles. Small mole-
cules or nanoparticles exhibit normal diffusion whereas anomalous diffusion was
found for larger particles [110].

Slight anomalous diffusion is also observed for the motion of nanoparticles in
agarose, i.e., polysaccharide, gels when its size amounts to approx. half of the
critical size for which particles become trapped in the gel [32]. This behavior
indicates that the diffusion through the gel of slightly larger mesh size than the
particle diameter is hindered by the interactions of the saccharide which act as
obstacles, but the particles can still jump from pore to pore. For nanoparticles of
larger size, the connectivity of the pores decreases rapidly, and the particles get
trapped because percolating paths for them become very rare.

9 FCS in Polymer Gels

This section will concentrate on FCS measurements in covalently (chemically)
cross-linked polymer gels. The diffusion inside gels is affected by several param-
eters, in particular by the mesh size of the gel, its microstructure, the degree of
swelling, the size of the diffusing species, and interactions between diffusing
species and gel. At low polymer concentration, there is no significant difference
between solutions of linear or cross-linked chains. Above a certain threshold
concentration, the diffusion of stronger cross-linked gels decreases more rapidly
when increasing the polymer concentration [125, 126]. This threshold concentra-
tion is, for example, approx. 3% w/v for PVA gels as shown by Michelman-Ribeiro
et al. [127]. The cross-links act as obstacles for the diffusing species and affect their
motion. This hindrance becomes more pronounced the higher the cross-link density
and depends strongly on the size of the probe compared to the mesh size of the
cross-linked polymer. Modesti et al. report that the most reasonable description for
the diffusion in polymer networks is obtained by assuming that the cross-link effect
is additive to the effective friction coefficient of the probes, i.e., the friction
coefficient in the network equals the effective friction coefficient for the probe in
the pure solvent plus a friction coefficient caused by the permanent cross-links
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[125]. The description of polymers bearing very high cross-link densities with this
model however fails, presumably due to pronounced swelling heterogeneities, i.e.,
the solvent preferably swells the more weakly cross-linked matrix and, thus, even at
rather low degrees of swelling, opens up percolating regions of lower polymer
density in which the dye can diffuse rather easily. Such an explanation is also
underlined by our own observations on heterogeneous diffusion in polymer solu-
tions during their cross-linking free radical bulk polymerization [128]. Interestingly,
such a behavior is also observed for the linear bulk polymerization of MMA and is
probably one of the main reasons for a pronounced Trommsdorff effect [129]. The
change of diffusion behavior of three different proteins with hydrodynamic radii
between 1 and 5 nm during swelling of cross-linked polyethyleneglycol networks
hydrogel matrices with mesh sizes of ca. 14—19 nm can be explained by free volume
theory [130]. A theory which explicitly considers the confinement a particle
experiences from polymer chemical cross-links and which describes nanoparticle
diffusion as subsequent activated hopping processes due to polymer network
fluctuations has been recently published [131]. As already mentioned before, FCS
is not only capable of studying the effect of cross-links in readily synthesized gels,
but allows also for an investigation of the polymerization or cross-linking process
itself. This way, the photo-crosslinking of PS microbeads with UV light was
followed using FCS [132] (Fig. 7).
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10 FCS in Charged Polymer Systems

Charges often play an important role for the properties of polymer systems.
Therefore, it is not surprising that this topic was also addressed using FCS.
Pristinski et al. investigated the translational diffusion of Alexa-labeled
polymethacrylic acid in aqueous solution as a function of polymer concentration,
solution pH, and ionic strength [133]. Below the overlap concentration c¢* only
minor changes were observed when varying the concentration. Beyond c*, the
diffusion coefficients dropped significantly with increasing polymer concentration.
A change from pH 5 to pH 8 resulted in an increased charge on the PMAA chains
resulting in their twofold expansion. Enhanced ion concentrations of alkaline metal
ions caused a chain contraction. Both dependencies could be detected using FCS
diffusion measurements. Also the electrostatic interaction of oppositely charged
polymers, in particular the complexation between negatively charged rhodamine-
labeled oligonucleotides and cationic polymers, was studied [134]. The interaction
of small (cationic) Rh6G dye molecules with (anionic) polystyrene sulfonate (PSS)
polymers resulted in a fraction of free and a fraction of polymer-bound dye
molecules [135]. The fraction of bound probes could be decreased by elevated
salt levels indicating a dynamic exchange process between the free and bound
cationic dyes. In another study, determination of the hydrodynamic radius of
fluorescently labeled dextran could explain their solvent-dependent uptake into
polyelectrolyte multilayer microcapsules [136]. FCS was also used to confirm the
layer-by-layer assembly of PNIPAM microgel particles with (three) alternating
layers of oppositely charged polymers as shown in Fig. 8 [137]. In general, a
combination of simulations and theoretical studies with FCS measurements has a
high potential to elucidate the effect of interaction in more detail. This is not only
limited to charged species but can also take into account different interactions
between polymer chains and probes [46].

