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Introduction
Wolfgang Binder

When the Romans invented concrete as a construction material more than 2000
years ago for erecting arches, water-pipes and monuments such as the Pantheon,
it can be assumed that they did not know about any of the molecular mechanisms
of self-healing. However, they surely knew and realized by observation of, for
example, old Egyptian pyramids, that the construction of a many-century-lasting
empire needs even longer lasting materials, remaining unchanged over many
thousands of years, even into our modern times. As all modern materials, fabri-
cated with a usually huge amount of intellectual and also hand- or machine-driven
force, are subject to thermal or mechanical destruction as well as chemical degra-
dation during their active lifetime, their use is therefore limited. Despite the inevi-
table fact that the renewing and destructive force has allowed new civilizations to
emerge during the past (historical) times, a short look at nature makes the pos-
sibilities of repair and restoration of properties obvious—why would modern man
not be able to achieve the same, similar, or even better?

As polymers and polymeric materials are “the” smart invention and technologi-
cal driving force of the twentieth century, the quest for implementing self-healing-
properties into polymers [1] is strong. Not only the practical demand of maximum
usage-times of each fabricated thing, but also the everlasting limitation on natural
resources and costs inevitably leads to the quest for generating self-repairing
polymer materials. Similar to repair-mechanisms active in living nature, regenera-
tion of material properties should be reachable without external action [2]. In such
materials, stress of a certain magnitude (either chemical, physical, or thermal)
induces a mechanical deformation in the polymer, which in turn activates a
response [3] within the material, leading to “healing” of the generated (physical)
damage.

Looking at even superficial injuries in mammal organisms shows that a vascular
(e.g., bloodstream-supported) supply-system helps to restore and heal mechanical
damage via the blood-clotting cascade and subsequent tissue regeneration. This
very simple principle demonstrates that biomimicry might help in the design of
self-healing polymers by applying similar capsule- or vascular-based logics. If one
looks further, the principles of DNA-repair based on the radical scission of DNA-
chains can induce a DNA-repair system, which in its complexity cannot be copied

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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into simple bulk polymeric materials. Thus, an important aspect of self-healing is
the presence of a structure which is able to dynamically respond to an external
stimulus [3], enabling the restoration of the initial material properties. Due to their
highly complex chain structure, polymers, in particular, are ideally suited to serve
as molecules for dynamic and thus self-healing properties, given that they are
coupled to fast and efficient crosslinking reactions [4].

In self-healing polymers, many complex issues of chemical and physical-princi-
ples are interlinked, only then providing the necessary understanding of the
underlying processes (see Chapter 1 by Binder et al. on the principles of self-
healing polymers). Only a material able to recognize the damage-event can be able
to heal autonomously, thus repairing without external action, similar to what is
known in nature (see Chapter 2 by Speck et al. on biomimicry related to plants
in self-healing polymers). Thus an inherent “sensing” ability of the polymer is
required (see Chapter 8 by Moore et al. on mechanochemistry), which then shows
a dynamic response to induce a repair mechanism and thus healing, usually
via crosslinking processes. As the complexity of the “clotting-cascade” in living
organisms cannot be reached in technical polymers, network-formation is among
the central aspects of the healing mechanism, often related to permanent chemical
crosslinking processes (see Chapter 9 by Du Prez et al.), reversible (covalent)
crosslinking (see Chapter 6 by Kickelbick et al.) and via photochemical crosslinking
(see Chapter 7 by Zhang et al.), requiring knowledge on the physicochemical
principles of network formation (see Chapter 5 by Kressler et al.). Spatial separa-
tion of highly reactive intermediates by encapsulation (see Chapter 10 by Crespy
et al.) is thus important.

Chain dynamics and principles of polymer physics are an important aspect for
the design of self-healing polymers (see Chapter 3 by Balazs et al. and Chapter 4
by Pyckhout-Hintzen et al.). In order to design materials with dynamic properties,
a reversible bonding system is required to enable a self-healing material, including
aspects of supramolecular polymer chemistry. Thus noncovalent bonds such
as hydrogen bonds and n—m-stacking (see Chapter 11 of Binder et al.); metal-
metal-complexes (see Chapter 12 by Schubert et al.) and ionomers (see Chapter
13 by Schmidt et al.) are crucial elements, demonstrating the possibility of multiple
healing cycles in contrast to covalently linked networks.

Self-healing polymers are already used in industrial engineering, fabricating
material parts with self-healing properties. Thus reliably testing and understanding
the mechanical properties of self-healing polymers is a crucial aspect, including
modern micro- and nanoscaled testing methods, besides the classical mechanical
testing-methods (see Chapter 14 by van der Zwaag et al.). Chapters on the applica-
tions of epoxy resins as the largest class of self-healing polymers (see Chapter 15
by White et al.), on self-healing polymers in the aerospace industry (see Chapter
17 by Guadagno et al.) and the use of layer-by-layer deposition for self-healing
anticorrosion-surfaces (see Chapter 16 by Mohwald et al.) provide insight into the
technological features of this fascinating class of materials.

The self-healing polymers are there on the market, they have become reality in
material science. All in all, despite the different aspects of many research activities
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and fields, spanning the range from molecular chemistry to polymer physics, as
well as mechanical testing and industrial engineering aspects, there are still many
open fields to discover. In the future, it will not be the versatility of chemists and
physicists that will decide about self-healing polymers, but the markets and the
needs of engineers, where self-healing polymers will be used-it is thus just a

question of market and history that will decide if new emerging cultures of the

future will find our current technical achievements after 2000 years or more still
present in everyday life . . . self-healing principles surely will play a role in this.
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1
Principles of Self-Healing Polymers”
Diana Déhler", Philipp Michael", and Wolfgang Binder

1.1
Introductory Remarks

All matter is subject to thermal or mechanical destruction as well as chemical
degradation during its active lifetime—thus restricting the use of each crafted piece
of matter which has been fabricated with a usually huge amount of intellectual
and also hand- or machine-driven force. When the Romans invented concrete as
a construction material more than 2000 years ago for erecting arches, water-pipes
and building of monuments, such as the Pantheon, it might be assumed that they
did not know about any of the molecular mechanisms of self-healing in this mate-
rial. However, they surely knew and realized by observation of, for example, old
Egyptian pyramids, that the construction of an empire to last for many centuries
needs even longer lasting materials. Indeed, a useful construction material does
not only need to be strong and stiff, it also needs to be flexible in shape and appli-
cation, thus self-hardening concrete definitely is advantageous over handcrafted
stone. The self-healing properties of concrete have provided us with testimony of
this technically advanced (Roman) culture, whose achievements can be seen even
in our modern times.

Polymers and polymeric materials are “the” smart invention and technological
driving force of the twentieth century, hence the quest for self-healing or self-
repairing polymers [1, 2] is strong. Not only the practical demand for maximum
usage-times of each fabricated thing, but also the everlasting limitation of natural
resources and costs leads to the search for self-repairing polymeric materials
needing no direct human action for repair. Therefore, as new polymers and
polymeric materials are designed, the quest for materials with self-healing pro-
perties (i.e., those which can regenerate similarly to living matter, especially
after mechanical deformation and crack-formation) is increasing, culminating in
the need for self-healing polymers after mechano-deformation [3-10]. In such

*) This chapter is partially based on thoughts published in Macromol. Rapid Commun. (2013), 34
(3), 203-220, written and designed by the very same authors.
1) Diana Déhler and Philipp Michael contributed with equal share to this article.
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materials, stress of a certain magnitude (either chemical, physical, or thermal)
induces a mechanical deformation in the polymer, which in turn activates a
response within the material, leading to “healing” of the generated (physical)
damage. Despite the inevitable fact that the destructive and renewing force has
allowed new civilizations to emerge during the past (historical) times, a short look
atnature makes the possibilities of repair and restoration of properties obvious —why
would man not be able to achieve the same, similar, or even better? Naturally,
mankind is taking steps to increase the lifetimes of all materials, in particular those
of polymeric materials and composites, thus reducing the need for repair and
replacement of such materials. Looking at superficial injuries in mammal organ-
isms we see that a vascular (e.g., bloodstream-supported) supply-system helps to
restore and heal mechanical damage via the blood-clotting cascade and subsequent
tissue regeneration. This very simple principle demonstrates that biomimicry
might help in the design of self-healing polymers by applying similar capsule- or
vascular-based logics (see also Chapter 2). Looking further, principles of DNA-repair
based on the radical scission of DNA-chains can induce a DNA-repair cascade,
which in its complexity cannot be copied in simple bulk polymeric materials, but
shows that a dynamic system is required to enable a self-healing material. Thus, an
important aspect of self-healing is the presence of a structure which is able to
respond dynamically to an external stimulus, enabling the restoration of the initial
material properties. Due to their highly complex chain structure, polymers are
ideally suited to serve as molecules for dynamic and thus self-healing properties.

1.2
General Concept for the Design and Classification of Self-Healing Materials

A polymer displaying self-healing properties needs the ability to transform physi-
cal energy into a chemical and/or physical response able to heal the damage-a
process which normally is not present in “conventional-non-self-healing” poly-
mers. Thus, the polymer needs to “sense” the damaging force, transforming it
autonomously (without further external stimulus) into a healing-event, ideally at
the damaged site. The possible mechanistic designs of self-healing polymers are
depicted in Figure 1.1. A self-healing polymer, therefore, is supposed to heal damage
(see Figure 1.1a, imposed by shear-force or another rupturing event) by either physi-
cal processes alone (see Figure 1.1b) or via a combination of chemical and physical
processes (see Figure 1.1c). The design of self-healing polymers, therefore, is a
multidisciplinary process, requiring knowledge of their structure, their individual
dynamics, as well as a deep knowledge of chemical processes. Thus, the design of
self-healing polymers needs a thorough understanding of the polymer’s individual
chain-dynamics (see also Chapters 3 and 4), and not only the dynamics of whole
chains or molecules within the polymeric material, but also the dynamics of each
segment interacting with a specific part of the new interface or other polymeric/
monomeric molecules.

Similar to biochemical healing processes, the initial damage (see Figure 1.1a)
generates a free (usually fresh) interface (shown as a crack), which in turn can act
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Figure 1.1 Design of self-healing polymers. between functional groups and thus to a
(a) Shear-force or rupture is transformed into chemical healing process, resulting in crack
a crack, sensed by the polymer matrix. (b) closure by a newly formed network (g) Healing
Newly generated interfaces lead to concentra-  induced by a crosslinking reaction, either via
tion gradients, which allow enhanced supramolecular forces (h), covalent chemistry
diffusional processes (f), resulting in welding, (i), mechanochemical (j) or “switchable”
swelling, patching, nanoparticle enrichment reactions (k). After a second rupture event at
or simple molecular interdiffusion (physical the same area the number of healing-cycles
entanglement) of polymer chains (d) and (e). can vary, implying either a one-time healing
(c) Molecular movements lead to contact process (I) or multiple healing (m) and (n).

as a site for molecular processes, such as swelling, patching or simple molecular dif-
fusion, which can induce a welding process (see Figure 1.1d), subsequently leading
to a closing of the crack and thus a “self-healing” process [11]. Nanoparticles (see
Figure 1.1e), small, or even large molecules can diffuse to the interface, thus
leading to changes in the local concentration, and also inducing changes in the
individual local mobility of the molecules. This can in turn lead to the healing of
the crack (see Figure 1.1f).

Chemical healing processes (see Figure 1.1c) always need a combination of physi-
cal and chemical healing principles, as a chemical reaction can only take place
when contact between the reactants has been achieved. In general, after diffusion
and reaction of the reactants, the crack is filled by a newly formed network (see
Figure 1.1g [see also Chapter 5]), which results from the crosslinking reaction of
individual polymer chains, either via purely physical (“supramolecular”) forces [9,
12-14], or by action of truly chemical forces resulting in partially reversible [15-17]
or stable [18, 19] covalent bonds (see Figure 1.1h and i). Purely supramolecular
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interactions [9, 20-22] (see also Chapters 11-13), well known from molecular self-
assembly, can reform, thus generating a network with dynamic properties by itself
[23]; covalent chemistry (see Chapters 6-9, 15, and 17) is able to form a new network
by a plethora of chemical crosslinks, often well known and well optimized by
technical processes of resin-chemistry (“thermosets”). In particular Diels—Alder
(DA) reactions [17, 24-28], epoxide chemistry [29-41], “click-based” chemistry [18,
42-54], isocyanate chemistry [55], olefin metathesis [19, 56-61], and thiol chemis-
try [62, 63] have gained significance in this respect. Choice of the chemical reac-
tions to be used usually takes into account the efficiency (“free energy”) of the
reactants as a major selection tool, besides the stability and selective incorporation
of the respective functional groups into the final material, for example, via encap-
sulation strategies (see also Chapters 10 and 16).

Furthermore, so called mechanochemical reactions (see Figure 1.1j) (see also
Chapter 8) can transform the physical energy of damage directly via a specially
designed chemical group (“mechanophore”) [4, 64, 65] into an activated chemical
state, which in turn allows self-healing. These specially designed reactions are
intrinsically coupled to the existing polymeric chains, as the attached polymeric
chains act as a “handle”, which by definition allows the conversion of applied
mechanical energy into the actual chemical reaction [66]. Especially, ring-opening
reactions [64, 65, 67-73] and carbene-based catalyst activation [74—78] have become
prominent for realizing the concept of self-healing polymers.

Moreover, an inherent “switch” [79-82] (see Figure 1.1k) (see also Chapter 7) such
as light or an electrochemical stimulus can be flipped, triggering a reversible
network formation within the polymer and thus a self-healing response.

Additionally, the mentioned self-healing approaches can be divided into intrinsic
and extrinsic concepts [7] (see Figure 1.1), where intrinsic self-healing polymers
utilize an inherent material ability to self-heal, triggered either by a damage event
or in combination with an external stimulus. In contrast, for extrinsic self-healing
concepts the healing agents have to be pre-embedded into a (polymeric) matrix
enabling their release during a rupture event and thus self-healing.

All these approaches display different features with respect to external condi-
tions under which self-healing takes place (such as the required stress for activa-
tion, the temperature of healing as well as other external constraints imposed by
the mechanism of the healing concept) the number of healing-cycles thus imply-
ing either a once-a-time-healing after one stress-event (see Figure 1.1g and k), or
the possibility to repeatedly heal damage at the same position of the material (see
Figure 1.11 and m) as well as the timescale on which the self-healing process is
taking place. Hence, a large body of work has been dedicated to optimize the
conditions of healing (temperature, additives, and optimization of catalysts) as
well as the technical realization of the concept, thus being able to fabricate and
produce a technically useful polymer at reasonable costs within a technical process
(see Chapter 14).

The following sections will provide an overview of the chemical principles of the
underlying concepts to fabricate self-healing polymers. The various possibilities
of chemical and physicochemical approaches have, therefore, triggered a number
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of strategies which will be discussed in separate chapters as their chemical and
physical principles are totally different.

1.3
Physical Principles of Self-Healing

In general, all self-healing concepts have the aim to generate crosslinked net-
works, either by covalent or supramolecular chemistry, or by purely physical
crosslinking via chain entanglements. Self-healing principles based on physical
interactions constituted one of the first historically observed self-healing
behaviors of manmade plastics and will be discussed in the following. Chemical
self-healing concepts will be presented in Chapter 9. Physical principles imple-
mentable in self-healing approaches are based on molecular diffusion, induced
either by Brownian motion, chain segment motion or entropy driven movement
of molecules or particles with or without external stimulus. Several self-healing
mechanisms, such as molecular interdiffusion, welding, swelling, or self-healing via
nanoparticles can be assigned to this category. Additionally phase-separation phe-
nomena in polymers can be an enhancing factor for self-healing [83-95] (e.g.,
see Chapter 13).

In order to understand the phenomena of self-healing based on physical interac-
tions it is necessary to get fundamental knowledge of molecular mechanisms. The
elementary steps of all physical self-healing principles are interdiffusion and
entanglement of polymer chains [11, 96]. Both properties depend on intermolecu-
lar forces, which are closely linked to the chemical nature of the polymer and the
length of the molecules, including the dependence on the average molecular
weight. However, both factors often oppose each other. Accordingly, short chains
enable fast molecular interdiffusion, while long chains generate materials with the
ability for high strength recovery at the interface [11].

One of the best known and well understood self-healing approaches based on
physical methods is the so-called molecular interdiffusion, which can be divided into
thermoplastic and thermoset self-healing occurring above and also, at least theo-
retically, below the glass transition temperature (Ty). It has been shown that the
polymer/polymer interface gradually vanishes and the mechanical strength at the
initial interface increases by bringing two pieces of identical or even compatible
polymers into contact. Thus, the polymer matrix is actually healed just due to
molecular diffusion along the polymer/polymer interface [3, 11].

In order to understand this phenomenon, Wool and O’Connor [97] developed,
in 1981, a five-stage mechanism to unscramble the complexity of strength recovery
at ruptured polymer/polymer interfaces, and provide an explanation for the func-
tioning principle of many self-healing concepts (see Figure 1.2), being strongly
related to molecular interdiffusion at or above the glass transition (T,). At this
temperature polymer segments are mobile enough to enable an efficient self-
healing process. This relatively simple model is, in its basic steps, applicable as a
universal mechanism for nearly all self-healing concepts [98].
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(e) randomization
damage event

(a) surface rearrangement and
(b) surface approach

(d) diffusion
(c) wetting

Figure 1.2 Stages of self-healing mechanism. (a) Surface rearrangement, (b) surface
approach, (c) wetting, (d) diffusion and (e) randomization.

The principle stages of healing according to the mechanism of Wool and
O’Connor [97] are illustrated in Figure 1.2 including the steps of surface rearrange-
ment (a), surface approach (b), wetting (c), diffusion (d) and randomization (e).
Surface rearrangement and surface approach are the first steps after a damage
event has occurred. These steps are the most critical ones as healing can only take
place if the ruptured interfaces can come into contact with each other. The surface
rearrangement (a) influences the rate of crack healing significantly due to the
discontinuity of the topography and the roughness of the created crack surface,
which may change with time, temperature and the applied pressure [11, 97, 98].
Higher surface roughness leads to a higher contact area and, therefore, to higher
rates of diffusion, and thus expectedly higher rates of self-healing. The surface
approach (b) under controlled laboratory conditions appears to be the most trivial
step. However, in practice, this is one of the most crucial steps regarding surfaces
pulled apart by the damage event which might prevent the contact of the surface
layers and thus terminate the self-healing process [98]. Moreover, the surface
approach stage determines the mode of healing, for example, healing in point or
line mode [97]. Before the healing process can start, the wetting of the cracked
surfaces by each other or by healing agents has to be ensured. This is mostly
achieved by ensuring sufficiently high chain mobility of the initial material, and
also by increasing the temperature or adding solvents. The wetting stage (c)
enables diffusion (d) which results in the entanglement of polymer chains and,
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therefore, in the recovery of the mechanical properties of the healed material. Dif-
fusion is a fractal random walk of polymer chains near to the surface which first
results in the entanglement of the mobile chains and then in interpenetration into
the unruptured matrix material. The diffusion stage is the most important step
for restoring the mechanical properties during which the majority of these pro-
perties are recovered or healed [97-99]. During the randomization stage (e) the
complete loss of initial crack interfaces can be observed.

As previously mentioned, it is possible to observe self-healing via molecular
interdiffusion, not only above but also below the T,, despite being a contradiction
of the conventional knowledge of polymer movement suggesting no motion of
polymer segments below their T,. Nevertheless, wetting and diffusion can be
observed at a certain healing temperature significantly below the T, [96, 100-102].
Wool et al. [100, 102] observed crack healing processes in glassy polymers and
related this to the interdiffusion of molecular chains and the subsequent re-
formation of molecular entanglements. It is claimed in literature, and highly
controversially discussed in the scientific community, that this self-healing ability
is caused by a potential reduction of the T, at polymer surface layers compared to
the T, in the bulk [11, 96, 101, 103-105].

Four possible explanations for this behavior [106-115] are illustrated in Figure
1.3: (a) The accumulation of polymer end groups at the outer surface due to their
higher space requirement compared to the corresponding chain segments leads
to a lower density of chain segments at the inner surface, causing a higher chain
mobility and thus a lower T, (b) The confinements for polymers with high molecu-
lar weight force them to alter their chain conformation (induced by a break in
symmetry at the polymer surface—flattened chain conformation), resulting in
decreasing interchain entanglements and a reduction in the chain segment
density. (c) The collective motions along the chain (loop motions) dominating in
thin film scenarios require a weaker free volume compared to the standard motion,
leading to a decrease in the effective chain segment density and, therefore, to a
reduction in the T, at the interface. (d) The accumulation of low molecular weight
polymers at the surface layer can cause, according to the Flory—Fox equation, a
reduction in T,. This effect can be explained by their lower surface tension and
the reduction in free energy by a smaller change in conformational entropy. Fol-
lowing these assumptions, the final reduction in T, at the surface layer will
enhance the mobility of the chain segments and thus enable self-healing according
to the basic steps of Wool and O’Connor [97-99].

A further self-healing concept based on physical interactions is welding. Beside
the mentioned molecular interdiffusion it is one of the traditional self-healing
methods. Welding relies on damage healing by forming chain entanglements
between two contacting polymer surfaces in order to restore the original mechani-
cal properties of the ruptured area [3]. Therefore, welding is, in a strict interpreta-
tion, a superordinated category of molecular interdiffusion. Nevertheless, it is
often referred to separately due to its various manifestations. The welding process
consists of the same healing stages mentioned above: surface rearrangement,
surface approach, wetting, diffusion and final randomization (see Figure 1.2).
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Figure 1.3 Reduction of T, in polymer three cases (a)—(c) and therefore to a
surface layers. The accumulation of polymer reduction in the T, at the interface. The
end groups at the outer surface (a), enrichment of low molecular weight

confinements for polymer chains due to high  polymers at the surface (d) causes a
molecular weight (b), and collective motions  reduction in T, according to the Flory—Fox
along the chain (c) leading to a decrease in equation.

the effective chain segment density in all

However, the rate of rearrangement and reorganization is influenced by various
factors, such as the welding temperature, surface roughness, remaining chemical
bonds between the surfaces, and the presence or absence of solvents [3]. In the
case of covering or replacing damaged material by new externally added material
the approach is also known as patching. If some solvents are involved to increase
the mobility of the polymer chains the healing process is called swelling.

A completely different approach is the nanoparticle-based self-healing concept
(see also Chapter 3) [3, 98, 116], inasmuch as it does not involve separation and
rejoining of polymer chains like the previously discussed methods. This concept
is based on the migration of nanoparticles to the damaged area. After cooling
below a certain temperature a solid phase is formed recovering the mechanical
strength and thus healing the damage. This method assumes a sufficiently high
mobility of the nanoparticles in the polymer matrix. In order to enable this accu-
mulation of particles at the crack surface the healing occurs commonly above T,
Moreover, the modification of the nanoparticle surface is significant to ensure a
sufficiently high driving force based on entropic and enthalpic interactions between
the particles and the polymer matrix.
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1.4
Chemical Principles of Self-Healing

All self-healing methods have the aim to generate crosslinks in networks, either
by physical interactions, as discussed previously, or by chemical reactions of
various kinds of functional groups, which will now be discussed in detail.

Chemical self-healing principles (see Chapters 2, 6-9, 11-13, 15 and 17) can be
classified into two main categories, based either on covalent (see Figure 1.4a) or
on supramolecular network formation (see Figure 1.4Db). In the case of covalent
network formation chemical bonds between functional groups are generated
and thus a permanent, but sometimes even reversible, network is established.
In contrast, supramolecular networks are commonly reversible associates of
polymers linked via supramolecular interactions and show a higher dynamic
behavior. Moreover, a subdivision into inherent “switchable” polymer systems
(see Figure 1.4c) and concepts using mechanochemical activation of molecules
by direct effect of a mechanical force (see Figure 1.4d) can be made. Concepts
assigned to these two categories could also be classified into covalent or
supramolecular network formation. The separations are, thereby, often blurred,
enabling the assignment of several self-healing methods into more than one
category.

(a) Covalent network formation

(b) Supramolecular network formation

S

(d) Mechanochemical network formation

Force Force Network formation

F F
orce orce (c) “Switchable” network formatiorﬂ

Activated species j

)

New network Time
Figure 1.4 Different modes of chemical interactions resulting in crosslinked network
formation. (a) Covalent network formation, (b) supramolecular network formation,
(c) “switchable” network formation and (d) mechanochemical network formation.
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1.4.1
Covalent Network Formation

A great challenge for chemists and material scientists involved in the evolution
of self-healing polymers was the development of concepts that, in a fast and
preferably simple way, form highyl crosslinked networks. Therefore, they tuned
the properties of the self-healing agents so that damage healing could occur under
ambient conditions, like low temperatures, or humid and oxygen-containing envi-
ronments. Furthermore, a large diversity of protection methods, such as encapsu-
lation or in situ activation of catalysts, was developed. Moreover, some scientists
explored various catalytic self-healing methods to accomplish a fast network for-
mation at ambient temperatures, while others pursue higher temperature methods.
Another challenging task was to guarantee a healing response only in direct
response to a damage event. Therefore, reversible reactions shiftable to a “broken”
stage and cured subsequently by re-shifting to the “healed” stage were used. Fur-
thermore, different protection methods, preventing not only disturbing external
influences but also undesired premature crosslinking reactions, found application.
Accordingly, a large diversity of self-healing concepts has been developed up today.

In self-healing concepts based on covalently crosslinked networks, covalently
linked network points are generated in a chemical reaction (see also Chapters 6-9
and 15). They exist in a large diversity and can be subdivided into reversible and
irreversible reactions. Reversible methods, like DA/retro-DA reactions (DA/rDA)
[17, 24-28, 117-123] or polycondensations [124, 125] provide the opportunity for
multiple healing cycles, while irreversible methods, like the microcapsule-based
ROMP concept [19, 59-61, 126], epoxides [127-130], or various click approaches
[18, 42, 43, 48, 51], cannot heal a once ruptured area a second time. For more
information see also Section 1.5.

1.4.1.1 Irreversible Covalent Network Formation Concepts

One of the most prominent self-healing methods based on irreversible covalent
network formation was developed by White et al. [19] in 2001, who investigated the
microencapsulation of dicyclopentadiene and subsequent embedding into an
epoxy-matrix containing a Grubbs catalyst (see Figure 1.5a; Table 1.1a) (see also
Chapters 9, 10, and 15). A damage event rips the microcapsules and releases the
dicyclopentadiene monomer into the crack plane, where it comes into contact
with a ruthenium-based Grubbs catalyst and triggers a ring opening metathesis
polymerization (ROMP) [19, 56-58]. The subsequent generation of a dense network
results in the recovery of the material properties, whereby self-healing efficiencies
up to 99% can be achieved [126]. Further studies have resulted in the development
of alternative monomers suitable for these ROMP systems, such as endo- [19] and
exo-dicyclopentadiene [59], endo-1,2-dihydrodicyclopentadiene [59], norbornene
[59], 5-ethylidene-2-norbornene [60], 5-(chloromethyl) norbornene [61], 5-(bro-
momethyl) norbornene [61] and norbornene carboxylic acid ethyl ester [61] (see
Table 1.1b). Important, therefore, is a microencapsulation approach that can be
applied now to nearly all kinds of polymers, such as thermosets, thermoplasts,
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Figure 1.5 Self-healing methods based on thiol-ene/thiol-yne click reactions, (f) Michael
covalently crosslinked networks, utilizing (a) additions, (g) DA/rDA reactions, (h)
ROMP, (b) irreversible polycondensations, thiol-based reactions, (i) radical reactions, or
(c) epoxide chemistry, (d) CuAAC or (e) (j) reversible polycondensations as concept.

and elastomers [19, 37, 41, 133-139]. The advantage of applied encapsulation is
the possibility to spatially separate the reactive compounds from each other, from
the matrix and, therefore, from the environment, thus increasing the longtime
stability of the healing system (see Chapter 9). However, the original material
properties can be affected negatively by embedding microcapsules. Moreover, the
high cost of the Grubbs catalyst may limit a wider technical implementation.

In order to overcome these shortcomings, in 2006 White et al. [131] studied
a microcapsule-based self-healing systems using polycondensation reactions
of technically available hydroxyl-terminated poly(dimethylsiloxane)s and poly-
(diethoxysiloxane)s, efficiently catalyzed by cheaper organotin compounds (see
Figure 1.5b; Table 1.1, entry 3). In order to prevent a premature reaction between
the macromonomers, the tin compound was encapsulated in polyurethane
microcapsules and embedded into the polymer matrix. In case of a rupture event
the fluidity of the poly(dimethylsiloxane) enables flow into the crack, where
a polycondensation reaction between the poly(dimethylsiloxane) and the
poly(diethoxysiloxane), catalyzed by the tin compound, is triggered, forming a
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Table 1.1 Irreversible covalent network formation concepts for self-healing applications.
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Table 1.1 (Continued)
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siloxane-crosslinked network within the damaged zone. Moreover, the healing
system is applicable under aerobic and humid conditions due to the hydrophobic
nature of both siloxane-based macromonomers and the stability of the released tin
catalyst [131, 140]. This is of crucial importance for the practical realization of
self-healing, and together with the lower cost of the catalyst was the prime motiva-
tion for developing such systems. However, it was not possible to achieve healing
efficiencies of more than 24%, making a technical realization doubtful.

Another self-healing approach much closer to technical implementation utilized
epoxides as matrix-embedded encapsulated healing agents [29-39] (see Figure
1.5¢). Epoxides are highly strained three-membered rings which can undergo rapid
coupling reactions with the second healing reagent, the so-called hardener, com-
monly substrates with activated hydrogen atoms, such as amines, alcohols, car-
boxylic acids, or mercaptans, as well as anhydrides and maleimides. In the course
of the rupture event, the epoxide-containing capsules are cracked and release
their content in order to react with the also embedded hardener via covalent bond
formation. After treatment with these multifunctional and coreactive curing agents
100% conversion is usually reached, and insoluble thermosets are created com-
posed of three-dimensional networks which fill the crack and restore the strength
of the material. The crosslinking process can occur either at low temperatures
(“cold curing”) or at elevated temperatures (“hot curing”), the latter being of minor
interest for self-healing applications. Thus, primary and secondary aliphatic
amines are most often used as hardeners because of their higher reactivity at low
temperatures compared to other hardeners. Other important curing agents are
acid anhydrides and formaldehyde resins which can react with the hydroxy groups
of high molecular weight resins, resulting in further crosslinking reactions. While
choosing the curing agent as well as the curing conditions the characteristics of
the final resin, such as the crosslinking density and the morphology, can be freely
tuned. Further, cationic curing can be induced photochemically [127-130]. Epoxy
curing reveals some special advantages which make it to one of the most powerful
self-healing concepts, especially for epoxy resin materials. While using epoxides
as healing agents the same kind of material as the matrix is produced, thus ensur-
ing a good adhesion between them and enabling full recovery of the initial material
properties. Furthermore, together with the good healing efficiencies even at low
temperatures, cold curing is the self-healing concept currently closest to commer-
cial application. The sometimes lower longtime stability of the epoxy compounds
can be partially compensated by the encapsulation, using specific wall materials
or utilizing inherently more stable materials.

Recently, a self-healing system based on epoxy-amine resin formation [40] at
ambient temperature was developed (see Table 1.1 entry 4). A modified aliphatic
polyamine (EPIKURE 3274) and a diluted epoxy monomer (EPON 815C) were
separately encapsulated and embedded into a thermoset epoxy matrix. The optimal
mass ratio of amine to epoxy-containing capsules was determined to be 4:6
with an overall capsule content of 17.5% and an average healing efficiency up
to 91%. However, a notable influence of the high capsule content within the
polymer matrix on the material properties can be expected. A long term stability
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of the healing system of at least 6 months was shown. Another example of cold
curing epoxy systems consists of the conventional epoxy bisphenol-A-diglycidyl
ether (EPON 828) and the mercaptane hardener pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) acting as a two-compound healing system at room
temperature [41] (see Table 1.1 entry 5). Both compounds were encapsulated into
different types of microcapsules and incorporated into an epoxy resin matrix. An
attractive healing efficiency of 104.5% with a low capsule content of 5% could be
achieved after 24 h at 20°C and also a sufficiently long term stability of the healing
agents for at least 1 year could be demonstrated.

An approach of crosslinking concepts acting at ambient temperatures based
on “click” reactions has been pursued by the groups of Binder [18, 42, 43] (see
Figure 1.5d; Table 1.1 entry 6) and Kessler [48, 51], as well as by the thiol-ene/
thiol-yne click concept [52-54] (see Figure 1.5e; Table 1.1 entry 7). However, they
used a set of reactions called click chemistry [44-50], characterized by generating
only one, mostly regiospecific pure product in high yields, working under simple
reaction conditions and rapidly achieving complete conversion via a thermody-
namic driving force greater than 20kcalmol™. This definition was given by Sharp-
less et al. [141] and thus primed the capability of this reaction type for self-healing
applications. Binder et al. [18, 42, 43] (see Table 1.1 entry 6) have developed a click-
based self-healing system using the copper(I) catalyzed alkyne-azide cycloaddition
(CuAAC) reaction. They investigated a system assembling fluid trivalent azido-
telechelic poly(isobutylene)s (PIB) and various low molecular weight multivalent
alkynes [18, 42]. Both reactants were encapsulated in urea-formaldehyde capsules
and embedded into a polymer matrix containing Cu'(PPh;);Br and TBTA as cata-
lytic system. After the rupture event the healing agents came into contact with each
other and the catalyst, triggering the cycloaddition reaction, forming a crosslinked
network, and thus healing the damage. In the present case, the crosslinked network
formation proceeded at ambient temperatures and resulted in nearly full recovery
of the tensile modulus of 91% at 25°C or an increased value of 107% at 60°C.
Moreover, the network formation of two multivalent fluid polymers [43] was inves-
tigated and optimized using fluid trivalent star-shaped azido- and alkyne-telechelic
PIBs or multivalent side-chain functionalized copolymers of poly(acrylate), respec-
tively, with Cu'(PPhs);Br as catalyst. Thus, higher network strand densities and
faster crosslinking could be observed, even at room temperature. Furthermore,
autocatalytic behavior of the crosslinking reaction has been proven, increasing
further the efficiency of the CuAAC toward self-healing polymers. Kessler et al. [48,
51] (see Table 1.1 entry 6) followed a very similar approach also based on the
CuAAC which is potentially applicable for self-healing, using two low molecular
weight reactants (bisphenol-A-based bisazide and bisphenol-E or tetraethylene
glycol-based diynes), and thus ensuring flow of the components into the crack.
After triggering the CuAAC by the copper(I) catalyst the network filled the
crack and restored the material properties. However, due to the bivalent mono-
mers, linear polymers were generated which formed networks only via physical
chain entanglements, while the previously described polymers [18, 42, 43]
were able to form three-dimensional networks by covalent chemical bonds. Other
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interesting potential self-healing approaches based on click chemistry might be
strain-promoted azide-alkyne cycloaddition reaction or photochemically triggered
thiol-ene or thiol-yne click reactions (see Table 1.1 entry 7). Thereby, the absence
of biotoxic copper salts enables application in living systems. Moreover, thiol-ene
and thiol-yne click reactions attract the attention of scientists due to their ability of
combining the aforementioned advantages of click chemistry and the potential of
light-triggered reactions, enabling a spatially and temporally controlled self-healing
process. Further photochemically triggered reactions with similar advantages, like
[2+2] or [4+4] cycloadditions, are discussed in Section 1.4.4 [6, 17, 142-144].

An alternative self-healing concept uses the Michael addition of tetravalent thiols
and bivalent maleimides (see Figure 1.5f; Table 1.1 entry 8) and is thus an elegant
method for damage healing of epoxy resin materials due to the ability of crosslink-
ing between the residual amino groups at the crack surface and the maleimide
moieties [132]. Therefore, a strong dependence of the healing efficiency on the
used matrix resin can be observed, for example, using EPON 828 as matrix mate-
rial reveals an average healing efficiency of 121% after curing for 5 days at 25°C.

1.4.1.2 Reversible Covalent Network Formation Concepts

Prime examples of the class of reversible covalent self-healing concepts are versatile
DA cycloaddition reactions [17, 24-28, 117-123] (see Figure 1.5f) (see Chapter 6).
DA reactions are amongst the most important reactions in organic chemistry due
to their ability for C—C bond formation in high yields and good stereochemistry.
Therefore, a conjugated diene and a dienophile, both commonly electrochemically
activated by substituents, react with each other via a [4+2] cycloaddition. Moreover,
many DA products are able to undergo a thermally induced [4+2] cycloreversion,
the so-called rDA reaction which is the basis of the self-healing ability of polymeric
DA/rDA systems. Due to the weaker bond strength between diene and dienophile
of the DA adduct compared to all the other covalent bonds, this bond will break
preferentially during the damage event and the rDA reaction will take place [25].
If the damaged sample is heated again, the diene and dienophile will reconnect
and the crack plane is healed. Heating is commonly necessary to enhance the
mobility of the reactive groups at the crack plane and, therefore, to accelerate the
DA reaction [17, 25]. Nevertheless, nowadays some DA/rDA systems are known
which are able to mend a crack even at ambient temperatures [123]. Advantageous
self-healing principles based on DA/rDA reactions do not need additional ingre-
dients like microcapsules or microvascular networks, and allow multiple runs of
self-healing processes in the same area. Nevertheless, the mentioned high mending
temperatures, as well as oxidative side-reactions restrict the application area of the
DA reaction. In principle, two different polymer architectures for DA/rDA systems
are known: first the polymer backbone can either be functionalized along itself
[27, 28, 120] (see Table 1.2 entries 11 and 13) or in the side chains [26, 121] (see
Table 1.2 entry 12), and secondly, multivalent, often star-shaped systems with DA
functionalities as end groups [24, 25, 27, 148] (see Table 1.2 entry 10) can be
applied. Chemically, the utilizable functionalities for DA/rDA systems can be clas-
sified into three main categories: furan-maleimide-based polymers [17, 24-26, 117]
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Table 1.2 Reversible covalent network formation concepts for self-healing applications.
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Table 1.2 (Continued)
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Table 1.2 (Continued)
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Table 1.2 (Continued)
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(see Table 1.2 entries 10 and 11), dicyclopentadiene-based polymers [17, 27] (see
Table 1.2 entry 12), and anthracene-based polymers [17, 28, 118, 120, 148] (see
Table 1.2 entry 13). Thus, Wudl et al. [24, 25] developed a self-healing concept
using the thermally reversible DA/rDA reaction between star-shaped trivalent
maleimides and tetravalent furans (see Table 1.2 entry 10), resulting in a highly
dense network with thermoset properties via a polyaddition reaction. The
damage event will break the DA-crosslinking points to form terminal maleimide
and furan species, which in turn are able to react preferentially in a DA reaction,
resulting in an average mending efficiency of about 50% at a temperature
of 150°C. Another thermally reversible DA method used modified poly(N-
acetylethyleneimine)s bearing either maleimides or furans in the polymer side
chain [26] (see Table 1.2 entry 11). Mixing of two suitable substituted polymers
resulted in a dense network at a healing temperature of 80°C. Further investiga-
tions of similar DA/rDA concepts consisting of polystyrene-bearing maleimides
and several furan moieties indicate a limited thermal stability of furfuryl moieties
with a therefore limited applicability for self-healing materials [121]. Furthermore,
a single component self-healing polymer was developed using cyclic monomers
containing dicyclopentadiene cores as reactive units [27] (see Table 1.2 entry 12),
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which were utilized simultaneously as diene and dienophile in the DA cycloaddi-
tion reaction. Accordingly, a polymer consisting of thermally reversible DA adducts
with further reactive sides could be synthesized. A second DA reaction can be
started, resulting in the trimerization and thus a highly crosslinked polymer,
showing the ability for self-healing achieving an average healing efficiency of
46% upon heating to 120°C. Moreover, a further single-component system poten-
tially applicable for self-healing using DA/rDA reactions was developed applying
anthracene-substituted acrylates simultaneously as diene and dienophile [28] (see
Table 1.2 entry 13). The polymerization of this monomer results in a network with
thermally reversible crosslinkers and represents thus a probable healing concept
for thermoset materials. Beside the aforementioned systems, some other classical
DA/rDA reactions using acyclic dienes and dienophiles [123], as well as some
hetero-DA reactions [122] are potentially applicable for self-healing.

Some other potential self-healing methods based on reversible bond formation
are known, mostly disulfide bridges (SS) can be ruptured by reversible reduction
into two thiol groups (SH) [62] (see Figure 1.5h). Thus, subsequent recrosslinking
under re-formation of disulfide bridges via oxidative conditions enables the resto-
ration of the initial material properties. For example, a redox-reversible hydrogel
system based on thiol-modified poly(N-acetylethyleneimine) (see Table 1.2 entry
14) might use the interconversion between disulfide and thiol groups to heal the
damaged area [145]. Another example can be a polystyrene-based block copolymer
bridged by disulfides [62] (see Table 1.2 entry 15). The internal disulfide linkers
could be cleaved under reducing conditions to thiols, separating the single blocks
and thus releasing the accrued stress. Healing could occur after subsequent oxida-
tion of the thiols re-forming the disulfide linkers.