11 FCS in Responsive Polymers

Responsive polymers have attracted considerable interest. Thermoresponsive sys-
tems which change their polarity and, thus, their shape and behavior within a
physiological range between ca. 30 to 40 °C (see Fig. 9) have for example potential
as drug delivery systems. Exploiting the potential of these polymers requires a
detailed knowledge of their structure and dynamics at the nanoscopic and
mesoscopic scale. The most studied responsive polymer, so far, has been poly(/V-
isopropylacrylamide) (PNIPAM) which exhibits a lower critical solution tempera-
ture (LCST) at around 32 °C. Below this temperature, PNIPAM chains in water are
in a swollen state. At the LCST a volume phase transition occurs and the gel
collapses and expels water. FCS allows for the investigation of the diffusion of
small molecules and labeled PNIPAM chains in PNIPAM hydrogels. It was shown
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Fig. 8 FCS proves that the two differently labeled polyelectrolytes are anchored to the same
PNIPAM microgel and, thus, that the layer-by-layer assembly has been successful. Top: Auto- and
cross-correlation function of the coated PNIPAM nanoparticles. Bottom: Confocal fluorescence
images of dried particles when excited at 470 nm (/eft) and 532 nm (right), respectively (adapted
with permission from the Journal of Physical Chemistry [137]. Copyright (2007) American
Chemical Society)

that the dependency of the diffusion coefficient on polymer concentration follows a
stretched exponential [138]. Conventional hydrogels cross-linked with organic
cross-linkers, however, suffer from severe disadvantages for technical and medical
usage due to their low mechanical toughness, limited swelling ratio at equilibrium,
and poor transparency. Clearly improved properties were reported for PNIPAM
hydrogels cross-linked with clay nanoparticles [139]. These systems have also been
studied by FCS using free probes [140] and covalent labeling of the clay
nanoparticles [141]. In the latter case, FCS was used to verify the covalent labeling
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Fig. 9 Shapes and Flory parameters v of polymer chains in different solvent quality. The three
dotted lines denote the theoretical values of v for different solvent qualities

and wide-field fluorescence microscopy studies revealed an anomalous diffusion of
the clay nanoparticles in the hydrogels which significantly changed during the
volume phase transition.

The temperature-induced change of mobility of differently sized probes through
PNIPAM gels anchored to a solid substrate and, thus, with swelling restricted to one
dimension was investigated by the Koynov group [126, 138]. In the swollen gel at
low temperature, the small Alexa 647 probe exhibited a diffusion behavior which
could be described with one diffusion coefficient, whereas the larger probe, green
fluorescent protein (cylindrical shape with approx. 4.2 x 2.4 x 2.4 nm’[142]), sig-
nificantly deviated from this single Fickian diffusion. Thus, the length scale of
hindrance of probe motion due to the hydrogel structure is in a range between the
sizes of both probes. In the transition regime from the swollen to the collapsed state
around the volume phase transition temperature, two fractions of molecules with
different diffusion coefficients were found for both dyes. This reflects the decreas-
ing length scale of heterogeneous behavior of the probes caused by the denser
polymer network which now also affects the diffusion of the small dye. After the
collapse transition occurred at a swelling ratio of about 1.5, all dye molecules were
expelled from the collapsed hydrogel films and thus moved freely outside of the
polymer layer on the surface.