Furthermore, another potential self-healing concept working in a similar, but
slightly different way used the photoinduced reversible cleavage of allyl sulfide
linkages in a polymer backbone under generation of thiyl radicals [146] (see Figure
1.5i; Table 1.2 entry 16) (RS-) which increased the chain mobility. Rearrangement
of polymer chains in crosslinked rubber-like materials was thus assumed, enabling
rapid stress release at ambient conditions without degradation of mechanical
properties. Stress application without light irradiation resulted in a strained sample
as expected, but under irradiation stress relaxation was observed due to homolytic
photolysis via addition—fragmentation chain transfer reaction forming radicals by
the allyl sulfide functionalities.

Other self-healing concepts based on thermally reversible cleavage of alkoxyamine
bonds use a similar stress relaxation mechanism (see Table 1.2 entry 17). For
example, a poly(alkoxyamine ester) was developed which is able to undergo a
reversible radical exchange reaction at 60 °C by homolytic cleavage of the C-O bond
[147]. Thus, these systems reduced the destructive stress within the polymeric
material and are potentially suitable for self-healing applications.

Another, totally different approach for self-healing uses polycondensation reac-
tions in order to restore the initial material properties (see Figure 1.5j). In contrast
to the previously discussed reversible self-healing concepts which are, at least
theoretically, infinitely repeatable, polycondensations are limited in the number
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of healing cycles due to the consumption of functional groups during the self-
healing process. Nevertheless, they are commonly more than one-time healable
and can be, therefore, attributed to the (partially) reversible concepts. However,
the previously discussed example of White et al. [131] (irreversible covalent network
formation concepts) based on a polycondensation reaction of two different poly-
(siloxane)s with tin catalysis cannot be attributed to the reversible self-healing
systems due to the necessity of encapsulation of the catalyst (see Table 1.1 entry
3). Therefore, multiple healing of a once ruptured and subsequently healed area
is not possible. However, as an example, a polycarbonate-based self-healing
polymer for thermoplastic materials was developed [124, 125] (see Table 1.2 entry
18) as a reversible covalent self-healing polymer, splitting the carbonate bond by
thermolysis or hydrolysis. Thus, phenoxy groups with terminal hydroxy moieties
are generated, which are able to react with a phenyl end of an uncleaved chain,
using sodium carbonate as healing agent in order to accelerate the reaction
by exchanging protons of the hydroxy group with sodium ions. This healing
mechanism is limited to certain types of thermoplastic materials which enable
the recombination of chain ends via condensation reactions. This and the
elevated temperatures restrict the range of polymers and applications to which this
technology can be applied.

1.4.2
Supramolecular Network Formation

Supramolecular polymers use the “chemistry beyond the covalent bond” to
combine reversible, secondary interactions with the attractiveness of conventional
polymers [143]. Due to their highly dynamic properties, able to act in a reversible
manner, their capability for designing self-healing polymers becomes evident.
In special cases, networks can be formed solely by supramolecular bonds, thus
opening the possibility for exploitation in self-healing materials. The relevant
issues for utilizing supramolecular bonds in self-healing polymers are the
timescale of the dynamics, relating dynamics of the bond to the timescale of
healing, and their strength, resulting in stronger or weaker networks. Therefore
we discuss here supramolecular network formation based on (a) hydrogen bonding,
(b) ionomers, (c) metal bonding and (d) m—rm stacking (for more information see
Chapters 11-13). An overview of these interactions is given in Figure 1.6 and all
examples discussed can be found in Table 1.3.

The design of self-healing polymers based on hydrogen bonding combines highly
dynamic properties [156, 180-182] as bonds show a reversible “sticker-like” behavior
enabling connection and reconnection, and thus supramolecular network formation
[23, 182, 183] (see Figure 1.6a) as well as strength generated by the “stickiness” of
the applied supramolecular bonds or by cluster formation [23, 184] between several
hydrogen bonding motifs. Due to tunable and controllable dynamics, and thus the
reversibility of network formation [153] via specific modes of association, hydrogen
bonded polymers [156, 163, 182] can respond to an external damage event while
emphasizing their attractiveness for self-healing purposes [6, 17].
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Figure 1.6  Supramolecular network formation via (a) hydrogen bonding, (b) ionomers,
(c) metal bonding, or (d) m—n-stacking.
Table 1.3 Examples of supramolecular network formation.
Entry Example Ref.
(a) Hydrogen bonding
1 Ureido- R [143, 149]
pyrimidone o----H—N/
bond - SupraPolix / Y—0
BY R / N----H—N W
4< 4
N N
/ 7 .
H N—H----N / R
=
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/
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2 Leibler bond o H H [21]

(Continued)
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Table 1.3 (Continued)

Entry Example Ref.
3 Nucleobases and NHz NH, o o [6, 22, 23,
similar systems N N \ N 150-155]
N N NH NH
(A UL ¢, UL
N NN NN SN N So
H H H 2 H
(@)

\
H\ / H\ //< o]

N

SO TOA
N R/N\< OH
(b) o] o
HZ
\
N—H--0 R3

O----H—NH R! — \
/ 4 >7 \o N---H—N \>

N4<N—H----N >: N/>—R2 \ { />—N\

) N—H---O R
R' O----H—NH R?
Q
© >—03H7
A
_ A\
Q N, H,
R’ R?
o
%Csl‘ﬁ
(@
Q
RZ2—N

N—R?



Table 1.3

(Continued)
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Entry

Example

Ref.

Butylurea of
guanosine and
2,7-diamido-1,8-
naphtyridine

Poly(styrene)
grafted with
poly(acrylate
amide)

(a) AAAA-DDDD
quadruple
hydrogen bond
(b) double-closed
loop topologies

L L1
A A

T
i
!
o

[0}
PN

[156, 157]

(94]

[14, 83,
158

(Continued)
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Table 1.3 (Continued)

Entry Example Ref.
(b) Ionomers
7 (a) EMAA o on O_OH O Svg 3,511,
(b) partially Y X %( 17, 87, 88,
neutralized W 159, 160]
EMAA (a) Ho' O (b) Nag” 0
() Metal bonding
8 Pincer complexes  (a) Ph @ (17,
s’ ] 161-168]
ea
s
“Ph
() MeoN NMe, C],®
O o
Mezlil lilMeg
9 (a) Mebip N Q\,\( \ [169-172]
(b) OMebip SR C
N)\’/kJN
(@ R (b) R
10 (a) Bipyridines (a) (b) [17, 120,
(b) Terpyridines % 130, 161,
/N Q N N N 164, 165
P . S
11 Metallo- oo [173-175]
dynamers RTN\NA\R
[¢]
12 Catechol-iron R [176]
complex o0 R
H 1 HO
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Table 1.3 (Continued)

Entry Example Ref.
(d) n-n-stacking
13 Polydiimide + Et Q (177]
poly(siloxane) i O ,Hf uOX
with pyrenyl O
endgroups O Jf Jr o E‘
O /_/7& Si” SI\—\ Q
o oA o
14 Copolyimide + FtQ [178]
poly(amide) with i 8 N \)* .\ NM A\ . WBU
pyrenyl o E
endgroups “ " H(O\FH " H&H O‘
15 Copolyimide + . [20]
poly(amide) with ’ 1&8:2 Mﬂ;@iwx +\ﬁsu
pyrenyl o
endgroups (LA *(g SRR PR E* SO
[179]

16 Copolyimide + E‘ Q
polyurethane . {J\’i J\} ' N‘H'/_O\—/ x .
with pyrenyl d o Et

d

A strong change in materials properties is achieved with quadruple hydrogen
bonds such as the ureido-pyrimidone bond [143, 149] (see Table 1.3 entryl).
Depending on the amount of binding sites, linear as well as crosslinked polymers
were formed, whereas the absence of unspecific aggregation allowed excellent
control over the formed network architecture. Thermal mending and thus disso-
ciation of created thermoplastic elastomers could be observed at temperatures
above 90°C. Accordingly, this approach was adopted in industry by SupraPolix BV
and found application in “real life” [143, 149].

A thermoreversible rubber was synthesized from multivalent fatty acids and
urea with three different types of hydrogen bonding motifs, diamido tetraethyl
triurea, di(amido ethyl) urea, and amidoethyl imidazolidone [21], respectively
(see Table 1.3 entry 2). Samples plasticized with dodecane, showed a repeatable
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self-healing response after cutting and bringing into contact again, with a shape
recoverability up to several 100% due to hydrogen bonding.

The interaction behavior of supramolecular and thermosensitive polymers
bearing different nucleobases (see Table 1.3 entry 3a) in solution as well as their
capability to form films and fibers [151] were the first studied hydrogen bonding
moieties applicable for self-healing concepts. Thus, already in the 1990s the inves-
tigation of urazole and 4-urazoylbenzoic acid as hydrogen bonding moieties [156]
was started (see Table 1.3, entry 3b), revealing thermoplastic elastomeric behavior
demonstrating different effects: urazole groups, when homogenously distributed
within the polymer, resulted in the formation of two hydrogen bonds and thus in
the broadening of the rubbery plateau zone. In contrast, 4-urazoylbenzoic acid
groups showed the formation of extended aggregates due to phase separation
[156]. Similarly, thymine or uracil units were used for crosslinking complementary
diaminotriazine functionalized copolymers, resulting in the formation of spherical
aggregates due to thermally reversible three-point hydrogen bonding [154, 185]
(see Table 1.3 entry 3c). In turn, to tune the properties of these materials by
balancing intra- and intermolecular hydrogen bonding, diacyldiaminopyridine
motifs have also been applied [154, 185]. In order to increase the secondary interac-
tion the formation of supramolecular linear or crosslinked polymers based on a
cyanuric wedge such as an ADA-ADA (A: hydrogen bond acceptor, D: hydrogen
bond donor) array and a diaminopyridine-substituted isophthalamide receptor
such as a DAD-DAD unit creating a well-defined sextuple hydrogen bond (see
Table 1.3 entry 3d) were studied [152, 153]. While investigating the dynamics
and the thermoreversible aggregation behavior [23] of poly(isobutylene)s
functionalized with barbituric acid and Hamilton Wedge [22, 153] in the melt, a
self-healing ability of samples functionalized with barbituric acid was found,
showing self-healing at room temperature within 48 hours due to the formation
of dynamic supramolecular clusters [22, 153].

Quadruple hydrogen bonds formed between the butylurea of guanosine and
2,7-diamido-1,8-naphthyridine [150, 157] show both, high fidelity as well as high
stability (see Table 1.3 entry 4). Due to weak self-association and a high association
constant this approach exceeds the fidelity of DNA base-pairing and is one of the
strongest known neutral DNA base-pair analogs. Thus, supramolecular multi-
block copolymers as well as thermoreversible supramolecular polymer blends with
tunable properties can be created.

Another self-healing approach utilized a thermoplastic elastomer consisting of
a poly(styrene) backbone grafted with poly(acrylate amide) as a self-healing concept
[94] (see Table 1.3 entry 5). Due to immiscibility effects phase separation into a
soft, supramolecular poly(acrylate amide) matrix and a hard poly(styrene) sphere
could be observed. Accordingly, the approach combines elastomeric behavior,
mechanical stiffness and molecular dynamics due to reversible hydrogen bonding
within grafted brushes [94].

Due to the large number of hydrogen bonds, a number of promising but still
unexploited hydrogen bonds as concepts for self-healing polymers exist. Examples
are the AAAA-DDDD type [14] (see Table 1.3 entry 6a) with an association constant
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up to 10”M™ as well as double-closed loop topologies [83, 158] (see Table 1.3
entries 6b and c) based on 2-ureido-4-pyrimidone or peptidomimetic-sheet
modules.

Self-healing polymers based on supramolecular, dynamic networks can also be
formed by ionomers [5]-supramolecular thermoplastic polymers with an ionic
group content up to 15 mol%—while taking advantage of their characteristic
clustering [85] (see Figure 1.6b and Table 1.3). Due to the ionic species within the
polymer backbone, clusters can be formed acting as physical crosslinking points, and
allowing reversible formation and re-formation of the network structure. Thus,
the resulting complex microstructure and the order to disorder transition tempera-
ture emphasize a self-healing ability in response to ballistic impact [85]. Especially
poly(ethylene-co-methacrylic acid) (EMAA)-based ionomers (see Table 1.3 entries
7a and b) were investigated to obtain information on the materials response and
the underlying self-healing mechanism [3, 5, 11, 17, 85, 87, 88|.

Although an increase in the ion content within the materials increases their
fracture resistance and tensile strength, both pure EMAA and its ionomers showed
the ability of fast self-healing upon ballistic puncture. Thus, it was hypothesized
[159, 160] that the ionic content itself is not necessary for the healing response but
that the existence of the polar acid groups within the material is mechanistically
essential due to reversible hydrogen bonding. Furthermore, the self-healing ability
is linked to the heat generated during the damage event and requires a high energy
elastic response of the material. Thus, the localized molten polymer enables the
viscoelastic recovery of the sample to snap back and close the hole. This stage is
followed by an interdiffusion and sealing step, subsequently completed by the
formation of crosslinking points. The strength regeneration within the material is
based on continuing interdiffusion processes, crystallization as well as long-term
relaxation of the polymer chains. Furthermore, the self-healing ability is affected
by balanced elastic and viscous responses of the materials close to the impact
region, wherein the elastic response provides the ability to rebound and the viscous
response induces final sealing. Healing at low temperatures can occur if the mate-
rial is locally sufficiently heated to the melted state. However, elevated tempera-
tures do not promote healing if the energy within the material is dissipated
faster, confirming the proposed elastic “snap back” step. Therefore, insufficient
self-healing can be observed if not enough thermal energy is produced within the
material during the ballistic impact. Therefore, healing efficiencies depend on the
speed and the shape of the projectile [3, 5, 11, 17, 85, 87, 88, 159, 160].

Supramolecular network formation and thus a self-healing capability can also
be achieved by dynamic coordination bonds [12, 167] with certain metal ions (see
Figure 1.6¢ and Table 1.3). In contrast to ionomers, where clusters play the most
crucial role for network formation, polymers with multivalent metal-ligand inter-
actions [186] have to be carefully selected in order to construct reversibly cross-
linkable networks with both sufficient stability and dynamics. Accordingly, the
thermodynamic and kinetic parameters [12, 167, 168] of a coordination bond,
indicated on the one hand by the equilibrium or association constant and by the
formation or dissociation rate on the other hand, have to be taken into account to
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control the materials responsiveness to environmental stimuli [170, 187] necessary
for efficient self-healing. Thus, by controlling the dynamics, a molecular toolbox
[12, 167] is obtained, which allows the design of structurally dynamic polymers
suitable for self-healing approaches [188].

For the design of supramolecular networks based on metal-ligand interactions
commonly palladated or platinated pincer complexes (see Table 1.3 entries 8a and
b), 2,6-bis-(1-methylbenzimidazolyl)pyridines and 4-oxy-2,6-bis(N-methylbenzimi-
dazolyl)pyridines (see Table 1.3 entries 9a and b) as well as bi- and terpyridines (see
Table 1.3 entries 10a and b) are used as ligands [17, 161-165]. In order to create
supramolecular networks the ligand requires at least two polydentate functionali-
ties linked by a spacer group. Furthermore, the choice of the metal, ranging from
main- to transition-group metals up to lanthanides, can influence the stability of
the generated complex, and thus the dynamics as well as the reversibility of the
metallosupramolecular interaction [17, 161-165].

Other promising candidates for self-healing materials are bifunctional Pt(II) or
Pd(II) pincer complexes [17, 161-168] (see Table 1.3 entries 8a and b) forming a
coordination complex with a side-chain pyridine ligand of a polymer backbone,
most of all by controlling and understanding the dynamics of the network by
selecting appropriate metal centers.

A tridentate ligand, namely, 2,6-bis-(1’-methylbenzimidazolyl)pyridine (Mebip)
[170-172] (see Table 1.3 entry 9a) was investigated based on the work of Piguet
and Buenzli [169]. Linear metallosupramolecular polymers formed bidentate com-
plexes with transition metal ions, whereas crosslinked samples were obtained
from stable tridentate complexes with lanthanide ions. Thus, gels with a tunable
crosslinking density could be obtained by adjusting the ratio of coordinating ions.
In consequence, the complexation behavior of this ligand with metal ions like
Fe(II), Co(II), Cd(II), Eu(IIl) or Zn(II), and the film formation due to phase separa-
tion were explored [17, 170]. Furthermore, supramolecular metallopolymeriza-
tions of ditopic poly(p-phenylene ethynylene) and poly(p-xylylene) end-capped with
2,6-bis(1’-methylbenzimidazolyl)pyridine (Mebip) (see Table 1.3 entry 9a) could be
demonstrated [187]. Metallosupramolecular polymers with shape-memory proper-
ties based on 4-oxy-2,6-bis(N-methylbenzimidazolyl)pyridine (OMebip) (see Table
1.3 entry 9b) as ligand could be obtained [172] generating phase separated films
with a temporary shape.

The group of Lehn [15, 173-175, 189] reported the synthesis of neutral metal-
lodynamers of polyacylhydrazones (see Table 1.3 entry 11) with Zn(II) or Ni(II)
ions showing a dynamic behavior in solution dependent on the coordination
center. Furthermore, they proved the formation of films as well as reversible
coordination in the bulk material and reversible formation of covalent imine
bonds.

As last metal-based self-healing concept a catechol-iron complex [176] (see Table
1.3 entry 12) should be mentioned. The complex, used within a polymer chain
inspired by mussel, resulted in pH-dependent gels with 100% self-healing ability.
Accordingly, this approach can also be classed as “switchable” healing but is men-
tioned here due to its metal-ligand interaction.
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Self-healing materials based on aromatic 7—7 stacking [6] (see Figure 1.6d and
Table 1.3) interactions were first reported by Burattini et al. [190] who took advan-
tage of combining m-electron-rich and m-electron-poor moieties [20, 179]. Therefore,
supramolecular complexes with chain-folded secondary structures, and thus with a
maximum amount of possible interactions, can be obtained [6]. As a result low-
molecular-weight precursors can be converted into medium-molecular-weight
species in a highly dynamic manner. Moreover, the so obtained stimuli-responsive
products show great physical properties such as high tensile strength which is
more commonly related to covalent bonds but tunable for various self-healing
applications [179].

In Burattini’s first approach, a siloxane polymer bearing m-electron rich pyrenyl
endgroups at each side as well as a low-molecular-weight polydiimide containing
multiple n-electron poor receptor moieties (see Table 1.3 entry 13) were synthesized.
A reversible and rapid complexation behavior in solution, as well as the formation
of homogeneous and thermodynamically stable films with an inherent healing
capability at temperatures above 90°C could be shown. Furthermore, it could be
proven that the chain-folding of the polyimide [177] creates an optimal binding
site for the pyrenyl endgroups forming a non-covalent, n—n-stacked supramolecular
network [191] able to react with a self-healing response. Accordingly, healing can
be initiated by the partial disruption of m—n-stacked crosslinking points at elevated
temperatures. Due to the terminal flow of the polymer chains, the repair of a
damaged region during cooling, and thus the restoration of the supramolecular
interactions, was enabled, regenerating the initial materials properties.

An improved self-healing polymer based on m-m-stacking interactions was
developed as the first concept lacked in stability [178]. Therefore, the polymer
backbone was modified using a co-polyimide and a polyamide with two pyrenyl
end-groups (see Table 1.3 entry 14). Healing could be achieved by bringing cut
samples into contact, followed by subsequent heating, even after a separation time
of up to 24 h. 80% recovery of the tensile modulus was achieved already after 5 min
at 50°C. Furthermore, full recovery of the tensile modulus could be shown for
three times. Due to the increase in possible n—n-stacking interactions by increasing
the amount of pyrene-endgroups per polymer chain from two to four [20] (see
Table 1.3 entry 15) an increase in the binding constant in solution of nearly two
orders of magnitude could be observed. The so prepared supramolecular blends
featured increased toughness as well as an enhanced tensile strength but required
longer times and higher temperatures for healing.

Beside these approaches, a healable polymeric blend based on the chain-folding
of a polyimide and a pyrene-functionalized polyurethane was reported and proved
the structural integrity in the bulk [179] (see Table 1.3 entry 16). Additionally to
n—m-stacking, hydrogen bonds reinforced the formation of possible crosslinking
points within the material. Due to the combination of n—n-stacking and hydrogen
bonding a significant increase in the tensile modulus compared to the hydrogen
bonding approach described by Leibler [21] was demonstrated. For further infor-
mation regarding supramolecular network formation see also Part 3— Supramo-
lecular Systems.
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1.4.3
Mechanochemical Network Formation

Mechanochemistry [4, 64-78, 119, 192-206] is an elegant method for designing
self-healing polymers due to the triggering of healing processes by the damage
event itself. In its basics, mechanochemistry has been known since the middle of
the last century, but only in the recent years it has become the focus of interest.
Mechanochemical materials generate the reactive species as a consequence of
applied mechanical stress via an in situ activation. This enables the direct embed-
ding of the mechanophore into the matrix preventing further protection of the
active species, like encapsulation. Mechanochemical induced self-healing is always
an intrinsic self-healing method due to its inherent characteristics. In the following
we consider self-healing methods which are able to generate a reactive species in
the course of the rupture event. If a more general definition of mechanochemistry
is applied, including all interactions and reactions caused directly or indirectly by
mechanical force and thus by damage, almost all self-healing approaches could be
assigned to this category. A detailed account of this topic is given in Chapter 8.