The diffusion of labeled dextranes in nanocomposites consisting of thermore-
sponsive PNIPAM microgels in a poly(acrylamide) hydrogel matrix could be
measured with spatially resolved 2fFCS inside the microgel nanoparticles and in
the surrounding hydrogel matrix [143]. The diffusion behavior of the probes in
these nanocomposites depends on the cross-linking density of the microgels. For
weakly cross-linked microgels, the nanocomposite forms an interpenetrating poly-
mer network. As a consequence, swelling and deswelling of the microgel are
obstructed and the mobility of embedded fluorescently labeled dextran probes is
reduced. For highly cross-linked microgels, they collapse upon increasing the
temperature above the volume phase transition temperature. This results in a
heterogeneous swelling of the hydrogel matrix and the formation of pores near



280 D. Woll

Fig. 10 Flory exponents v 5T 1 T &5 @& &1
as a function of the mol
fraction xg,on of ethanol.
The three dotted lines 0.6 f:[ ]
denote the theoretical

values for the different | O m

solvent qualities as given in g
Fig. 9 (adapted with 0.0 [enmnTrtwmnnas ) ]
permission from

Macromolecules i % Il
[149]. Copyright (2012)
American Chemical 0.4 E 7
Society)

0.3F -

00 02 04 06 08 10

XE(OH

the surface of the microgels. Such behavior allows for tailoring of pore structures,
thus enabling a control of the motion through these systems.

Amongst other polymers, PNIPAM exhibits a peculiar behavior in solvent
mixtures. This polymer is, e.g., well soluble in water and in ethanol, but not in
certain mixing ratios of these solvents. The reasons for this phenomenon called
cononsolvency are still under discussion [144—147]. Cooperative hydration and
competitive hydrogen bonding are current concepts to explain cononsolvency [148]
Wang et al. applied FCS on fluorescently labeled PNIPAM of different degrees of
polymerization and different water—ethanol compositions.[149] One technical chal-
lenge in these measurements was the change in refractive index upon addition of the
cononsolvent ethanol to the aqueous polymer solution and the concomitant change
in the confocal volume size and shape [43]. The change in refractive index was
investigated using reference measurements of fluorescent nanoparticle diffusion in
glycerol-water mixtures of known refractive indices by DLS. It was concluded that
the effect of the refractive index mismatch and the consequential distortion of the
confocal volume can be neglected for small distance of the focal point from the
coverslip (ca. 10 pm is also in our view an appropriate distance for such measure-
ments). From the diffusion times accessed by FCS, the hydrodynamic radii of the
PNIPAM coils were determined for different polymer chain lengths and solvent
mixtures. From the dependency of the hydrodynamic radius ry, on the polymer chain
length N, the Flory scaling exponent [115] v was determined as r,ocN”. As shown in
Fig. 10, the values in pure ethanol and pure water are close to the predicted values
for good solvents. In water—ethanol mixtures, the solvent quality for PNIPAM
becomes significantly lower. Between a mole fraction xg,on of 0.09 and 0.25, no
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uniform fluorescent signal could be detected in solution due to the (reversible)
formation of suspended aggregates.

FCS studies were not only performed in PNIPAM, but also in thermoresponsive
poly(2-oxazolines) [150] and to investigate the diffusion of nanoparticles in meth-
ylcellulose [151]. At low temperature, the latter exhibits a transient polymer mesh
networks in the fluid state which at higher temperatures switches to a gelled state
due to a formation of fibrillar structures.

Apart from using temperature for the switching, also other triggers such as pH,
salt concentration, and solvent composition have been reported. Changes in pH
value and ionic strength result in different interactions between polymer chains and
between the probes and the polymers and are especially pronounced for charged
species [133]. FCS studies at different humidity are sparse,[152] but may give a lot
of interesting information about the changes of the polymer dynamics during
swelling and deswelling.

12 FCS in Polymeric Systems Near Interfaces

The way that polymer chains diffuse at an interface is of high practical importance
for example for coating applications. This question, however, turned out to be
rather complex and measurements as well as theoretical considerations are chal-
lenging. The reason for this complexity are the numerous interactions and confor-
mations that have to be considered at interfaces. A variation of FCS that is quite
suitable to investigate surfaces is TIR-FCS where the sensitivity of FCS measure-
ments at solid—liquid interfaces is significantly enhanced [76—78]. However, so far
most FCS studies at interfaces have been performed in the “classical way.”