The mechanochemical concepts known to date can be classified into two main
categories. The first class is able to generate reactive species, like radicals [4,
192-197, 206] (see Figure 1.7a, Table 1.4 entries 1-4) or strongly activated double
bonds [4, 64, 66-68, 70-73, 119, 200, 201] (see Figure 1.7b; Table 1.4 entries 5-9),
which can undergo various reactions in order to form a network, filling the crack
and thus healing the damage. In the second class an active catalyst is generated
under mechanical stress out of an inactive precursor [74, 75, 78, 202-205] (see
Figure 1.7¢c; Table 1.4 entries 10-13), whereby a crosslinking reaction can take
place, which heals the damage.

1.43.1 Mechanochemical Generation of Reactive Species

Some of the earliest concepts which generate reactive species due to the influence
of mechanical force are based on natural and synthetic rubbers. These polymers
create radicals by homolytic cleavage of carbon—carbon bonds as soon as they are
cracked mechanically [192, 193] (see Figure 1.7a; Table 1.4 entry 1). Of course, it
can be assumed that the main effect for self-healing can be attributed to the more
probable molecular interdiffusion due to the low T, of such polymers. Nevertheless,
the involvement of radicals is proven [193, 206]. Moreover, these first analyses
examined a molecular weight dependence with a minimum molecular weight
required for cleavage [194], which was important for a deeper understanding and
further developments of mechanical activatable systems. Pursuing this approach,
new macromolecules with easier and more selective cleavable bonds were designed.
Examples are peroxides in poly(vinylpyrrolidone) [195] (see Table 1.4 entry 2) or
azo-linkers in linear poly(ethylene glycol) [4, 196], whereby the latter group cleaves
off nitrogen under mechanical stress and thus generates two radicals which are able
to recombine (see Table 1.4 entry 3). In a similar approach a poly(phenylene ether)
(PPE) chain can be cut by an external force as well as by heat or light. The resulting
radicals can react with a Cu(II) species while reforming the polymer in a redox
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generation of radicals by polymer chain the mechanochemical activation of catalysts.
scission and the subsequent recombination, All methods result in the formation of
(b) the generation of reactive species by networks.

cleaving of highly strained ring systems

process [124, 197] (see Table 1.4 entry 4). Further considerations regarding these
predetermined breaking points resulted in the development of completely new
kinds of mechanochemically activatable polymers. These polymers consist basically
of a mechanosensitive group and a polymer chain which “collects” and transmits
the force to the commonly centered mechanosensitive group [4, 198, 199]. Similar
to the rubber-based approaches, the mechanical force orientates the mechano-
phores (polymer chain and mechanosensitive group) in a preferred direction,
whereby the polymer chains are stretched, resulting in a rupture of the weakest
bond [4, 67, 198, 199] (see Figure 1.7). This approach only works if the polymer
chains have a minimal length and therefore a minimal molecular weight depending
on the kind of polymer. After cleavage the mechanosensitive group releases the
reactive species, which can either react itself or is able to trigger further reactions.
Mechanophores thus enable the transformation of energy from applied mechanical
fields to productive chemical changes that can restore initial material properties,
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Table 1.4  (Continued)

Entry Example Ref.
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Table 1.4  (Continued)

Entry Example Ref.
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resulting finally in self-healing. Thus, mechanical stress causes on the one hand
the damage, and on the other hand triggers the self-healing process by itself.
Examples for such self-healing concepts are cyclic, highly strained ring systems,
like substituted cyclopropanes [66, 71, 73] (Table 1.4 entry 5), cyclobutanes [66, 68,
72, 200] (entry 6), cyclobutenes [4, 64, 72, 119] (entry 7), cyclopentanes [4, 67, 70,
201] (entry 8)(see Figure 1.7b) or bicyclic rings [66] (entry 9). A particularly illustra-
tive mechanical activatable system was developed by Moore et al. [64, 70], who
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harnessed the mechanical force to open a 1,2-poly(ethylene glycol) disubstituted
benzocyclobutene. This is done in a pericyclic rearrangement including a 4 &
electrocyclic ring-opening reaction, resulting in the formation of an ortho-
quinodimethide diene, which can further react in the presence of a substituted
maleimide in a fast DA reaction (see Figure 1.7b (ii); Table 1.4 entry 7).

1.43.2 Mechanochemical Activation of Catalysts
The mechanochemical activation of a previously inactive catalyst by force was
shown by Sijbesma et al. [74, 75]. In contrast to the previously discussed polymers,
the active catalyst triggered a chemical reaction instead of acting as a healing
agent by itself (see Figure 1.7¢; Table 1.4 entry 10). Their approach includes the
mechanochemical dissociation of N-heterocyclic carbenes (NHC) (linked to poly-
(tetrahydrofuran)s), coordinated silver- and ruthenium-based catalysts forming a
free coordination site which enables the catalysis of transesterifications, ring-
closing metathesis (RCM), or ring-opening metathesis polymerizations (ROMP),
respectively. Especially, the ROMP of various derivatives of cyclooctene [75], nor-
bornene [74], or dicyclopentadiene might be suitable as mechanically induced
self-healing systems. Further mechanochemical concepts acting according to a
similar mechanocatalytic mechanism are described in the literature [78, 202-205]
and are partly shown in Table 1.4 entries 10-13. Bielawski et al. [205] has developed
a potentially applicable self-healing concept based on the release of a pyridine
moiety which can catalyze either an anionic polymerization, or can effect a
Bronsted acid-base reaction (see Table 1.4 entry 12), both showing suitability for
self-healing purposes. Therefore, an electron-deficient boron species, which is
coordinated to two pyridine-capped poly(methyl acrylate)s, was used while cleaving
one pyridine moiety under ultrasonication.

Of course, some other mechanical activatable systems for self-healing [4, 67, 70,
72, 118, 119, 198, 199, 201, 207-211] are known (some examples are shown in
Table 1.4 entries 14-16), although they are not described here.

1.4.4
“Switchable” Network Formation

Self-healing concepts based on “switchable” network formation utilize materials with
an inherent “switch”, as the word already implies. Thus, self-healing polymers
using “switchable” concepts combine organic synthesis and polymer science in
order to control functionalities on the molecular level while “turning the switch
on and off” [79, 80] and thus changing material properties. Moreover, the
reversibility and dynamics of the underlying chemistry can be controlled in a
highly selective manner due to molecular “switching”, thus changing network
properties on demand, which is a key point for a sufficient self-healing response
[79, 81]. As “switch” a combination of (a) light and external force, (b) light of differ-
ent wavelengths, (c) the pH-value, as well as an electrochemical stimulus, can be used
to trigger a reversible reaction within the material applicable for self-healing [80,
82] (see Figure 1.8 and Table 1.5) (see also Chapter 7).



1.4 Chemical Principles of Self-Healing

(a) Light and force as “switch” (b) Light as “switch”
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“Switchable” network formation

(c) pH-value as “switch”

pH < X

pH> X

Figure 1.8  “Switchable” network formation. using (a) light in combination with force,
(b) light, and (c) the pH-value as the inherent molecular “switch”.

Davis et al. [65] used a mechanophore—a chemical group sensitive to mechani-
cally induced force—to link glassy and elastomeric polymers. They selected
the colorless spiropyran moiety (see Table 1.5 entry 1) which can undergo a
reversible, force-induced 6 m electrocyclic ring-opening reaction. Because of the
rupture of the carbon-oxygen bond of the spiro-compound, the conjugation
length of the formed planar merocyanine increased, resulting in an absorption
shift to longer wavelengths, and thus a color change. Due to the visualization of
the mechanochemical reaction they could demonstrate the selective breaking and
reforming of covalent bonds by mechanical forces. Furthermore, the efficient
transfer of the external energy to the mechanosensitive group indicated the
damage event. The re-formation of the spiropyran could be achieved via photocy-
clization using light as a “switch”. The functional group is capable of translating
crosslinking responses, serving as a concept for the development of regenerative
self-healing polymeric materials [65]. Further examples of using light as a readily
available, clean and cheap “switch” include reversible cycloaddition reactions,
which allow the opening and closing of crosslinking ring structures within a
polymer network. Especially, [2+2] cycloaddition reactions between cinnamoyl
groups [6, 17, 142, 144] and coumarin groups [6, 17, 212-214], as well as [4+4]
cycloaddition reactions of anthracene groups [6, 17, 215-222] (see Table 1.5
entries 2, 3a and 3b) attracted the interest of scientists. First, photochemical
healing within a polymeric material was applied to poly(methacrylate)s with
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Table 1.5 Examples of “switchable” network formation.

Entry Example Ref.
(a) Light and force as “switch”

1 Spiro-pyranes [65]

2 [2+2] cycloaddition R [6, 17,

reactions q RZ/O 0 142, 144]
OO0

(b) Light as “switch”

3 (a) [2+2]
cycloaddition
reactions

6, 17,
212-222]

(b) [4+4]
cycloaddition
reactions

4 Photo-responsive
DA-reactions

79, 81]
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Table 1.5  (Continued)

Entry Example Ref.

5 Cis-to-trans R! [204, 223,
isomerization of R! Al R' R 224]
azobenzene units N - n

V4 n
Ar N
X R
R R’ N=N R

() pH-Value as “switch”

6 (a) formation of (a) NH, o [225, 226]
hydrazones

|
o R _NH Q H
Y \"/ R —————
HN o} H )—H
“NH,
H

o

N R'
H H H
6}
(b) complexation of  (b) HO\ .
salicylhydroxamic /B—@—R‘ /OH
acids and boronic HO Ho /(%—O
acids HO—NH HO—N R
R2
(6]

(d) Electrical “switch”

7 Electrochemical [204, 227)
redox reaction
® ]
N S @
n

oz—0
\
»
@z
Bj
OHv—Z®
3

cyclobutanediyl crosslinks [6, 17, 144]. Upon a damage event the reversion of the
strained cyclobutane ring occurred and a fast healing process could be initiated
by photoirradiation with a wavelength above 280 nm, resulting in hard and insolu-
ble films. If samples were additionally heated during irradiation, a higher recovery
of flexural strength could be reached, whereas the flexural strength of the healed
sample was always considerably reduced in comparison to the original sample [6,
17, 144] (see Table 1.5 entry 2). “Switchable” photo-induced crosslinking of
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pendant coumarin groups has attracted the attention of several groups [17, 212,
213]. In acrylate-based copolymers, dimerization of coumarin moieties, and thus
the formation of a polymeric network, was observed within the films after irradia-
tion with 300 or 350nm light. Photo-cleavage could be forced by irradiation of
light with a wavelength of 254 nm. Furthermore, it was found that the photochem-
istry was determined by the copolymer composition. Thus, the rate of photo-
crosslinking for copolyacrylates with a T, above room temperature depends on
the chromophore content, whereas the rate for copolymers with a T, below room
temperature can be traced to chain segmental mobility [17, 212] (see Table 1.5
entry 3a). A great deal of effort was put in optimizing the [4+4] cycloaddition of
anthracene-based polymers [6, 17, 215-222] (see Table 1.5 entry 3b) as this peri-
cyclic reaction proceeds at longer wavelengths, which can be tolerated by a large
variety of functional groups. Furthermore, the great proximity to the wavelength
of sunlight makes it attractive for outdoor applications. Accordingly, the concept
of photocrosslinking anthryl moieties has been applied to study aging processes
in polymer backbones [215], for the preparation of molecularly imprinted poly-
mers [220] and multifaceted porous and three-dimensional polymer films [217].
Moreover, “switchable” anthracene groups found application in dendritic mac-
romonomers [219]. Network formation could also be observed in aqueous media
with reversible change of the crosslinking density, as well as in the bulk showing
full reversibility. The high density of functional groups and the low viscosity also
emphasize the applicability for self-healing purposes [219].

Furthermore, light can also be used as a “switch” to turn on and off a photore-
sponsive DA reaction of dithienylfuran dienes [79, 81] (see Figure 1.8b and Table
1.5 entry 4). This approach toward self-healing polymers is based on two reversible
reactions. First, ultraviolet light can be used to introduce the ring-closed form of
the dithienylfuran dienes, or visible light can be applied to force the ring-opened
form. The second reversible reaction is the DA/rDA equilibrium, which can be
established just by the ring-opened isomer, resulting in a “turned on” state appli-
cable for self-healing polymers.

Due to the ability for molecular “switching” (see Table 1.5 entry 5) the light-
induced cis—trans isomerization of azobenzene units [223] allows photochemically
induced dynamics in the bulk [204, 224] which may be applied as a future self-
healing concept.

Another “switch” used for dynamic self-healing polymers is the pH-value (see
Figure 1.8c). One example of a pH-sensitive, reversible concept is based on conden-
sation reactions of aldehydes with acylhydrazines, resulting in the formation of
hydrazones as network points [225] (see Table 1.5 entry 6a). A similar approach
utilizes complexation of salicylhydroxamic acid and boronic acid moieties within a
polymer backbone to create a pH responsible polymer [226] (see Table 1.5 entry 6b).

Electrochemical processes can be used as “switchable” interactions (see Table
1.5 entry 7) for future self-healing polymers. For example, in a disulfide-aniline
precursor, cleavage of crosslinking points could be forced by electrochemical
reduction of disulfide moieties, whereas the oxidation of dithiolate groups resulted
in the re-formation of the crosslinked structure [204, 227].
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1.5
Multiple versus One-Time Self-Healing

The encapsulation of reactive components was one of the first and most prominent
approaches toward self-healing polymers using dicyclopentadiene and a Grubb’s
catalyst as healing agents. While taking advantage of the mechanical performance
of the polymeric composite a one-time repair after a localized rupture event could
be triggered [19]. In contrast, embedded vascular networks allow a continuous
delivery of the incorporated healing agents, affording the opportunity for multiple
self-healing [228]. Accordingly, for the design of both one-time and multiple self-
healing concepts, biomimetic approaches, like bleeding or the blood flow vascular
system, inspired scientists. Thus, capsule-based and vascular (healant-loaded pipe-
lines interconnected one-, two-, or three-dimensionally) self-healing principles (see
Figure 1.9a,b) mimic nature [134] while using different microcontainers for
healing agents. In the case of a propagating rupture event the active material —the
healing agent—is released into the damaged area while wetting due to capillary
action [7, 8]. After bonding to the interfaces of the matrix, either by physical or by
chemical self-healing approaches, the crack can be healed due to the formation of
a stable network. The recovery of the material properties is the consequence of
network formation between the liquid and dynamic components, usually embed-
ded separately into microcontainers within a matrix due to their high reactivity.
The applied principle to sequester the healing agent determines, beside the repeat-
ability of healing, also the healable damage volume and the recovery rate [7, 8].
Capsule-based one-time self-healing concepts reveal big advantages since they
can be easily embedded and industrialized as the technique of microencapsulation

(@) (b) ()

Figure 1.9 Multiple versus one-time self-healing. (a) Capsule-based, (b) vascular, and
(c) intrinsic self-healing principles.
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has been investigated since the 1950s [229, 230] (see also Chapter 10). Different
encapsulation techniques involving in situ and interfacial encapsulation, as well
as meltable dispersions and coacervation, are known, whereupon the first three
mentioned are commonly used for self-healing materials. Beside these emulsion-
based methods, microcapsules can also be prepared by spray drying, pan coating,
and centrifugal extrusion [7, 8, 231].

In contrast to capsule-based healing concepts, vascular self-healing principles
give the opportunity for multiple healing if the vascular network can be refilled
from a connected but contemporaneously undamaged region of the vasculature [7].
A vascular approach using hollow glass tubes was first applied for healing of cracks
in concrete materials [8] utilizing a three-component mixture based on methyl
methacrylate [232]. Later the methodology was adopted for polymeric composite
materials [233, 234] by using cyanoacrylate resins stored in glass pipette tubes.

Intrinsic self-healing materials (see Figure 1.9c) can always be healed multiple
times as the self-healing process, and therefore the recovery of the material proper-
ties, are inherent material abilities [7]. These abilities largely rely on entanglement
processes within the polymer matrix. Nevertheless, the need for an external trigger,
like pressure, light or heat, might be necessary if the healing is not autonomously
triggered by the damage event itself. Examples of intrinsic self-healing polymers
are based on supramolecular network formation introduced by hydrogen bonding,
ionomers, n—m-interactions or metal-bonding, thermally reversible reactions like
DA/rDA reactions, and “switchable” functional groups [7] (see also Chapters 6 and
11-13). Of course, all physical self-healing approaches, like intermolecular diffu-
sion or melting, are multiple time healing processes [7]. For further information
about principles and methods of encapsulation and channel-based healing systems
see also Chapters 10 and 15.

In order to highlight the contrast between a multiple versus a one-time healing
approach two examples will be presented, both based on poly(isobutylene) (PIB)—
a highly dynamic polymer due to its low T, of about —70 °C-while using different
architectures as well as different endgroups, and thus two different self-healing
principles [9, 18, 22, 23, 42, 43].

Based on PIBs bearing hydrogen bonding motifs a multiple time healing concept
in the bulk was reported [22]. For this purpose bifunctional polymers endcapped
with barbituric acid or Hamilton Wedge were synthesized and their dynamics and
hence the self-healing behavior of these kinds of polymers in the melt state has
been investigated (see Figure 1.10). Thus, pure polymers and equimolar mixtures
of barbituric acid and Hamilton Wedge-bearing samples were studied via
temperature-dependent rheology measurements. Surprisingly strong self-healing
supramolecular rubbers with an increased thermal stability could be observed for
samples with barbituric acid used as the hydrogen bonding motif. Rubber forma-
tion is based on the thermoreversible formation of larger aggregates [23] further
enhanced by microphase separation between the nonpolar polymer backbone and
the polar hydrogen bonding motifs (see Figure 1.10a).

The formation of dynamic junction points was additionally confirmed as the
polymer with barbituric acid as endgroup showed terminal flow at low frequencies
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Figure 1.10 Multiple self-healing concept barbituric acid, (i) cut parts, (ii) cut parts
based on PIBs. (a) Thermoreversible were just brought into contact, (iii) partially
formation of a supramolecular network via healed crack after 24 h, (iv) completely healed
hydrogen bonding motifs. (b) Self-healing crack after 48 h (reprinted with permission of
experiment of PIB functionalized with RSC Publishing) [22].

but a rubbery plateau at high frequencies [22]. This observation correlates with a
semi-open or open state of the hydrogen bonding motif at low frequencies and
hence long timescales, and with closed aggregates at higher frequencies, and
hence short timescales, respectively. PIBs with barbituric acid groups could be
healed completely after cutting into two pieces and bringing in contact again
within 48h proving possible application of this self-healing material at room tem-
perature (see Figure 1.10b). In contrast, equimolar mixtures of PIBs bearing
Hamilton Wedges and barbituric acid behaved like brittle rubbers at room tem-
perature and terminal flow was only observed at temperatures above 100°C [22]
(for more information see also Chapter 11).

In contrast to this multiple time healing concept, a one-time healing concept
based on the CuAAC of multivalent azide- and alkyne-functionalized PIBs and
poly(acrylate)s was investigated [18, 42, 43]. Polymers with different molecular
weights and different functional group densities were synthesized via living
polymerization techniques. Cu®Br(PPhs); was chosen as the best catalyst, achiev-
ing a crosslinking of equimolar polymer mixtures at room temperature and gela-
tion times within the range of 2-15h. The crosslinking behavior—investigated via
in situ rheology—was studied in dependence on the molecular weight and on the
concentration of functional groups, as well as on the starting viscosity of the
samples. While analyzing the viscosity of the polymer mixtures, increasing reac-
tion rates with increasing concentration of functional groups could be observed,
and an autocatalytic effect [43] within the reaction up to a factor of 4.3 could be
demonstrated (see Figure 1.11a).

The acceleration of further click reactions was traced back to clustering effects
of the triazole rings, acting as internal ligands while preorientating the azide- and
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(@)
R =nBA, CHx-C =CH

R' = alkyne polymer

Q CuBr(PPhs)s
ligand

OQ—P|B

OQL
Lo PIB

(b) polymer matrix (polyisobutylene), M, = 250,000g mol™’

catalyst Cu'Br(PPhs)s

/ 1) shear force
2) rupture event

3) “click”-reaction

—

Figure 1.11  One-time self-healing concept one-time self-healing materials based on the
based on PIBs and poly(acrylate)s. (a) encapsulation of azide- and alkyne-
Proposed mechanism of autocatalysis for functionalized polymers embedded in a
crosslinking multivalent PIBs and high-molecular weight PIB matrix with finely
poly(acrylate)s functionalized with azide- or dispersed Cu’Br(PPh;); as catalyst. Rupture
alkyne-groups at room temperature using of the capsules and thus release of reactive
Cu®Br(PPhs); as catalyst (reprinted with polymers is induced by shear force, resulting
permission of ACS Publications) [43]. (b) in network formation via CuAAC.