It was, for example, found that end-labeled polyethylene glycol (PEG) chains
adsorbed onto a hydrophobic self-assembled monolayer of octadecyltriethoxysilane
coated onto a fused silica coverslip exhibit a flat “pancake” conformation due to
significant adsorption of the polymer chains on the surface [60, 153]. This interac-
tion causes that the diffusion coefficient scales with the number of chain segments
according to a strong power law scaling with an exponent of —3/2, in contrast to the
scaling of —1/2 in solution (see also Fig. 11). Not surprisingly, surface diffusion
depends on surface coverage [154, 155]. At low surface coverages, an increase of
the translational diffusion coefficient with increasing surface concentration was
observed and attributed to a decrease of adsorption sites per molecule as chains
switch from pancake to loop—train—tail conformation. When polymer chains start to
overlap at the surface, the diffusion slows down significantly, due to crowding and
entanglement with neighboring chains.

Translational diffusion within polymer brushes can be also accessed by FCS
studies. It depends on the local viscosity within the brush and on probe size, thus
causing different results for small and macromolecular probes [156]. For charged
polymers, pH and ionic strength plays an additional role. If the dyes and the brushes
are oppositely charged a dynamic association of dye molecules with the polymer
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brush can be observed. The association and dissociation kinetics can be adjusted by
the pH or the addition of ions [157].

When the polymer brushes or surface coating are thermoresponsive, surfaces can
be also sensitive to temperature. Wang et al. studied lateral diffusion of fluores-
cently labeled polyelectrolyte poly(2-vinylpyridine) (P2VP) on the surface of
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) brushes [93]. At the
low pH used for the measurements, the P2VP chains were fully charged and thus
exhibited an extended coil conformation. Gradually increasing the temperature
resulted in an increase in the diffusion coefficient of the P2VP probes as expected
from the concomitant decrease of viscosity. However, at the volume phase transi-
tion temperature the diffusion coefficient started to decrease again. This behavior
was attributed to the collapse of the PNIPAM chain conformation changing the
hairy to a closely packed layer.

Apart from solid-liquid interfaces, also liquid-liquid interfaces can be investi-
gated using FCS. As an example, the adsorption dynamics of proteins at the oil—
water interface was measured [21]. However, changes in refractive index at the
interfaces should be carefully considered in order to avoid misinterpretations. A
thoughtful analysis of such effects has been performed by Donsmark et al. who
determined the molecular detection function of their system using numerical wave-
optical calculations [21].

13 FCS in Polymeric Micellar Systems

Polymeric amphiphiles can form different architectures such as spheres, disks, rods,
vesicles, or flocs [158]. For applications, it is of paramount importance to under-
stand how the shape and size of these assemblies varies with polymer concentra-
tion, quality of the solvent, and the lengths of the building blocks. FCS can
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significantly contribute to solve these questions due to its capability to follow
micellization and aggregation of polymers and detect their motion even at very
low concentrations. Norenberg et al. investigated the interaction of polymer and
surfactant in solutions which can form mixed polymer—surfactant micelles. One of
the main advantages using FCS was the very low concentration at which these
measurement could be performed so that viscosity effects arising from interacting
polymer tails and chains or Coulomb interactions could be neglected [159]. The
majority of FCS studies in polymeric micellar systems, however, focus on the
micellization and aggregation behavior of amphiphilic block copolymers which is
expected to differ from common surfactants as the solvophobic and solvophilic
parts of the molecule are much larger and also can be varied to a much greater
extent.

Compared to other methods, the advantage of FCS is the ability to detect a very
low critical micelle concentration [158, 160—163] (CMC) and a very low critical
aggregation concentration [158, 160, 161] (CAC) as they often appear in block
copolymer solutions. This could for example be demonstrated by Colombani
et al. who could access the CMC of a diblock copolymers by FCS, but only obtained
an upper estimate analyzing the absorption band of pyrene which is very sensitive
to local polarity of its surrounding [162].

The principle of CMC or CAC measurements, respectively, by FCS is as
follows. At concentrations below the CMC/CAC, the probes diffuse freely in
solution and, therefore, FCS curves can be fitted with one correlation time. Once
micelles or aggregates form, a fraction of the fluorescence probes will be
implemented into the assemblies, whereas the remaining probes remain in solution.
The fraction of probes in the assemblies diffuses significantly slower than the free
probes in solution and will result in a longer diffusion time. Thus, the unimer
concentration at which a fraction with a longer diffusion time appears in the
autocorrelation curve can be defined as the CMC or CAC, respectively. Experi-
mentally, this could be demonstrated by Bonné et al. [161]. Using rhodamine 6G as
a fluorescence probe, they found that with increasing concentration of an amphi-
philic poly(2-alkyl-2-oxazoline) diblock copolymer in water a second correlation
time appeared at the CMC. The fraction of this correlation time reflecting the
incorporated probe gradually increased with increasing polymer concentration.
The two correlation times, however, remained constant, indicating that only the
number of micelles but not their size increased.