Concept for the design of shear sensitive
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alkyne-groups near to the active copper(I) center. Thus, a polymeric self-healing
approach suitable for room temperature application based on a deeper understand-
ing of catalytic effects within the CuAAC was developed [43]. Previously, the suc-
cessful encapsulation of highly reactive, multivalent azide-functionalized PIBs was
shown using liquid polymers as reactive healing agents for the first time [18]. After
embedding in a high-molecular weight PIB matrix together with finely dispersed
CuBr(PPhs);, reactive polymers were released by shear force-induced rupture of
capsules (see Figure 1.11). Due to the so-induced network formation via CuAAC,
dynamic mechanical analyses showed 81% recovery of the tensile storage modulus
at room temperature within five days, proving the concept of a capsule-based one-
time self-healing approach [18, 42, 43].

1.6
Resume and Outlook

It can be imagined that the world of self-healing polymers is large, engulfing
many different and complex physical and chemical principles. Materials scientists
will approach the design of such materials entirely differently from chemists,
physicists or biologists—this should be clear from the introductory remarks in this
chapter. However, it also demonstrates that a vision of scientists has become
reality, combining such different issues as chemical reactivity, polymeric design,
supramolecular forces and catalytic action into one type of materials, whose tech-
nological applications can be already realized. As with many applications, price
and the identification of technological areas of usefulness are now the next
step for their application, together with their commercialization and consumer-
adoption. The following chapters within this book will give a deeper insight into
more chemical and physical principles, together with technological applications of
these fascinating classes of self-healing materials.
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Self-Healing in Plants as Bio-Inspiration for
Self-Repairing Polymers"

Thomas Speck, Rolf Miilhaupt, and Olga Speck

Since the origin of life about 3.8 billion years ago, living beings have evolved fas-
cinating properties, ensuring their survival in a huge variety of environments
with tremendously differing environmental conditions and concomitant highly
different selective pressures. Characteristic for all groups of living beings are the
self-x-properties, including among others self-organization, self-adaptation and
self-repair. These properties, and especially the ability for self-repair, are essential
for life and allowed the successful colonization of different environments during
earth history. These capacities distinguish living beings and their subsystems
(organs, tissues, cells, macromolecules) from man-made structures and materials.
Due to the importance of self-x-properties for the fitness of a given species of
plants, animals, fungi, or bacteria a high selective pressure can be assumed to be
acting on the evolution of efficient self-x-properties in nature. It has been proven
for a multiplicity of functionally important traits, for example, the lianescent and
the epiphytic growth habit in plants, that these traits have evolved independently
in many lineages of living beings and that they are based on different structural
adaptations [1, 2]. The same holds for the different self-x-properties for which
also an autonomous evolution in different systematic groups and species can be
assumed.

The development and the production of engineering materials with self-x-
properties is one of the greatest challenges in modern materials sciences. Self-
repair, and the other self-x-properties, may function on different hierarchical
levels, ranging from the molecular, over the cellular and tissue level to the organ
level. On the other hand self-organization, self-adaptation, and self-repair acting
on a level of higher complexity (e.g., the organ or tissue level) may include varia-
tions on several lower hierarchical levels bringing about the final self-x-reactions.
These self-x-reactions often appear very complicated but on closer inspection prove

1) This chapter is based in part on results and (2013) Bio-inspired self-healing materials, in
thoughts published in the review article: Materials Design Inspired by Nature: Function
Speck, T., Bauer, G., Flues, F., Oelker, K., through Inner Architecture (eds P. Fratzl,
Rampf, M., Schiissele, A.C., von Tapavicza, J.W.C. Dunlop, and R. Weinkamer). The
M., Bertling, J., Luchsinger, R., Nellesen, A., Royal Society of Chemistry, London, pp.
Schmidt, A.M., Miilhaupt, R., and Speck, O. 359-389.
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© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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to be merely complex, that is, composed of several, often relatively simple, sub-
steps acting on the different hierarchical levels. Analyzing this complexity found
in the biological role models, breaking it down to the different sub-steps, abstract-
ing the basic physical and chemical principles involved, and translating them
technically offers a high potential for bio-inspired transfer from biological concept
generators into novel biomimetic materials and structures. This biomimetic
approach has been successfully applied over recent years to the development of
bio-inspired self-repairing materials [3-6].

2.1
Self-Sealing and Self-Healing in Plants: A Short Overview

In plants, the topic of this chapter, morphological and anatomical studies of
regenerative processes [7], and first results of a screening study on self-repair in
plants [8] support the assumption of an independent multiple evolution of self-
repair processes in different systematic plant groups [6, 9]. Manifold mechanisms
involving different structures on various hierarchical levels have evolved that allow
the repair of lesions. For analyses of self-repair processes in biology it is meaning-
ful to discern lesions caused by internal growth processes, as for example, in the
case of the Dutchman’s pipe (Aristolochia macrophylla; see Section 2.2.2), from
external injuries caused by environmental effects (e.g., wind, rain, hail) or by
feeding or trampling animals, as for example, in the case of the weeping fig (Ficus
benjamina, see Section 2.2.1) or of the pink carpet (Delosperma cooperi, see Section
2.2.3) [6, 7, 10].

The concept of self-repair is often used as an umbrella term. In plants—and
many other living beings—the self-repair process typically can be subdivided into
two phases: a first phase of rapid self-sealing and a subsequent (much) slower
phase of self-healing. The first phase is characterized by fast self-sealing of the
injury, preventing its further propagation. Fast self-sealing ensures reduction of
water loss (especially important for plants from semi-arid and arid habitats, such
as Delosperma cooperi) and protection from infection by bacteria and fungi spores
(especially important for plants such as Ficus benjamina, originating from envi-
ronments rich in germs as e.g., tropical rain forests). During the self-sealing
phase typically fast mechanical deformations of plant organs or cells occur that
are based mainly on physical and chemical processes and allow rapid sealing of
the wound. During the self-sealing phase in intact cells neighboring the fissure
a so-called oxidative burst often occurs. This oxidative burst evokes inter alia the
formation of a so-called drought layer of dead cells, further impeding water loss
from the fissure, and a plasticization of the cell wall. The plasticizing of the cell
is (mainly) caused by non-enzymatic cleavage of stabilizing polysaccharides in
the cell wall [11, 12]. By this process, improved sealing of the fissure by neigh-
boring intact cells is facilitated due to plastic cell wall deformation. The self-
sealing phase in plants typically lasts for several minutes to several hours, and
is followed by a much slower phase of self-healing lasting for several days or
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weeks and months. During the self-healing phase in plants typical “biological”
processes take place, including pronounced bio-synthesis, cell division and/or
lignification. This latter phase entails in plants the well know processes of callus
formation and tissue regeneration. Finally, during this latter phase the functions
and mechanical properties of the injured tissue or organ become increasingly
restored [6].

Over recent years a variety of plants from different systematic groups were
screened and selected according to different criteria in order to generate ideas for
the development of bio-inspired self-healing technical materials and systems [6, 9].

2.2
Selected Self-Sealing and Self-Healing Processes in Plants as Role Models for
Bio-Inspired Materials with Self-Repairing Properties

2.2.1
Latex Plants as Concept Generators for Bio-Inspired Self-Healing Elastomers
(Role Models: Ficus benjamina and Hevea brasiliensis)

In the screening process we found several plant genera to be especially promising
to analyze the latex-based self-sealing processes of external injuries in relation to
their physical and chemical background. From the more than 20000 known latex-
bearing plant species belonging to over 40 different families [13], we have chosen
the three genera Ficus, Euphorbia and Campanula from three different families for
detailed analysis. In the fig-family (Moraceae) we concentrated on the weeping fig
(Ficus benjamina) for which the most complete analysis was performed [14-19].
For comparison we analyzed latex-based self-sealing also in the spurge-family
(Euphorbiaceae) from which three species were analyzed (Euphorbia amygdaloides,
E. characias and E. myrsinites), and in the bell-flower family (Campanulaceae) from
which two species (Campanula glomerata, C. latifolia) were chosen [18].

Latex is a milky plant exudate, being typically white to yellow in color, which
chemically represents an emulsion. Latex is stored in plant tissues in so-called
“laticifers”, specialized elongated cellular micro-tubes. As the above examples
show, latex production is widespread among plants and evolved independently in
different lineages of the plant kingdom. Biochemically, latex is a complex mixture
containing, among others, alkaloids, phenolics, proteases, and chitinases which
are present in different concentrations in the latex of the various latex-bearing
plant species ( [20] and citations therein). Many possible functions of the sticky
and often poisonous plant latices have been studied and discussed. One important
function is their role as a plant defense system, other potential functions include
their role as a transport system, or as a water reservoir, and the function of nutri-
tion or a waste storage system [20, 21]. However, an additional function, the
potential importance of latex as a self-sealing agent, was hardly mentioned [6]. This
is surprising for at least two reasons: (i) From all biochemical components of plant
latex, rubber (cis-1,4-polyisoprene) which is essential for the self-sealing process
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Figure 2.1 (a) Weeping fig tree in the white due to total reflection of the fresh latex
greenhouse of the Botanic Garden Freiburg. emulsion. During coagulation progress the
(b) Macroscopic observation showing the latex droplet becomes increasingly translu-
process of latex coagulation after injuring the  cent mirroring the chemical processes taking
bark of a weeping fig (Ficus benjamina). place in the latex during coagulation ((b)

Directly after injury the fresh latex droplet is from [14]).

was most intensively studied over the last century due to its high economic impor-
tance. Rubber is known to be present in the latex of circa 300 different plant genera
where it is often found in high concentration [22]. (ii) The rubber based self-sealing
process is easily visible with the naked eye. When the different organs of a latex-
bearing plant are injured latex oozes out and very efficiently seals the lesion by
coagulating (cf. Figure 2.1b). Already, previous studies on the para rubber tree
(Hevea brasiliensis), that represents, due to its economic importance, the best
examined latex-bearing plant, show that the coagulation mechanism represents a
smart autonomic self-healing system that functions without any external stimulus
[23-25]. In this plant species latex is stored in the laticifer under high pressure in
the range 7-15bar. The latex of Hevea brasiliensis contains, among other sub-
stances, rubber particles and vacuolar structures, called “lutoids”, comprising the
protein Hevein. Upon injury, due to the pressure drop from 7bar or more in the
intact laticifers to ambient pressure (ca. 1bar) the lutoids burst and the protein
Hevein is released. Then Hevein-dimers are formed under the influence of Ca™.
They cross-link rubber particles which have binding sites for this protein on their
surface, causing an autonomous latex coagulation [23, 24].

For analyzing the potential use of rubber-bearing plant latices as a role model
for biomimetic self-repairing elastomers their self-sealing and self-healing capaci-
ties have to be analyzed. The self-healing ability of plants due to rubber particle-
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based latex coagulation was tested in the weeping fig (Ficus benjamina) (Figure
2.1a). The weeping fig is native to South Asia and Australia. The plant grows either
as a hemiepiphyte [1] or as a self-supporting tree. This species shows in many
aspects a coagulation behavior of its latex which resembles that of the well studied
para rubber tree [14, 15]. Similarly to Hevea brasiliensis, in the weeping fig macro-
scopic observations also reveal changes in latex viscosity and latex transparency as
the milky-white fresh latex turns gradually transparent during coagulation. For
Ficus benjamina, first changes in the latex transparency can be observed after about
6min (Figure 2.1b), and after about 20 to 30 min no further macroscopically visible
alterations occur [14, 16]. Changes in chemical bonds during coagulation of latex
gathered from the stems of young weeping figs were analyzed qualitatively by
infrared (IR) spectroscopy (Brukeroptics Vertex 70) with attenuated total reflection
(ATR) in a common R&D project with Fraunhofer UMSICHT Oberhausen. In this
type of test the measuring beam penetrates the sample up to a certain depth.
During the penetration the beam is attenuated due to interactions with covalent
bonds in the sample and then is reflected (ATR). The measurements were started
immediately after the fresh latex samples were spread on the experimental set-up.
The results of IR spectroscopic measurements of Ficus benjamina latex during
coagulation fit well with the macroscopic observations, showing the most pro-
nounced changes in the spectra in a time slot between six and ten min after injury
(Figure 2.2a). The observed changes are mainly due to a decrease in water content
caused by evaporation and to an increasing amount of amide bonds [14]. Further
observations (data not shown) indicate that this increase is not related to effects
like sedimentation of proteins but very probably to the formation of new covalent
amide bonds. These data indicate that the theory of d’Auzac and coworkers [23],
suggesting that the coagulation of Hevea brasiliensis latex is effected by the forma-
tion of new protein bonds between latex particles, can be assumed also for the
latex of Ficus benjamina. This assumption is further corroborated by the finding
that in Ficus benjamina the size distribution of latex particles analyzed by laser
diffraction is bimodal, mirroring the existence of rubber particles and vesicular
lutoids, and shows a similar pattern as described for Hevea brasiliensis latex [14,
15, 18].

The finding that latex was evolved many times independently in different groups
of plants leads to the assumption that—in addition to the chemical coagulation
mechanism described for Hevea brasiliensis latex and (very probably) also true for
Ficus benjamina—there may exist other differing types of latex coagulation mecha-
nisms. In order to test this hypothesis, an interspecific comparison of several
parameters characterizing latex composition and latex coagulation was performed,
including the three spurges and the two bell flower species [18]. We tested the
“coagulation time”, that is, the time span between latex discharge upon injury and
complete coagulation, the size distribution of latex particles in the latex and the
wettability of the different latices. Our data prove that the coagulation time for a
latex droplet of the typical size of 10l differs significantly between the different
tested plant genera and species. For most studied latex-bearing plants (e.g., H.
brasiliensis, F. benjamina and various Euphorbia and Vinca species) latex droplets
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Figure 2.2 (a) IR-spectrum of coagulating Ficus benjamina latex, most pronounced changes
between 6 and 10 min. (b) Tensile strength (marked by asterisks) of uninjured bark (solid line),
recently injured bark (dotted line) and of bark 30 min after injury (dashed line) ((a) from [14]).
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coagulate within 20 to 30 min. On the other hand, as found for Campanula glom-
erata and Campanula latifolia in the genus Campanula a much faster coagulation
takes place lasting only a few seconds [14, 16]. Moreover, our findings also support
different coagulation mechanisms for “typical” plant latices that coagulate in the
same time span between 20 and 30min. As mentioned above, in latices of the
weeping fig (F. benjamina) and of the para rubber tree (H. brasiliensis) a bimodal
size distribution of particles was found in fresh latex. In contrast, the studied
spurge (Euphorbia) and bell flower (Campanula) species possess a markedly dif-
ferent size distribution of latex particles, which also are packed more densely.
These differences come along with a different coagulation mechanism which
probably is caused mainly by physical changes (e.g., simply by evaporation). The
existence of different coagulation mechanisms is also supported by other findings,
such as differing rheological behavior during latex coagulation, that is, different
patterns concerning the reduction of viscosity [6, 14-19]. Additionally, the wettabil-
ity of latices differs significantly between latex-bearing plant species and genera.
The contact angle of Ficus benjamina latex, for example, is much smaller, on both
natural and artificial surfaces, than the contact angle of the latices of the various
Euphorbia species tested. Based on these results we hypothesize that different
latex-bearing plants may be adapted to different scenarios of injury, defense or
healing [18, 19]. These variations found in the coagulation behavior and other
physical and chemical properties of plant latices are especially promising for a
transfer into technical self-healing materials as they can be used as concept genera-
tors for the development of customizable bio-inspired healing agents for varying
different demands [6, 16].

One of the most crucial questions for justifying the use of plant latices as concept
generators for the development of self-healing elastomers is, if coagulated plant
latices are in addition to their self-sealing function also able to restore the mechani-
cal properties of the injured plant tissue or organ to a satisfactory extent. This
self-healing ability of latex coagulation was tested by using bark samples of young
Ficus benjamina trees. After incising the bark with a prepared razor blade the
injured bark was removed from the plant at different latency times after injury
and immediately tested under tension (Figure 2.2b) [14, 17]. The recovery of the
tensile strength at various latency times after injury was used as a measure to
quantify the self-healing ability (Figure 2.3). Compared to the values for uninjured
bark, the tensile strength drops immediately after injury to 42% of the initial value.
For the first 20 to 25min following injury the tensile strength does not differ
significantly from this value and remains low. It is not before 30min that the
tensile strength increases significantly to a value of 55% of the initial value for
uninjured bark. After this (fast) initial increase—representing the mainly physico-
chemical phase of self-repair—the tensile strength remains unaltered for several
hours or days before, due to other (biological) self-healing mechanisms such as
cell growth and cell proliferation, the tensile strength begins to increase slightly
again. Our data prove that in the weeping fig a considerable first self-healing
effect takes place within the first 30min after injury, a period that fits well with
the time span measured for latex coagulation (cf. Figure 2.1). However, the
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Figure 2.3  Self-healing efficiency of the bark  cleaned from the samples immediately after
of the weeping fig (Ficus benjamina) the latex was discharged from the lesion.
expressed as recovery of tensile strength at In the latter case the latex cannot contribute
various latency times after injury. White bars to the recovery of the tensile strength.
represent bark samples where the latex was

Young’s modulus and, therefore, also the elasticity of the bark remains nearly
unaffected by latex coagulation. In additional tests the fresh latex was cleaned
immediately after oozing out from the lesion of the injured bark. If the latex was
removed, the tensile strength did not increase within the first 30 min after injury,
which proves that the first fast self-healing effect results from the coagulation of
the latex alone [17]. These results show that—in addition to self-sealing of the
cut—the coagulation of plant latices possesses also a significant self-healing func-
tion, making reasonable their use as role models for the development of biomi-
metic self-healing elastomers [6, 16].

The above described results prove that plant latices represent promising concept
generators for the design and development of biomimetic self-healing elastomeric
materials for technical purposes (see Section 2.3.1). Bio-inspired approaches may
include (i) embedding of microcapsules filled with healing agents in technical
self-healing elastomers, that burst upon injury thus releasing a healing agent
(inspired by vesicular lutoids found in Hevea brasiliensis and Ficus benjamina latex),
and (ii) the development of technical ionomeric elastomers (inspired by the func-
tion of Ca*-ions in Hevea brasiliensis latex during coagulation) [26]. Our analyses
prove that, in addition to micro- and nano-structural properties assuring a fast
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wound sealing, chemical properties of the biological concept generators are of
especially high interest for the development of innovative bio-inspired self-healing
materials [6, 16, 26].

222
Lianas as Concept Generators for Bio-Inspired Self-Sealing Membranes for
Pneumatic Structures (Role Model: Aristolochia macrophylla)

Vines show a drastic change in mechanical properties of their stems during
growth. Young axes of vines, which act as searchers spanning the gaps to new
supportive structures, are very stiff in bending and torsion. As soon as a liana axis
is secured to a new support the stems become increasingly flexible in bending and
torsion due to profound alterations in stem anatomy brought about by secondary
growth processes [1, 2]. These internal growth processes may cause (micro-)fis-
sures in more peripheral tissues. If these (micro-)fissures run to the outside of the
stem they would be perfect entrance doors for harmful fungi and bacteria. Vines
of the genus Aristolochia, for example, are able to seal these fissures very effectively
and very quickly. In order to understand this sealing process in detail and to learn
for an abstraction and transfer process into bio-inspired self-healing technical
materials, functional anatomy and stem mechanics, and their variations during
ontogeny have been studied in detail in different species of Aristolochia [3, 27-29].

As a role model the Dutchman’s pipe (Aristolochia macropyhlla), a twining vine
native to North-America, was chosen (Figure 2.4). In this species, as in other

Figure 2.4 Dutchman’s pipe (Aristolochia macrophylla) in the open field of the Botanic Garden
Freiburg.
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(@) (b)

-9

8
Figure 2.5 Dutchman’s pipe (Aristolochia cambium, 4: secondary phloem, 5: inner
macrophylla), cross-sections of a one-year-old  parenchymatous primary cortex, 6: scleren-
stem (a) possessing a closed sclerenchyma- chymatous cylinder, 7: outer parenchymatous
tous cylinder and of a two-year-old stem (b) primary cortex, 8: collenchymatous cylinder,
with a fragmented sclerenchymatous cylinder ~ 9: epidermis; scale bars: 3mm (from [29],
due to secondary growth of the vascular reproduced with permission from Oxford

tissues. 1: pith, 2: secondary xylem, 3: University Press).