For a correct determination of CMC or CAC, it is essential to know the
interactions of the probe with the micelles or aggregates, respectively. Binding of
the dye to the micelles/aggregates is always a dynamic equilibrium process. If the
time constants of the binding and unbinding process, however, are in a time range
similar to the duration that a dye on average requires to diffuse through the confocal
volume, a mixture of both diffusion times will be measured. For higher micelle
concentrations, the periods of free diffusion become shorter. Thus, even though the
size of the micelles stays constant, the average time it takes a fluorescent probe to
diffuse through the confocal volume becomes longer and the (time-averaged)
diffusion coefficient smaller. Thus, as shown in Fig. 12, the hydrodynamic radius



284

Fig. 12 (Apparent)
hydrodynamic radii ry, as
determined by FCS on P
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(adapted from Colloid and
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seems to grow with increasing polymer concentration, and the magnitude of this
effect will depend on the equilibrium constant of binding of the dye to the micelle.
As a consequence, despite the fact that the addition of a small amount of a low
molar mass dye to the polymer solutions is a straightforward way of studying the
aggregation of amphiphilic copolymers by FCS, great care has to be taken that the
dyes show significant binding to the micelles. Otherwise, a wrong dependence of
the hydrodynamic radii on polymer concentration will be observed, i.e., a too small
radius will be obtained at low polymer concentration [161]. A good example for a
suitable dye—polymer combination is octadecyl rhodamine B (ORB) which was
found to be a suitable dye for probing the micellization of PS-poly(methyl acrylate)
(PMA) block copolymers [164]. In this block copolymer, the ORB binds strongly to
the core-shell interface of the PS-PMA micelles with its nonpolar aliphatic tail
buried in and partially adsorbed to the PS core. The triplet quantum yield of ORB is
basically negligible and, therefore, the corresponding parameters do not have to be
implemented in the model for fitting the correlation curve. Another advantageous
property of ORB is its self-quenching in water, in which the probe molecules are
only weakly soluble and, thus, form aggregates. These ORB molecules show only
weak fluorescence and do not significantly contribute to the monitored FCS fluctu-
ations, thus lowering the background. As a consequence, the FCS fluctuations
originate mainly from the ORB molecules bound to the core-shell interface of the
PS-PMA micelles, increasing the sensitivity of this method.

Circumvention of the abovementioned problem of a dynamic binding equilib-
rium is possible using probes covalently attached to the copolymers. Even though
this requires an often elaborate covalent labeling of the polymeric amphiphile, the
results are nonambiguous [161]. Figure 12 shows that only two hydrodynamic radii
are obtained, one corresponding to the unimers and the other representing the
micelles. The fraction of the unimers gradually decreases whereas the one of the
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micelles increases due to the increase of the number of micelles and therefore the
probability of finding a labeled unimer in the micelle.

Apart from the determination of the CMC, the average size of micelles and
aggregates [158, 160—162] can be studied using FCS. Combining Eq. (3) and the
Stokes—Einstein equation (5), the hydrodynamic radius can be calculated from the
diffusion time, if the size w,, of the confocal volume is known. This size can be
obtained by a reference measurement of a dye with known diffusion coefficient. A
common and reliable reference is Rh6G in water with a diffusion coefficient
414 %1010 m? s7! [71]. However, as already mentioned above, it should be
checked that the binding behavior of the probing dye does not bias the results.
Otherwise the hydrodynamic radius of the micelles might be misinterpreted to
increase, i.e., micelles seem to grow with increasing monomer concentrations.

FCS studies on micellization and aggregation of polyoxazolines, an interesting
polymer class due to their biocompatibility, non-toxicity, and immuno-response
[165], have also been reported. The polarity of these polyoxazolines can be well
adjusted by appropriate substitution with different alkyl groups, also allowing to
tune their micellization and aggregation properties. In addition, polyoxazolines
exhibit a lower critical solution temperature (LCST) which can also be tuned by
appropriate substitution of the polymer backbone. Bonné et al. performed FCS
using polyoxazolines covalently labeled at the end of the hydrophobic poly(2-n-
nonyl-2-oxazoline) block or the hydrophilic poly(2-methyl-2-oxazoline) block,
respectively, and found that the position of the label did not significantly influence
micellization [161].

Polyoxazolines also exhibit a thermoresponsive aggregation behavior around the
cloud point which could be investigated using a combination of FCS with varying
temperature from r.t. up to ca. 50 °C, turbidimetry, and small-angle neutron
scattering [150]. Different combinations of iso-propyl-(‘PrOx), n-propyl-("PrOx)
and n-nonyl-(NOx) substituted polyoxazolines were investigated. Thermore-
sponsive P(‘PrOx) and P("PrOx) homopolymers show a behavior similar to the
one encountered with other thermoresponsive homopolymers, such as PNIPAM
[166], with the cloud point significantly depending on concentration and on the
degree of polymerization, decreasing with increasing concentration and increasing
degree of polymerization. At room temperature, both homopolymers were
dissolved as unimers. At the cloud point (above 40 °C for P(‘PrOx) and 24-38 °C
for P("PrOx)) the polymer chains collapsed and formed large aggregates (Fig. 13a).
This aggregation process was fully reversible for P('PrOx) whereas the aggregates
of P("PrOx) could not be fully dissolved upon cooling, presumably due to crystal-
lization of the n-propyl side chains. The aggregation of the copolymers with a
P'PrOx and a P"PrOx block was dominated by the behavior of P"PrOx, the block
with the lower cloud point. In this mixture, aggregates formed directly (Fig. 13b) at
the cloud point of P"PrOx. In gradient copolymers with, on average, 2 or 4 out of
50 iso-propyl side groups replaced by the very hydrophobic n-nonyl side group, a
complex aggregation behavior was obtained due to the interplay between intra- and
intermolecular association mediated by the hydrophobic "PrOx side chains.
Already below the cloud point, aggregates formed due to the strong interaction of
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Fig. 13 Temperature-dependent aggregation behavior of (a) P('PrOx) homopolymers, (b) P
(‘PrOx,5-b-"PrOx,s) diblock copolymers, (c) P[iPrOx4gNOx2]gmd, and (d) P[iPrOx46NOX4]g,ad
gradient copolymers. The different colors indicate the different monomer types. CP stands for
cloud point and IR for the intermediate regime (adapted from Colloid and Polymer Sci [150]
Copyright (2012) Springer)

the strongly hydrophobic n-nonyl side groups (Fig. 13c, d). This effect was more
pronounced for the gradient copolymers with a higher number of n-nonyl side
groups. The hydrophobic interaction of these groups also shifts the collapse
resulting in large aggregates to a few Kelvin above the cloud point. These aggre-
gates, however, could not be detected with FCS, because sedimentation occurred
due to their large size.

FCS is not only restricted to assembly studies of block copolymers and homo-
polymers, but also more complex aggregation systems can be analyzed. As an
example, §tép2’mek et al. investigated the solution behavior and self-assembly of a
heteroarm star copolymer consisting of ca. 20 short PS and 20 long P2VP
arms [167].

14 Comparison of FCS with Other Methods

Some observables that can be measured with FCS are in principle also accessible by
other techniques. Thus, it is important to know the strengths and weaknesses of
these methods with respect to FCS.

Dynamic light scattering (DLS, also known as photon correlation spectroscopy),
for example, is an often used method to investigate the dynamics of particles,
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micelles, and aggregates. The advantage of FCS, however, is the tiny amount of
fluorescence probes required, which is approx. 3 orders of magnitude lower than the
particle concentration in DLS [168]. Such small concentrations are of particular
advantage for probing low micelle and aggregate concentrations. FCS also allows
for the simultaneous detection of free dye, micelles, and large aggregates which is
more difficult in DLS due to the fact that the scattered intensity is proportional to
the particle mass and concentration [167]. Therefore, also small aggregates can be
detected in the presence of large aggregates [160]. This advantage, however,
disappears if the fluorescence signal is proportional to the particle or aggregate
size, i.e., if a non-negligible amount of monomers or unimers are labeled. For
polydisperse particles, micelles, or aggregates, it is important to keep in mind that
FCS measures number-averaged molar masses (M,) whereas weight-averaged
molar masses (M,,) are obtained during DLS measurements [164].