Aristolochia-species, the high bending and torsional stiffness found in young apical
searcher twigs is (mainly) caused by a closed ring of stiff sclerenchyma fibers in
the stem periphery [27, 30]. Both types of vascular tissues, phloem and xylem, are
located close to the stems center around the pith, that is, inside the sclerenchyma-
tous ring. After being secured to a new support the secondary growth of vascular
tissues markedly accelerates, the stem significantly increases in diameter, and the
elastic modulus in bending and torsion decreases due to the formation of rather
flexible secondary xylem and phloem [1, 30]. Additionally, the increase in diameter
of the internal vascular tissues causes radial stresses and strains in the soft inner
parenchmatous cortex tissues located within the sclerenchymatous ring, and tan-
gential stresses and strains in the sclerenchymatous ring. Due to continuous
secondary growth the stresses and strains finally become overcritical and the scle-
renchymatous ring ruptures and splits into segments, further decreasing the stem
stiffness (Figure 2.5). The (micro-)fissures in the sclerenchymatous ring typically
run through the middle lamellas of neighboring sclerenchyma fibers. A rapid
sealing mechanism enables Aristolochia macrophylla to repair these lesions very
efficiently. These repair processes are essential for securing the functional integ-
rity of the plant stem and preventing the fissures running to the outside of the
stem [28, 29].

During this self-sealing, and the subsequent healing processes, at least four
phases can be discerned [3, 27, 28]. First—due to overcritical tangential stresses
and strains—a tiny (micro-)fissure in the sclerenchymatous ring occurs, turgescent
parenchyma cells from the surrounding outer cortex tissue swell into the (micro-)
fissure and seal it (Figure 2.6a). This initial self-sealing (phase 1) is excited by
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Figure 2.6 Different phases of fissure repair ~ The magnification shows the sealing in

in Dutchman’s pipe (Aristolochia macro- detail. (b) A fissure running through the
phylla). (a) A micro-fissure in the peripheral entire sclerenchymatous ring is repaired by
sclerenchymatous ring caused by internal cells having the typical irregular shape and
growth processes of the central vascular being the result of radial and tangential cell
tissues is sealed by a parenchymatous cortex  divisions (phase Ill). (c) In the peripheral
cell swelling into this fissure due to its repairing cells the cell walls are thickened

internal pressure (turgor) (phase I/phase Il).  and lignified (phase IV) (from [3]).

changes in the stress—strain field at the contact region between the (micro-)fissure
and parenchymatous outer cortex tissue where a turgescent parenchyma cell
(“sealing cell”), due to its internal overpressure of several bar, immediately deforms
and relaxes, that is, swells into the lesion. This deformation causes elastic and/or
viscoelastic deformation of the cell wall and seems to be mainly a passive physical
reaction due to relaxation of the parenchymatous sealing cells [12, 27, 28]. Accord-
ing to our studies, physiological reactions do not occur in the repairing cells before
the second phase of self-sealing when a plastic deformation of the cell walls
appears. This plasticization of the cell is probably effected by cell wall loosening,
initiated by hydroxyl radicals and/or oxygen radicals causing non-enzymatic
cleavage of cell wall polysaccharides [12, 28]. Healing of the lesion, that is, the
actual “biological part” of self-repair, starts in phase three, when, due to ongoing
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secondary vascular growth, fissures extend more and more deeply into the scler-
enchymatous ring. In this phase pronounced cell wall synthesis and division of
the repairing cells (first in a radial direction) takes place. Later, if the fissure runs
through the entire sclerenchymatous ring, both radial and tangential cell divisions
of the repairing cells occur (see Figure 2.6b). As a consequence of cell division and
cell wall plasticization the lesions are sealed with irregularly-shaped and thin-
walled repairing cells. Whereas in some fissures the sealing cells remain paren-
chymatous during further development, in other fissures the walls of the cells
sealing the most peripheral region of the fissure gradually become thicker and
start to lignify (phase 4). By the latter processes occurring in the fourth and final
phase of the self-repairing process (see Figure 2.6c), the mechanical function of
the sclerenchymatous ring, that is, stiffening the stem of the vine in bending and
torsion, can be restored, at least for a limited period of time [6, 28].

Our analyses suggest that in the initial phase of self-sealing in Aristolochia mac-
rophylla mainly physical and chemical processes are involved. This result is espe-
cially encouraging for using these processes as inspiration for the development of
bio-inspired self-repairing engineering materials. Because of their internal pres-
sure and the concomitant pre-stress in the parenchyma tissue, turgescent paren-
chymatous cortex cells swell into the (micro-)fissures and seal them very effectively
[8, 28]. The functional principle underlying this self-sealing process has been suc-
cessfully abstracted and transferred into a biomimetic patent-registered closed-cell
PU-foam coating for pneumatic structures and other types of membranous hulls
[6, 31] (see Section 2.3.2).

223
Succulent Plants as Concept Generators for Bio-Inspired Self-Sealing Membranes
for Pneumatic Structures (Role Model Delosperma cooperi)

As specific self-healing mechanisms have evolved many times independently in
different systematic groups of plants, a screening process searching for other, up
to now unknown modes of self-repair was performed. Using different search
criteria which make high selective pressures on efficient self-repair probable,
further plant species and genera were identified with self-healing mechanisms
promising for a biomimetic transfer into technical materials and structures [9, 32].
Our analysis shows that in succulent plant species which are found in various not
closely related evolutionary lineages, distinct and very effective self-healing effects
exist. For these plants, which typically grow in arid environments, wounds cause
an exceptional drought stress. Therefore, fast self-sealing processes and subse-
quent efficient self-healing are of high selective advantage for succulent plants as
they protect them from dehydration and may secure their survival after wounding
[6, 9.

For a detailed analysis we selected Delosperma cooperi a member of the Aizoaceae
family with succulent leaves, native to South Africa (Figure 2.7). External injuries,
caused in the natural environment for example, from feeding or trampling
animals, were simulated by an artificial cut caused by incising the leaf with a
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Figure 2.7 Flowering pink carpet plants (Delosperma cooperi) in the open field of the Botanic
Garden Freiburg.

prepared razor blade. For testing the self-sealing capacity the cuts were made in
different directions relative to the leaf, including longitudinal cuts (parallel to the
longitudinal axis of the leaf), transverse cuts (perpendicular to the longitudinal
axis of the leaf), and circular cuts, that is, incisions around the entire leaf perpen-
dicular to the longitudinal axis of the leaf [32, 33]. After each type of cut self-sealing
of the wounds takes place in leaves of Delosperma cooperi by deformation and
movement of the leaf. Two main mechanisms are involved in the self-sealing
process. The first mechanism, the rolling in of the fringes of the cut, occurs within
a few minutes. The second process typically takes place within a time span of 30
to 90min and involves—in the case of the two types of straight cuts—curvature of
the entire leaf, or—in the case of circular cuts—leaf contraction (Figure 2.8). Sub-
sequent processes of wound healing are characterized by cell growth, cell division
and further physiochemical reactions. The entity of self-healing processes led
to callus formation in the wound region and a permanent curvature of the leaf
(Figure 2.9) [6, 32].

The succulent leaves of Delosperma cooperi comprise five main tissue types, are
almost cylindrical and possess a centripetal arrangement of tissues. The leaves
consist of an outer epidermis with window cells, followed by an outer ring of
chlorenchyma, the next tissue zone is a thin net of vascular bundles, followed by
an inner ring of parenchymatous tissue and a central strand of vascular tissue
(Figure 2.10). The vascular tissue consists in part of wide-band tracheids, a special-
ized type of tracheids that prevent cell collapse under water stress [32, 34] and
allow size changes of leaves and shoots of succulent plants due to “swelling
and shrinkage” caused by varying water status. To characterize the mechanical
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Figure 2.8 Schematic drawings showing the  to the longitudinal axis of the leaf),

arrangement of artificial cuts made for transverse cut (perpendicular to the

testing the self-sealing capacity in Delosperma  longitudinal axis of the leaf), and circular cut
cooperi leaves, and of leaf deformation and (around the entire leaf perpendicular to the
movement during the process of self-sealing.  longitudinal axis of the leaf).

From left to right: longitudinal cut (parallel

Figure 2.9 Leaf of Delosperma cooperi 14 days after being injured by a deep transverse cut
showing entire repair of the fissure. A permanent kink of the leaf remains after complete
healing (from [32]).

1 mm

Figure 2.10 Cross-section of a central part of  bundles in the leaf centre, (W) epidermis
a leaf of Delosperma cooperi showing the five with window cells, (N) net of peripheral
main tissue types used for the modeling of vascular bundles, (P) parenchyma, (C)
the self-healing processes. (V) vascular chlorenchyma (from [32]).
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properties of the leaf, tensile tests of the entire leaf and of single tissue layers were
performed. For further characterization of leaf mechanics, in the intact state and
during self-healing, tissue pressure in the parenchymatous leaf tissues was quan-
titatively analyzed using a micro-optic-mechanical-system (samba-sensor), and cell
turgor was measured with a pressure probe. Measurements were performed at the
moment of injury and during the subsequent sealing and healing phase [35].

Quantitative studies of the functional anatomy of the leaves, as well as measure-
ments of tissue pressure and cell turgor were used to develop an analytical model
which allows the description of the self-sealing process in D. cooperi based on the
dimensions and mechanical properties of five hulls that represent the different
tissue layers of the real leaf [32, 33]. As in real leaves, also in the analytical model,
intact leaves are supposed to be pre-stressed. The mechanical stability of leaves
is based on tension and compression stresses alternating between the different
tissue layers. In intact leaves the internal stresses sum up to an overall equilib-
rium. Stress equilibrium is disturbed by injuries destroying parts of the constitu-
tive tissues. This disturbance causes a net stress which evokes a bending or a
contraction, respectively, acting on the leaf close to the incision [32, 33].

The above model was originally developed to describe (semi-)quantitatively the
self-sealing processes occurring in the biological role model but it can also be used
to characterize and thereby to develop self-sealing biomimetic engineering materi-
als. Based on the model it will become possible to calculate the mechanical proper-
ties necessary in the different tissue layers for a successful transfer of ideas
into bio-inspired self-sealing materials and structures as, for example, compound
polymer membranes. A selection of suitable materials may allow the construction
of bio-inspired composite materials with adjustable sealing properties, for example,
by using modern foil techniques [6].

Our analyses show that if mainly physical and chemical processes are involved,
as in the first rapid phases of self-repair in Aristolochia macrophylla and in
Delosperma cooperi, and in the latex coagulation of latex bearing plants such as
Ficus benjamina or the various Euphorbia- and Campanula-species, a transfer into
bio-inspired technical materials is especially promising.

23
Bio-Inspired Approaches for the Development of Self-Repairing Materials
and Structures

In biomimetics two fundamentally different approaches can be discerned describ-
ing the process of transferring ideas from biological concept generators to
bio-inspired technical products. The first, called the “bottom-up-approach” of bio-
mimetics is driven by initial finding of biologists, whereas the second termed
“top-down-approach” of biomimetics is initiated by specific questions and chal-
lenges from the side of industry. Between the two fundamental approaches there
exists a multiplicity of transitions [4, 5]. The modus operandi in R&D projects
on biomimetics has also been specified in recently published guidelines of the
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Verein Deutscher Ingenieure (VDI) [36]. The bottom-up-approach starts with
the discovery of an interesting function by biologists. By using methods from
engineering sciences, physics, and chemistry, a detailed analysis of biological
functions and underlying structures is performed, leading to a quantitative
understanding of the principles, that is, of the form—structure-function relation-
ship in the biological role model. Already the latter, as all following steps of the
project, is performed in close interdisciplinary cooperation between biologists,
engineers, material scientists and colleagues from other disciplines of natural
sciences. The next step, often crucial for a successful transfer, is the abstraction
of basic principles essential for the designated function, that is, the detachment
from the biological concept generator. Then technical implementation follows
and the production of demonstrators, first on the lab scale and then at pilot plant
level. Then prototyping takes place and finally—together with industrial part-
ners—the introduction of the novel product to the market [4, 5]. This approach is
characterized by a “biological push”. The second process, to which all develop-
ments of self-repairing materials described in the following sections belong, is
the top-down-approach which is characterized by a “technology pull”. In this case
industry contacts biomimetically working scientists with the request to improve
an existing product which may or may not have already been introduced to the
market. After carefully defining the technological problem, the biologists start to
search for biological analogies with functions appropriate to solving the given
technological challenge. At the end of the screening process is the identification
of appropriate principles in one or more biological role models, as described in
detail for self-sealing and self-healing in plants. Then, similar to the bottom-up-
approach, a detailed analysis of the form—structure-function relationship is per-
formed and abstraction takes place. These steps are followed by a test of the
technical feasibility and—if successful-by prototyping and introduction of the
improved product to the market (see Figure 2.14) [4, 5]. The procedural methods
described here have been applied successfully in many biomimetic R&D projects
over the last ten years.

As in biology, also for technical materials and systems self-repair is often used
as an umbrella term including self-sealing and self-healing, which can again be
clearly distinguished by the different processes involved and the different times-
cales [6]. To generalize, in technical materials self-sealing effects a functional
repair causing the closure of a still existing fissure by physical and/or chemical
processes acting on the edges of the fissure. As in plants, the structural repair of
a lesion is not accomplished until self-healing has taken place, restoring (at least
partially) the materials’ structural integrity and its mechanical functioning [37-39].
In self-repairing technical materials self-healing may be effected either by polym-
erization processes, and/or the formation of ionic bonding or hydrogen bonding
structurally healing the fissure [39, 40]. The progressively better understanding of
self-repair mechanisms in biology is increasingly stimulating the development of
bio-inspired self-repair mechanisms and their integration into industrial engineer-
ing materials. Over recent years, in collaboration with other research institutes,
the authors have used several bio-inspired strategies for the development of self-
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sealing and self-healing of technical rubbers, plastics, coatings, and polymer com-
posite materials.

In the following we briefly summarize some of the recent developments of bio-
inspired self-healing concepts realized during the last years, based on the biologi-
cal role models described above. For a more detailed account explaining the
biomimetic transfer process as well as the physical and chemical background of
the production methods and of the mode of functioning we refer to Speck et al.
[6]. Beyond that, additional examples of bio-inspired self-healing materials are
depicted in more detail in other chapters of this book (e.g., Chapter 15).

2.3.1
Bio-Inspired Self-Healing Elastomers

The spectrum of technical applications for elastomeric materials is vast and still
increasing. Many of these applications are (mechanically) highly demanding and
additionally include a wide portfolio of desired properties as for example, UV
resistance, recyclability, and prolonged lifetime. Mechanical failure in elastomeric
materials—sometimes occurring long before the characteristic limits of loading
and lifetime are reached —may be caused by alternating loading cycles which cause
micro-cracks that become overcritical in length and finally induce material failure
[6]. Biological materials and structures typically “tolerate” micro-cracks but have
evolved self-healing mechanisms for keeping these micro-cracks under-critical in
length, and thereby insignificant for the functioning of the respective biological
tissue or organ. Transferring these mechanisms into technical elastomeric materi-
als would allow exploitation of the full loading and lifetime-limit of the material,
and therefore a high industrial demand exists for self-healing elastomers.
Different bio-inspired approaches for self-healing elastomeric materials have
been developed and tested, including micro-encapsulation and vesicle-like systems,
blends with liquid polymers, and thermoreversible (co)network formation.

2.3.1.1  Micro-encapsulation
Micro-encapsulating of healing agents, that parallels or mimics self-repair pro-
cesses in latex bearing plants, has been proven to function well in thermoplastics
[41-43], but do not work sufficiently well in elastomeric materials [26]. Due to high
shear forces and temperature characteristic for compounding processes of elasto-
meric materials typical micro-capsules used for encapsulating self-healing agents
rupture. If the self-healing agents are stored in rigid porous micro-beads and/or
covered in capsule walls with increased mechanical strength micro-cracks in the
elastomer run around the capsules. The micro-capsules do not burst and do not
release the self-healing agents and therefore no self-healing takes place [6, 16, 26].
Similar problems occur by using in elastomeric materials self-repairing systems
based on micro-tubes filled with self-healing agents, which again are functioning
well in thermoplastics and thermosets [44—46]. Interestingly bio-inspiration for
most of these approaches is taken from the blood vessel-system of animals which
differs due to the heart driven pumping mechanism basically from most of the

77



78

2 Self-Healing in Plants as Bio-Inspiration for Self-Repairing Polymers

technical implementations (but see [47]). Inspirations from plant systems, as for
example, from lacticifers of latex-bearing plants in which the self-healing agent is
stored under high internal pressure without pumping (see Section 2.2.1), are up
to now scarcely used. For a more detailed discussion of methods and potential of
micro-encapsulation and micro-channels for the development of self-healing
materials we refer to Chapters 10 and 15.

Successful approaches for the development of bio-inspired self-healing elastom-
ers are mainly based on non-covalent interactions and self-assembly processes.
Two approaches for non-autonomous self-healing in elastomeric materials based
on thermoreversible supramolecular (co)network formation, exploiting directional
hydrogen bridging and ionomer formation have been explored.

2.3.1.2 lonomeric Elastomers

Inspired by the function of Ca®* ions for the formation of Hevein dimers during
latex coagulation in the para rubber tree (cf [23].) in a common R&D project with
Fraunhofer UMSICHT Oberhausen and the Institute for Physical Chemistry in
Cologne a concept for self-healing elastomeric materials based on the incorporation
of ionic groups into the elastomer backbone has been developed. The idea is that
these ionomers show self-healing after fissure application due to a rearrangement
of ionic domains after energy input followed by a certain time of relaxation [16,
26]. The most promising results as to the self-healing capacity after cutting rec-
tangular strips of the ionomeric elastomer in half, rejoining them and annealing
them for 24 h at 55 °C were found for carboxylated nitrile butadiene rubber (NBR)-
based samples (Figure 2.11). For non-vulcanized samples a restoration of the
tensile strength of 50% was obtained, for vulcanized NBR-samples a restoration
of 15% (Figure 2.12). For a detailed account of the physico-chemical background
of this development and an overview on the ionomer approach in self-healing
materials we refer to Chapter 13 “Self-Healing Ionomers” of the book at hand.

NH,
HzN\\\g
N

%

/\/N\/\

(a) (b)

X
AN
i m n

CN HaN
NBR

i R-COO-NBR (R=M"*) 2[\1\/\
p

Figure 211  (a) Modification route for nitrile  used as self-healing component in nitrile

N
B NHz

HoN
O ©OR

butadiene rubber (NBR)-based ionomeric butadiene rubber (NBR) blends ((a) modified
elastomers shown for carboxylated nitrile from [26]; (b) from [6], reproduced with
butadiene rubber (M™: metal counter ion). permission of the Royal Society of

(b) Hyperbranched polyethyleneimine (PEI) Chemistry).
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Figure 2.12  Self-healing efficiency of nitrile hyperbranched polyethyleneimines (PEI)

butadiene rubber (NBR), ionomeric expressed as recovery of tensile strength
carboxylated nitrile butadiene rubber, and after rejoining samples cut in half and
blends of nitrile butadiene rubber with annealed under the conditions described in
unmodified and urea-functionalized the text.

2.3.1.3 Supramolecular Co-networks

Other concepts found in biological role models that have inspired material sci-
ences and supramolecular chemistry pioneered by Lehn [48] are self-assembly and
self-healing mechanisms based on hydrogen-bridging [49-51]. Inspired by the
nature supramolecular (co)networks were developed containing non-covalent
bonds. In different approaches the hydrogen-bridging functional groups have been
introduced as well in the elastomer back bone as in the side chains [52, 53]. Using
PBAN, a commercially available amine-termined butadiene/acrylontrile liquid
rubber (Hypro™ 1300 x 35 ATBN; Nanoresins Company) a versatile synthetic
approach for the assembly of supramolecular network building blocks has been
developed. The PBAN is endcapped with aspartic imide (PBAN_MI) and with
methyl barbiturate groups (PBAN_BA), respectively [6]. Between the PBAN_
BA-end groups very good intermolecular hydrogen bond formation exists as well
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as hydrogen bridging of PBAN_MI with PBAN_BA causing a significantly
increased shear. As these supramolecular materials do not have the good perform-
ance of industrially produced NBR rubbers, the building blocks and their blends
have been used as additives for NBR. As consequence of the co-vulcanization of
the PBAN a covalent attachment to the NBR network is probably. At 12.5 phr
content of the blends only a slight increase in self-healing efficiency of NBR was
found [6]. A detailed description of different “Supramolecular Systems” important
for self-healing materials is given in Chapter 11.

2.3.1.4 Nitrile Butadiene Rubber (NBR) Blends

Inspired by turgor (internal cell pressure) found in parenchymatous plant cells and
tissues [35, 54] an alternative to micro-encapsulation of self-healing agents avoiding
the micro-capsule wall was investigated. Based on this concept, bio-inspired mul-
tiphase blends of NBR with liquid polymers as self-sealing and self-healing agent
were developed [55]. Due to different thermal expansion of rubber and self-healing
agent turgor-inspired high internal pressure will built up in the micro-phase sepa-
rated domains of the liquid polymer. If micro-cracks encounter such domains the
liquid polymer serves as self-healing agent and seals the crack [6, 55].

For NBR hyperbranched polyethyleneimine (PEI), as shown in Figure 2.11B,
proved to be a suitable self-healing additive (liquid polymer) fulfilling several
rather opposing requirements including: (i) immiscibility with NBR to ensure
micro-phase separation, (ii) high enough molecular weight to prevent leaching
during compounding, (iii) low enough molecular weight for an easy dispersion in
NBR and rapid migration into micro-cracks, and (iv) effective sealing of the micro-
fissures due to pronounced self-assembly via the large number of end groups and
effective bonding of the rubber.

For testing the potential of this approach, molecular weights and substitution
patterns of PEI have been varied by converting amine endgroups with alkyl isocy-
anates into alkyl urea end groups. Non-modified PEI with high molecular weight
(2000 g/mol) shows the best performance with respect to micro-phase separation
(mean diameter: 5-10pum) and to self-healing. Phenylurea-modified (PEI-ph) as
well as hexylurea-modified (PEI-hex) hyperbranched polyethyleneimine form
smaller micro-phases and have a drastically reduced self-healing efficiency [55].
Self-healing efficiency, given as %-recovery of tensile strength, was measured for
different NBR/PEI blends after cutting rectangular samples in half, annealing them
in a heated sample holder under compression for 12h at 100°C and subsequent
storing at room temperature without compression for another 12h (Figure 2.12).
Self-healing efficiency varies from 44% for unmodified PEI (2000 g/mol, 12.5 phr)
and 27% for unmodified PEI (800 g/mol, 12.5 phr) to 6% (PEI-ph) and 8% (PEI-hex)
for urea-functionalized PEI-amphiphile with low molecular weight (12.5 phr); the
self-healing efficiency for neat NBR is 4% [55]. The results show that micro-phase
separation of liquid hyperbranched (unmodified) PEI renders a promising approach
for the development of self-healing NBR that avoids problems occurring in elastom-
ers due to micro-encapsulation of the self-healing agent. Adjusting the design of
the self-healing agent will allow to improving the self-healing capacity and will
permit expanding this concept to other rubbers of industrial significance [6, 55].
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232
Self-Sealing Foam Coatings for Membranes of Pneumatic Structures

The turgor based self-repair process found in twining lianas of the genus Aristolo-
chia [8, 12, 28] was used as inspiration for a biomimetic “foam coating” applied to
the inner side of the membranous hull of a pneumatic structure (Figure 2.13A).
In case of puncturing of the foam coated membrane, the prestrained foam imme-
diately collapses and stops the air-flow through the punctured hull by sealing the
fissure [56]. Based on results of detailed functional and mechanical analyzes of the
biological concept generators (see Section 2.2.2), turgor pressure and prestrain
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Figure 2.13  (a) Fiber reinforced PVC fabric self-healing foam. The magnification shows a

membrane (at the top) coated with a
self-healing polyurethane foam layer cured at
1 bar overpressure. The fissure caused by
puncturing with a 2.4 mm diameter nail
(parallel to the arrow) is closed by the

SEM picture of the PU foam. (b) Polybuty-
lacrylate-grafted branched polyol stearates
(hyperPBA) used as additives for self-healing
polyurethane foams.
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conditions which represent characteristic traits of the biological system, are mim-
icked either (i) in a bio-inspired physical transfer process by curing the repair foam
under external over pressure, or (ii) in a bio-inspired chemical transfer process by
the development of innovative self-repairing systems based on skin and blend
formations.

For measuring the repair efficiency of the sealing mechanism, a novel testing
set-up was build which allows to quantifying the air-flow through punctured foam
coated and uncoated hull membranes [3, 6]. The repair efficiency of the foam
coating is defined by

Rﬂow =1- (mcuat / mref) (21)

with rit,,,: air flow through the puncture of a foam coated membrane, ri1,: air flow
through the puncture of a uncoated membrane. For Ry, = 1 complete sealing is
achieved; Ry,, = 0 corresponds to no sealing [31].

2.3.2.1 Self-Sealing Membranes of Pneumatic Structures:

Bio-Inspired Physical Transfer

The bio-inspired physical transfer process is a typical example of a top-down-
approach in biomimetics (Figure 2.14). The self-sealing coating developed during

Figure 2.14 (Extended) top-down-process of  several iterations of basic research cycles,
biomimetics exemplified for the development including search for, identification and

of bio-inspired self-repairing membranes. abstraction of novel self-repair mechanisms,
Due to the limited knowledge on self-repair have been included in the process sequence
processes in plants in this specific case (from [4]).
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this process was based on a commercially available two-component polyurethane
foam system (RAKU-PUR® 33-1024-3 black; Rampf Giessharze). Our analyses
prove that the amount of overpressure during the foaming and curing reaction is
crucial for structure, mechanical properties, and repair efficiency of the self-seal-
ing foam coating [31, 56, 57]. An abrupt transition of porosity from open to closed
cell material, mirrored by an increase in closed pore ratio from circa 16 to 75%,
was found between 50 and 60% relative density [56]. Polyurethane foam coatings
could be produced with very good median repair efficiencies Rgoy 2 0.999 (Figure
2.15). Our analyses further show that on the inner surface of the coating layer
compressive strains are necessary to yield high repair efficiencies. The air pressure
in a pneumatic structure also causes a curvature of the hull with the squeezing of

Figure 2.15 Repair efficiency of different mass of the self-healing polyurethane foam
types of polyurethane-based foam coatings layer: 0.16gcm™ (the thickness is dependent
for pneumatic systems expressed as Rgo,. on the applied overpressure), *average
'Average thickness of the self-healing thickness of the self-healing polyurethane

polyurethane foam layer: 1.86 mm, “average foam layer: 2.20mm.
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the foam layer, and thereby introduces these compressive strains, if the self-
repairing foam layer is placed on the internal side of the hull (Figure 2.13a) [57].

Our analyses prove that, at similar coating thicknesses, foams with more closed
pores, that is, foams cured under higher overpressure, yield significantly higher
repair efficiencies than foams with more open pores. Therefore, closed cell foams
cured under 1bar overpressure represent an optimal combination of high repair
efficiency (0.999), and minimal weight of the foam coating (0.16gcm™) which is
very important for lightweight pneumatic structures. The results on the laboratory
scale are very promising and point to the high potential of this approach for
making pneumatic structures more reliable and safer in handling, and for increas-
ing their lifetime [6, 31, 56, 57].

2.3.2.2 Self-Sealing Membranes of Pneumatic Structures:

Bio-Inspired Chemical Transfer

A central aim of the research in the Freiburg Materials Research Center was the
development of new self-healing additives for polyurethane foams that function
without encapsulation. To this end amphiphilic polymers are tailored possessing
crystallizable n-alkyl chains in the shell and cores with highly branched polyether.
Due to their core—shell topology these branched and dendritic polymers may act
as vesicle-like molecular transporters and host—guest systems [58]. As described
in detail in [6], branched polyether cores can easily be synthesized. In a next step
oligomers, for example, liquid rubbers, can be grafted to these core-shell macro-
molecules which serve simultaneously as molecular transporters and self-healing
agent. In one approach star-shaped propoxylated sorbitol (Lupranol™ 3422; Elas-
togran) served as the core material and was completely esterified in the presence
of catalytic amounts of p-toluene sulfonic acid at 140 °C with stearic acid (90 mol%
OH substitution), making the polar polyethers amphiphilic, and with mercapto-
propinic acid (10mol % OH substitution) causing incorporation of thiol groups
into the shell [6]. Then a novel graft copolymer (hyperPBA; average molar mass
of 3000gmol™) was produced by adding 50 wt.% of a butylacrylate/acrylontrile
(80/20) mixture and grafting it at 80 °C onto the thiol-functionalized polyol stearate
(Figure 2.13b).

For the self-healing effect it is crucial that the amphiphilic hyperbranched poly-
mers can migrate and show self-assembly at interfaces. In a next step poly-
butylacrylate (PBA) and hyperPBA were added to the commercially available
two-component polyurethane foam (RAKU-PUR® 33-1024-3 black, Rampf
Giessharze). The repair efficiency Rg,, was tested in the above described testing
device for a polyurethane foam layer cured at ambient pressure (i.e., at 0 bar over-
pressure) with an average thickness of 1.86 mm coated on a PVC fabric membrane
(Ferrari Precontraint 1002). For a non-modified PU foam a repair efficiency of Ry,
= 0.973 was found (Figure 2.15). The admixture of 2 wt.% PBA did not increase
repair efficiency, the addition of up to 10 wt.% hyperPBA did not influence the
foam processing but markedly improved the repair efficiency up to Rgo, = 0.992
[6]. A further improvement in the repair efficiency is found when the inner surface
of the PU foam layer is coated with a SBR latex (Holt Lloyd GmbH), increasing
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the thickness of the foam coating to 2.20mm. By this procedure the repair effi-
ciency is improved to Rgey, = 0.999 (Figure 2.15), a value matching results found
when the polyurethane layer was cured under overpressure [6].

Our results show that both vesicle-like molecular healing agents with core—shell
topologies (chemical strategy I) and skin formation on the inner surface of the
self-repairing foam coating (chemical strategy I) significantly improve the self-
repairing capacity of polyurethane foams without external overpressure during
foam curing.

2.4
Bio-Inspired Self-Healing Materials: Outlook

The above mentioned examples show that during the last years plants have proved
to be an important source of inspiration for various biomimetic materials and
structures with self-repairing properties. The self-sealing and self-healing mecha-
nisms in plants (and other living beings) offer a huge variety of inspirations for
developing biomimetic technical materials and structures with self-repairing prop-
erties. Important driving forces for the increasing potential of, and the improved
interest in the development of biomimetic products are: (i) the availability of more
sophisticated analyzing devices and modeling tools allowing a better quantitative
understanding of the form—structure-function relationship on different hierarchi-
cal levels of the biological role models as well as of the biomimetic materials; and
(ii) the availability of production methods allowing the transfer of modes of func-
tion and/or the hierarchical structuring typical for biological role models into
biomimetic products (e.g., generative methods, 3D-braiding pultrusion tech-
niques, sophisticated micro-laminate and foil techniques, and improved tech-
niques in macromolecular and supramolecular chemistry). Additionally, over the
last two decades biomimetic approaches have been increasingly noticed and appre-
ciated by industry due to a generally higher interest in tapping the “treasure trove
of nature” for the development of smart and intelligent materials and structures
with self-x-properties [4, 5]. An additional aspect often mentioned, especially also
for self-repairing materials, is the potential for sustainability of biomimetic prod-
ucts being generally considered as very high. However, the level of sustainability
has to be tested separately for each biomimetic product [59].

We think that biomimetic approaches in general, and especially in the field of self-
x-materials and structures, as for example, self-repairing materials and structures,
are very promising and will become of increasing importance in the near future.
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3
Modeling Self-Healing Processes in Polymers: From Nanogels
to Nanoparticle-Filled Microcapsules

German V. Kolmakov, Isaac G. Salib, and Anna C. Balazs

3.1
Introduction

Nature has devised a number of highly effective means of both preventing and
healing wounds in living organisms. Consider, for example, the abalone shell
nacre, where brittle inorganic layers are interconnected by a layer of cross-linked
polymers [1]. Under mechanical deformation, the weak cross-links or “sacrificial
bonds” are the first to break; these ruptures dissipate energy and thereby mitigate
the effects of the deformation. Consequently, the breakage of these sacrificial
bonds helps prevent catastrophic damage and maintain the structural integrity of
the material. As another example, consider the performance of leukocytes, which
offer an elegant biological solution to wound healing. These cells sense injury in
the body, migrate to the injured areas and then help initiate the healing process.
Both these biological mechanisms can serve as inspiration for creating materials
systems that thwart catastrophic mechanical failure and perform some level of
self-repair.

We describe recent theoretical and computational studies that have borrowed
from the above design principles to devise synthetic self-mending materials. Both
the examples described below exploit the properties of nanoparticles. In the first
example, we describe how weak sacrificial bonds between cross-linked nanoscopic
gel particles lead not only to bond breaking, but also to bond making that forestalls
the catastrophic failure of the material [2, 3]. In the second example, we design an
artificial “leukocyte” that rolls along a surface and delivers nanoparticles into
cracks within this substrate [4-6]. The deposited nanoparticles fill the fissure in
the surface and, in this manner, effectively heal the defects on the substrate.

There have been a number of computational studies that yielded guidelines for
harnessing both the enthalpic and entropic behavior of nanoparticles dispersed
in polymers to create self-healing systems. Using a self-consistent-field/density
functional theory (SCF/DFT) [7, 8], Monte Carlo simulations [8] and molecular
dynamics [9, 10], Balazs et al. examined the behavior of nanoparticle-filled polymer
films that are in contact with a cracked wall. If the particles are comparable in size
to the radius of gyration of the chains and exhibit an enthalpically favorable

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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interaction with the host polymer, then the nanoparticles become localized in the
cracks within the wall and effectively form “patches” to repair the damaged
regions. In these scenarios, the polymers induce an entropic depletion attraction
between the particles and wall that drives the nanoparticles into the defects. In
this way, the chains gain conformational entropy because they do not have to
stretch around particles within the film [7-10]. These predictions were later con-
firmed in experiments [11, 12] where nanoparticles dispersed in a polymer matrix
were observed to migrate to a crack generated at the interface between the polymer
and a glassy surface. Together, these computational and experimental findings
point to an effective means of improving the lifetime and durability of multilay-
ered systems.

In the following discussion, we describe other approaches for harnessing nano-
particles to create self-healing systems. We start by describing the advantage of
introducing weak, labile bonds into a network of cross-linked polymeric nanogels
and then detail the design of nanoparticle-filled polymeric microcapsules that
behave as artificial leukocytes.

3.2
Designing Self-Healing Dual Cross-Linked Nanogel Networks

Inspired by the utility of weak “sacrificial bonds” [1], we used computational mod-
eling to determine how weak, labile bonds could be harnessed to improve the
mechanical behavior of materials composed of nanoscopic, deformable gel parti-
cles [2, 3] that are decorated with ligands, which contain a number of functional
groups (see Figure 3.1a). Through these functional groups, the gels can form
a “dual cross-linked” network; namely, they are interconnected by both strong
“stable” bonds and weak labile bonds. The stable bonds could be carbon—carbon
linkages and the labile bonds could be provided by thiol groups that enable thiol/
disulfide exchange reactions. In prior computational studies [2], we found that the
stable bonds provide a rigid backbone, while the labile bonds allow the material
to undergo a dynamic reconfiguration in response to stress. In studies described
here, we adapted the hierarchical Bell model (HBM) [13] in order to model cases
where the ligands on neighboring nanogels interact through multiple sites. For
example, the binding interactions between the pairs of sites on the ligands in
Figure 3.1 can be modeled via three parallel bonds in the HBM formalism.

The HBM formalism, however, did not include the possibility of bond reforma-
tion; once a bond was broken, it could not be reconnected. Though this approxima-
tion is appropriate in situations where the material experiences very rapid
deformations, it might not be valid in cases where the sample is undergoing a
slower stretching or pulling. Furthermore, for nanogels or nanoscale star polymers
that are decorated with thiol and disulfide groups [14-18] (as we envision in our
system), the ensuing exchange reactions enable the reformation of broken bonds.

We then combined our modified HBM with the lattice spring model (LSM) [19,
20], which is the coarse-grained approach we used to simulate each nanogel par-
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Figure 3.1 (a) Schematic of two nanogels labile bonds (see inset). (c) Schematic of a
that are decorated with functionalized deformable nanogel particle. Each LSM gel
ligands; the inset indicates three inter- particle consists of seven nodes that are
particle bonds formed through the interac- interconnected by permanent spring-like
tions of the functional groups on the ligands.  bonds. (d) An illustration of a crosslinked
(b) An illustration of the HBM/LSM model nanogel network. The nanogel particles are
for the two nanogels in (a); each nanogel is crosslinked by stable linkages and labile
modeled by a seven node network of springs.  linkages. Each labile linkage can consist of a
The nanogels are interconnected by a labile number of parallel labile bonds (inset).

linkage, which encompasses three parallel

ticle (see Figure 3.1). The integrated “HBM/LSM” method [3] allows us to model
the dual cross-linked nanogels, which are joined by bonds that can break and
reform in response to a mechanical deformation and more accurately capture the
experiments [14-18] where the ligands on the nanogel particles can subtend mul-
tiple reactive groups (see Figure 3.1a).

We focus on systems that contain a relatively high fraction P of stable bonds
and hence, a low fraction (1-P) of the labile linkages. Our goal is to determine
how the addition of just a small number of chemically reactive species can be
harnessed to tailor the mechanical properties of the sample and, importantly,
“heal” damage within the material.
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3.2.1
Methodology

Figure 3.1c shows the seven-node lattice spring model (LSM) unit that represents
an individual nanogel. These units are then interconnected into an extended mate-
rial by both stable and labile bonds, as demonstrated in Figure 3.1d. Within a
single gel unit, the nodes interact through a potential U(r) that involves an attrac-
tive Hookean spring interaction and a repulsive force, which mimics an excluded
volume around the node, and is written as:

K(, a
uin=7 (r + r) (3.1)
with a cut-off distance r.. Here, xis the spring stiffness constant, r is the distance
between the nodes, and a is the repulsion parameter. The equilibrium distance
between the nodes is equal to d = (a/2)"”. For the stable and labile links that can
break and reform, the potential U(r) is taken to be a constant at r > r, so that the
bonding interaction is cut off at r.. The cut-off distance is set to r. = 2d = (4a)'".
Within each gel unit, the bonds do not break during the course of the simulations.
To model bonds between gel units, we use the same interaction potential, which
emanates from each of the surface nodes on the gel pieces. Now, however, the
spring constant « for the inter-gel interactions (both stable and labile) is six times
weaker than that for intra-gel bonds. (While different values for the latter spring
constants could be chosen, significant differences between the inter- and intra-gel
spring constants can give rise to numerical instabilities.) Additionally, x has the
same value for both the stable and labile bonds. (The latter choice allowed us to
specifically focus on isolating effects arising from the dual cross-linking.) In the
case of a broken bond, the repulsive interaction potential is given by the same
dependence as Eq. (3.1) at r < d = (4/2)'?, and U is equal to a constant at r > d.

Each gel node obeys the following dynamic equation: % =uFE (ie., the
dynamics is in the over-damped limit), where u is the mobility (assumed to be a

constant) and the force acting on node i is E = ———+FE™. The elastic energy U,y
T;

is equal to Uy, = %Z'U(h'm —r1,|); the prime denotes that the summation is made
at a given bond configuration at a particular moment of time, and m # n. The term
F™ is the external tensile force, which is applied to the nodes at the edges of the
rectangular samples. We numerically integrate the above equations of motion,
using a fourth order Runge—Kutta algorithm with a time step of At = 10T, where
To = d*/(ksTy) is the unit of time in the simulation, ks is the Boltzmann constant,
and T is the temperature.

In response to the applied deformation, the bonds between the gel units (both
labile and stable bonds) can break and reform. To model the rupture and reforma-
tion of bonds due to an external force, we utilize the Bell model [21], where the
rupture rate, k,, is an exponential function of the force applied to a single bond
and is given by:



3.2 Designing Self-Healing Dual Cross-Linked Nanogel Networks | 95

(3.2)

_sd
k(sh = plsh exp|:r0F Us :|

kBT

The superscripts s and 1 refer to the respective stable and labile bonds. The param-
eter V®" is the intrinsic frequency of an unstressed bond, r, is a characteristic
length that describes the change in the reactivity of the bond under stress and F
is the applied force. We used the same value r, = d for both stable and labile bonds.
The difference between the reactivities of the stable and labile bonds is captured
through the term U§", which is the potential well depth at zero mechanical stress.
We set the potential well depth equal to U}’ =100k,T for labile bonds and
U$) = 140k, T for the less reactive, stable bonds [3]. (As noted above, the label link-
ages could represent thiol or disulfide units, and the stable links could model
carbon-carbon bonds.)