Quasielastic neutron scattering (QENS) can detect diffusional processes at
sub-nanometer length scales and with temporal resolution in picosecond time
range [169]. In contrast to optical techniques, clearly higher spatial accuracy,
however, comes along with a high technical demand, i.e., the necessity of a neutron
source together with all its costs and security requirements. In addition, neutron
scattering cross sections are ca. 10” times smaller than the absorption cross section
of good fluorophores, resulting in long measuring times of hours. These long
measuring times prohibit the scanning of many different sample areas and, thus,
limit the imaging possibilities of QENS.

Combinations of FCS with DLS [158, 160, 163, 164], neutron scattering [150],
or the application of all three techniques [170] to maximize the information about
polymer systems have been successful.

15 FCS and Simulations

The combination of FCS with simulations in order to support the conclusions drawn
from measurements bears a huge potential to gain a deeper understanding of
dynamics in polymer systems. So far, only few such combined studies have been
performed as discussed in a recent perspective article [171]. In contrast to mea-
surements, different parameters can be well controlled and varied in simulations
and interactions can be switched on and off. The comparison of the autocorrelation
functions obtained from simulations under different assumptions with the measured
FCS autocorrelation curves can subsequently point out the most appropriate model
to describe polymer dynamics in different systems. One of the big challenges for
FCS simulations is the large range of timescales which has to be accessed, typically
from microseconds to seconds. The continuing development of computer technol-
ogy helps to increase the time span and the number of particles which can be
simulated with reasonable computational resources (CPU or GPU time, respec-
tively). Yet, in order to cover the most interesting time range, even with the most
powerful computational units the detailed level of the simulations has to be
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Fig. 14 Simulation of the trajectory of a tracer which can reversibly bind to polymer in a dilute
polymer solution. When bound, the diffusion is strongly hindered whereas free diffusion is
assumed in the non-bound periods. Panel (a) shows the case when the two length scales of the
volumes with bound and unbound tracer are greater than the focal spot dimension, w, while panel
(b) shows the opposite situation. In case (a), two distinct diffusion processes are resolved by FCS.
In case (b), a single average process is observed. (adapted from Physical Review Letters [46]
Copyright (2013) American Physical Society)

considerably reduced (coarse-graining) [172]. Such a simplification, however, can
also bias the results calculated from the simulated data, and it is essential to
carefully cross-check that the interpretations do not go beyond the approximations
of the underlying model.

Concerning FCS, the most interesting observables from the simulations are the
trajectories of single diffusion molecules or particles, respectively. From these
trajectories, the mean square displacements and the autocorrelation functions can
be calculated. This way, it can be analyzed how heterogeneity expresses itself in the
FCS results, i.e., how anomalous diffusion is averaged over the relevant FCS time
and length scales. Also, the question how interactions between dye and polymer
chains influence FCS results has been recently addressed using a combination of
FCS experiments with simulations [46] (Fig. 14).

16 Conclusion and Outlook

FCS has proven to be a suitable method for the investigation of dynamics in
polymer systems. One of the main advantages consists in the high sensitivity of
fluorescence detection, the potential to probe dynamics on a broad range of time-
scales, and the possibility to measure in situ. Further development might focus on
variation of local detection and, therefore, some kind of FCS imaging which allows
to probe dynamics in different sample areas, e.g., inside and outside of gel and in
the vicinity of gel surface. Also, improved labeling strategies and novel functional
dyes are needed for example for a distinction of probes in areas of different polarity
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or different local mobility. The limits of FCS are often set by the investigated
systems which apart from bearing fluorescence impurities might scatter or refract
light in an uncontrolled way at refractive index changes and therefore distort the
confocal volume. The time resolution of scanning FCS approaches is limited by the
period of time required to get sufficient photon counts in order to obtain reliable
correlation functions. Despite these challenges, FCS has already contributed sig-
nificantly to gain a deeper understanding of polymer physics. As shown in this book
chapter, the studies so far focused mainly on diffusion of differently sized molec-
ular and macromolecular probes in polymer solutions, classical and responsive
polymer gels, polymer melts, glasses, and micellization, and aggregation systems.
Combination of FCS with other experimental techniques or with simulations and
theory will in future contribute to the establishment of FCS as a standard method to
study polymer systems.
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