The reforming rate, ki, for a single broken bond can be calculated directly from
the principle of detailed balance and is given by [3]:

k(s,l) k(s,l) AU r
=" e n), (33)
ki D k(Or ) kBT

where r is the bond length and AU(r) is the difference in the potential energies of
a connected and broken bond. At small distances, r < d, the energy difference is
AU(r) = 0, whereas at d < r < r, AU(r) = U(r) where U(r) is given by Eq. (3.1). At
distances larger than r,, the bonds are ruptured. The k, and ks are the respective
rates of rupturing and forming a single unstressed bond. The probability for a
connected bond to break and the probability for a broken bond to reform within
a simulation time step At are:

w) =1—exp[-kEVAL], wi) =1~ exp[—k}s'l)At] (3.4)

As shown schematically in Figure 3.1, we now model the fact that a ligand on a
nanogel particle can encompass n > 1 reactive sites and bonding between ligands
on neighboring nanogels can contribute multiple binding interactions. Thus, an
inter-gel spring represents n bonds that lie in parallel. The total force applied to
the linkage, F;, is shared among the connected bonds and hence, the force applied
to a single bond is equal to F = F,,/n. To describe this scenario, we take advantage
of the HBM [13]. We extended this approach [3] to describe not only bond break-
ing, but also remaking. As shown below, the remaking of broken bonds plays a
vital role in the structural integrity of the samples at late times.

In our modified HBM, the state of each labile interconnection between two gel
nodes at a given time is characterized by the number of connected reactive bonds,
n, with the maximum number being equal to N. We emphasize that only the labile
interconnections between the nodes encompass multiple bonds that lie in parallel;
the stable bonds are always described by N = 1.

The probability for a single stressed bond to break and reform in our model is
described by Egs. (3.2)—(3.4). Given that n bonds are initially connected, then the
probability of rupturing m bonds within a time step At is equal to

pe(m, n) = Cow™(1—wiy=m, (3.5)
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where Cj, is the binomial coefficient that accounts for the number of ways that m
bonds that break can be chosen from a set of n initially connected bonds, and wi
is defined by Egs. (3.2)—(3.4) at an applied force equal to F. Similarly, the probabil-
ity of m’ bonds forming (if n’ = N—n bonds are initially ruptured) is equal to

prm’, n)=Cow™ (1—wy (3.6)

The rupture and forming of the bonds at the same time step are considered as
statistically independent processes. Accordingly, the total probability W(n,,n) for
a link to have n; connected bonds at the subsequent time step is computed as a
sum over all possibilities of the rupture and formation processes,

W(m, n):Zpr(n—n1+m, n)ps(m, N —n) (3.7)

In Eq. (3.7), the probabilities p, and py are set equal to zero if the first argument
is negative or is greater than the second argument; in other words, both the prob-
ability to break more bonds than were initially connected, and the probability to
connect more bonds than were initially ruptured are strictly equal to zero. We use
Egs. (3.2)—(3.7) to update the system of bonds at each time step At.

Via the above model, we then constructed the interconnected nanogel samples;
a fragment of such a sample is shown in Figure 3.1d. We examined two sample
sizes: the smaller samples are composed of 5 layers of clusters with 10 clusters in
each layer, and the larger samples are composed of 12 rows of clusters with 15
clusters in a row. The layers were constructed with a lattice spacing of 3d between
the centers of the gel units, where d is the equilibrium distance between the nodes
(2d is the diameter of the unit). The vertical spacing between the layers was equal
to 1.3d. At this step, all possible bonds within the cut-off radius were established,
and each node was allowed to subtend at most five interactions (that is, all possible
interconnections between the gel units were allowed to form for given r, and the
inter-unit distance). All these interactions were marked as labile linkages, with
the number of bonds in each linkage equal to the maximum number N. Then, the
sample was equilibrated for 400 time units T,. During the equilibration, the initial
mechanical stresses relaxed and the most stressed bonds were ruptured in accord-
ance with the probability in Eq. (3.2). In the second step, we specify the types of
each inter-gel linkage, assigning stable linkages with a probability P and labile link-
ages with a probability (1-P), and equilibrate the sample for additional 400 units of
time. (Ifthe linkage is assigned as stable, we set the maximum number of connected
reactive bonds in this linkage equal to N=1.) Thus, even for a fixed value of P, each
simulation has a different, independent distribution of stable and labile bonds.

Given that Ny, and Ny are the respective numbers of stable and labile
interconnections in the samples generated as described above, we use the ratio
P = Nuaple/ (Nstable + Nipite) to characterize the system. For example, for P = 1 the
sample is totally interconnected by strong bonds; for P = 0.7, 30% of the linkages
in the initial sample are labile. We refer to P as the dual cross-link ratio. The total
number of labile bonds in the sample is equal t0 Nyonas X Niapie Where Niongs is the
average number of labile bonds between two gel nodes. Using the above model,



3.2 Designing Self-Healing Dual Cross-Linked Nanogel Networks | 97

we investigated the mechanical behavior and the self-healing mechanism of the
dual cross-linked nanogels.

3.2.2
Results and Discussion

3.2.2.1 Applying a Tensile Deformation at Constant Force

Focusing first on the smaller samples (see above), we apply a constant tensile
stress o, which is defined as the ratio of the tensile force to the initial cross section
of the sample (or the engineering stress). The critical stress, oy, is the tensile stress
at which the cross-linked nanogel network is fractured into two pieces and oy, is
the critical stress for a sample cross-linked solely by stable bonds (i.e., a P =1
sample). The tensile stress is applied gradually, at a rate of 5.88x107(c / 03,) per
one normalized timestep, At/T,. (Higher rates can result in the breaking of the
sample at the ends, the region where the stress is applied.)

Figure 3.2 shows the dependence of the oy, /0, on P and N; the data was
obtained by varying P from 0.6 to 1 and altering N from 1 to 4, and averaging over
eight independent runs for each data point. Figure 3.2a reveals that the introduc-
tion of labile linkages can have a dramatic effect on the strength of the material.
For example, for P=0.6 and N = 4, the critical stress is roughly 230% greater than
that for the P = 1. For the range of P considered here, the curves for N> 1 do not
exhibit a maximum; rather, the strength of the material increases with the intro-
duction of a higher fraction of labile bonds, that is, as P is decreased from P = 0.9
to P = 0.6. Our previous studies on just the N = 1 samples [2] showed that the
labile bonds allowed the nanogels to reshuffle and thus, mend voids that appeared
within the mechanically deformed system. It is this reshuffling that contributes
to the improvement in strength with decreases in P at fixed N seen in Figure 3.2a.

Figure 3.2b shows oy, / 0 as a function of N for different values of P; one can
see that for a given P, the strength of the material increases considerably with an
increase in N. This effect is expected since increases in N introduce more bonds
between the nanogels and thus, inherently increase the strength of the material.
This effect is more pronounced at lower P because the network encompasses more

labile bonds.

3.2.2.2 Applying a Tensile Deformation at Constant Velocity
To probe the ductility and toughness of these materials, we apply a tensile defor-
mation to the sample at constant velocity (strain rate) and thereby determine stress
versus strain curves for these dual cross-linked nanogels. These calculations also
reveal the self-healing mechanism that is operative in these materials.

Figure 3.3a shows the stress—strain curves for P= 0.7, with N being varied from
1 to 4. To obtain these curves, the nodes at the left-most edge of the sample are
pulled with a velocity [10] equal to 2.0 X 107°d,/ux where d, = 2d is the diameter
of a cluster, u is the mobility of the nanogel and « is the bond stiffness (spring
constant). The stress in Figure 3.3a is normalized by the bond stiffness . The
strain € is calculated as the ratio of the extension of the sample to its original
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Figure 3.2 Dependence of the critical stress 0/0% for the small sample as a function of (a) P
and (b) N. The normalization parameter Ob is the critical stress for a sample with P =1. The
critical stress is calculated from constant force simulations.

length. The sharp drop in € to zero at finite strain indicates that the sample has
fractured into two pieces. As can be seen from Figure 3.3a, increases in N lead to
decreases in the ductility of the sample. Namely, as N is increased, the sample
fractures at smaller strain, meaning that the entire sample cannot be stretched to
significant extensions at higher N.

From curves such as Figure 3.3a, we can determine the strain at breakage or
the breaking strain &, for samples with different values of P. Figure 3.3b shows
this data as a function of N for P=0.7, 0.8, and 0.9. Again, the samples were pulled
with a velocity of 2.0 x 107°d,/uk and the data in the plot represent averages over
five independent runs for each P and N value. All three curves indicate that
increasing N from 1 to 4 leads is a monotonic drop in &, the breaking strain.

From the above plots, we can see that while increasing N leads to stronger
materials, it also leads to a decrease in the ductility of the sample. As noted above,
our prior studies [2] on the N = 1 dual cross-linked samples revealed that the
introduction of a small fraction of labile bonds led to an improvement in tough-
ness and ductility relative to the P = 1 sample. In particular, the labile bonds
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Figure 3.3 (a) Stress—strain curves strain on N for small samples with P=0.7,
calculated for the small sample for N=1,2,3 0.8 and 0.9. The breaking strain was
and 4. Stress is normalized by the bond calculated from the constant strain rate
stiffness k. (b) Dependence of the breaking simulations.

allowed the nanogels to rearrange and thereby mend cavities in the material that
were formed due to the tensile deformation. It is this autonomous mending of the
cavities that constituted the self-healing mechanism within the materials. We now
hypothesize that with the introduction of more labile bonds at higher N, the nano-
gels are more strongly attached to their neighbors and hence, the nanogel particles
cannot readily undergo the structural rearrangement that is necessary for closing
the voids formed during the deformation. Consequently, the breaking strain
decreases with increases in N. Note that Figure 3.3b also indicates that for N > 4,
the breaking strains reach a plateau value, suggesting that the nanogel connections
are too strong to permit any reshuffling within the network and the breaking strain
is solely the result of deformation of the clusters and hole formation.

There might, however, be an optimal range of parameters that yield not only an
improved strength relative to the N =1 scenarios, but also provide sufficient ductil-
ity that these high strength materials can exhibit the effective reorganizing that
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Figure 3.4 (a) Dependence of the number of  (obtained from the simulations at constant
stable bonds on strain (obtained from the strain rate) at P=0.7 and N = 2, 4, 6. The
simulations at constant strain rate) for data are displayed up to the strain at which
P=0.7 and N =2, 4, 6. (b) Dependence of the sample fractures.

the number of labile linkages on strain

produces the desired self-healing behavior. Figure 3.4 displays the dependence of
the number of stable, Ny, and labile linkages, Ny, on the applied strain for
the P = 0.7 samples. The data are plotted up to the point where the samples have
become fractured. In the course of the tensile deformation, the vast majority of
the stable bonds do not reform after rupturing. As a result, the number of stable
bonds decreases as the strain is increased (see Figure 3.4a). For example, the
number of stable bonds Ni. in the sample with N =2 decreases from 305 to 216
when ¢ is increased from 0 to 0.439. In the sample with N = 6, Ny decreases
from 292 to 259 bonds when ¢ is increased to 0.279.

The situation, however, is different for the labile bonds. For N < 4, the nanogels
can undergo rearrangements and establish new labile linkages with new neigh-
bors. These new bonding interactions give rise to the overall increase in the
number of labile linkages shown in Figure 3.4b. For N > 4, however, the labile
linkages in the sample are too strong to allow the effective reorganization of the
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nanogels. As a consequence, voids formed in the sample are not closed, but rather
grow with increasing strain. Thus, the increase in the number of labile linkages
for N = 6 is much smaller than that for samples with N=4 and N =2 (see Figure
3.4b). The considerable rise in the number of labile linkages during rearrangement
for the N < 4 samples leads to the higher mechanical stability of the material and
therefore, these samples can withstand higher deformations than those at N > 4,
in agreement with the results in Figure 3.3.

Notably, we also applied a tensile deformation at constant strain rate to larger
samples, which contain 12 rows with 15 nanogels in each row. The behavior for
these larger samples reveals a pattern similar to that shown in Figure 3.3; as the
value of N is increased, the strain at fracture decreases for all P considered here.
As noted above, this implies that, for higher N values, the gel becomes more brittle
and the ability of the nanogels to undergo structural rearrangement decreases.

3.2.2.3 Optimizing the Mechanical Response of the Material

The above results indicate that while increasing N significantly increases the
strength of the material, it has a deleterious effect on the ductility and the self-
healing attributes of the dual cross-linked nanogels. The results, however, also
reveal that the properties of the material can be optimized relative to the P =1
sample through a judicious choice of both P and N. In particular, we have found
that for P = 0.7 and N = 4, we can design a network that is twice as strong as an
all stable cross-linked network while preserving its self-healing ability.

These findings provide guidelines for creating dual cross-linked nanogels that
forestall the catastrophic failure of the material. These design concepts can sig-
nificantly extend the lifetime and utility of soft, responsive materials. In the fol-
lowing section, we discuss another means of extending the lifetime of materials.

33
Designing “Artificial Leukocytes” That Help Heal Damaged Surfaces via the
Targeted Delivery of Nanoparticles to Cracks

The second scenario considered here is inspired by the functionality of biological
leucocytes, which localize at wounded tissue and facilitate the repair process. Our
aim was to design a biomimetic system that can initiate site-specific repair of
cracked surfaces. We recently simulated the three-dimensional interactions
of deformable microcapsules with a substrate that contains a 3D crack [5]. We
assumed that the surface of the microcapsules is amphiphilic in nature and thus,
could have comparable interactions with hydrophilic and hydrophobic domains.
Such microcapsules can be fabricated from comb copolymers that encompass a
hydrophobic backbone and hydrophilic side-chains [6]. We further assumed that
the microcapsules encase an oil phase, which contains dispersed hydrophobic
nanoparticles. These encapsulated particles could be quantum dots that are
functionalized with hydrophobic ligands [6]. Within an oil/water mixture, the
amphiphilic comb copolymers can provide an encapsulating shell for the coated
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nanoparticles, which are dispersed in the interior oil phase [6]. Upon crosslinking
of the polymer shell, the copolymers form a robust micro-carrier for the nanopar-
ticles, with a very thin (~10nm) wall [6] through which the nanoparticles can
permeate under appropriate conditions.

We further assumed that the hydrophilic surface contains a hydrophobic crack.
Such a substrate can be fabricated from poly(dimethyl siloxane) (PDMS)-based
polymers. PDMS is hydrophobic, but ultraviolet/ozone (UVO) treatment effec-
tively converts the surface of a PDMS film from hydrophobic to hydrophilic, by
production of a thin silica-like surface layer [6]. The surface silica layer has a higher
modulus than the underlying PDMS; subjecting such PDMS-silica composite
films to sufficiently high strain forces leads to cracking at the surface [6].

With the above materials in mind, we simulated the scenario shown in Figure
3.5, where hydrophobic nanoparticles are encapsulated in a fluid-filled microcap-
sule, which is localized on a substrate in an aqueous solution. The intact portion
of the surface is hydrophilic, but this substrate also encompasses cracks, which
expose the underlying hydrophobic domains (e.g., the underlying PDMS). The
amphiphilic nature of the capsule allows this colloid to be solubilized in water and

(@) (b)

®=12, Ca=10" ®=12,Ca=10"
4
, ¥
0 X
© ; (d) "
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Figure 3.5 Simulation results showing the within the crack at Ca =2 x 107% and @ =12.
capsule motion on a damaged surface from Nanoparticles are visible within the capsules
its initial position (a) to the interior of the and in the crack under the capsule in (d).
crack (b) and its re-emergence onto the Arrows indicate the direction of the imposed
undamaged portion of the surface (c). Here, shear flow.

Ca=10" and @=12. (d) Capsule arrested
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attracted to both hydrophilic and hydrophobic portions of the surface. On the other
hand, the encapsulated hydrophobic nanoparticles are only attracted to the hydro-
phobic cracks.

In effect, the enthalpic interactions between the nanoparticles and the hydro-
phobic crack provide a site-specific response of these particles. As we show below,
when the capsule is localized in the crack, the nanoparticles can tunnel through
the microcapsule’s shell to bind to and fill the cracked regions. Once the healing
nanoparticles are deposited on the desired sites, the fluid-driven capsules can
move further along the surface and, for this reason, the strategy was termed
“repair-and-go”.

3.3.1
Methodology

To capture the fluid-structure interactions between the flowing fluid and the
surface of the compliant capsule, we used our “LBM/LSM” approach [5], which
integrates the lattice Boltzmann model (LBM) for the fluid dynamics and the lattice
spring model (LSM) for the micromechanics of an elastic solid. The capsule’s
elastic, solid shell is represented by a lattice spring model, which consists of a
triangular network of harmonic springs that connect regularly spaced mass points,

or nodes. The spring force F; on node r; is equal to E(r;) = —z kil(ry —r5%) [ 115,
J

where the summation runs over all nearest- and next-nearest-neighbor nodes. The
quantity r; = r; — r; is the radius vector between the ith and jth nodes, 1 is
the equilibrium length of the spring and k; is the spring constant. To capture the
dynamics of the solid shell, we numerically integrate Newton’s equations of
motion, M(d’r;/d#’) = F(r;), where M is the mass of a node. The total force F acting
on a node consists of the following: the sum of the spring forces between the
masses (representing the elastic response of the solid shell), the force exerted by
the fluid on the shell at the fluid/solid boundary, and the adhesion forces at the
solid substrate (see below).

The capsule’s spherical shell is formed from two concentric layers of LSM nodes;
each layer contains N = 122 nodes. (A capsule formed from just a single shell is
mechanically unstable against finite deformations [19, 20].) These two layers are
separated by a distance of Ax;sy = 1.5Ax, where Ax;sy is the lattice spacing between
nearest nodes in the LSM and Ax is the spacing in the LBM (see below). The outer
radius of the shell is R = 5Ax. For small deformations, the LSM system obeys
linear elasticity theory and results in a Young’s modulus of E = 5k;/2Ax;sy [19, 20].
(The use of a larger number of shells or of a larger capsule radius does not change
the character of the capsule’s motion [22].)

The LBM can be viewed as an efficient solver for the Navier—Stokes equation
[23]. In our LBM/LSM simulations, the fluid and solid phases interact through
appropriate boundary conditions. In particular, lattice spring nodes that are situ-
ated at the solid/fluid interface impose their velocities on the surrounding fluids;
the velocities are transmitted through a linked bounce-back rule [24] to those LBM
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distribution functions that intersect the moving solid boundary. In turn, LS nodes
at the solid/fluid interface experience forces due to the fluid pressure and viscous
stresses at that boundary. We calculate the latter force based on the momentum
exchange between the LBM particle and solid boundary, and then distribute this
quantity as a load to the neighboring LS nodes. We further assume no-slip bound-
ary conditions at the fluid/solid interface.

The interaction between the capsule and the surface (both the undamaged region
and crack wall) is modeled with the following non-specific Morse potential [5]:

2
or)= 8(1—exp[—wD, where € and K characterize the respective strength
K

and range of the interaction potential. Additionally, r is the distance between the
LSM node and the substrate surface, and r, is the distance at which this force is
equal to zero. We set k=1, r,=1 and vary €.

The diffusion of nanoparticles within the encapsulated fluid is described by
the following stochastic differential equation: dr(t)=u(r, t)dt+\/EdW(t), where
the first term describes the advection due to the local fluid velocity u(r,t) and the
second term describes the particle’s Brownian motion, with D, being the particle’s
diffusion coefficient and dW(t) being the differential of a Weiner process with unit
variance. We neglect backflow effects (i.e., the impact of the particles motion on
the flow field); the latter assumption is valid for submicron-sized particles at rela-
tively low concentrations. We also neglect the interactions between the particles.
We use a first order Euler scheme to solve the above equation for the particle
motion [5].

We simulate the chemisorbtion of nanoparticles onto the crack walls by assign-
ing a probability wy., for a nanoparticle to deposit from the microcapsule’s interior
onto the surface in a given time step At. (Note that the nanoparticles can only bind
to the surface when the microcapsule is located in the crack.) This probability has
the form wq, = kAte™"/™. Here r is the distance from the microcapsule’s shell to
the crack wall, r,, is a characteristic distance over which the probability decays,
and k is a characteristic deposition rate, which was set to k = 1/At in our simula-
tions. We also set the characteristic tunneling distance r,, equal to the distance x
in the Morse potential. A “rejection” rule is applied to those nanoparticles that are
not deposited onto the surface at a given time step (i.e., with a probability [1 — wge));
the variable AW is set equal to zero for the “rejected” particles and their positions
are then updated in accordance with the above equation for the nanoparticle
motion.

The profile of the substrate/fluid interface is updated dynamically at each time
step; the local elevation of the profile due to the nanoparticle deposition is com-
puted as h = (47 /3)r,n where n in the density of deposited nanoparticles at the
wall at a given point. The radius of the nanoparticles, r,,, is taken to be 10° times
smaller than the radius of the microcapsule.

The flat, upper wall of the simulation box is moved with a constant velocity U,y
to create a uniform shear rate of ¥ = Uwar / L.. We characterize the flow by specify-
ing the dimensionless capillary number Ca = yuR / Eh, where u is the fluid viscos-
ity, R is the capsule radius, E is the modulus of the shell and h is the shell
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thickness. The capillary number represents the relative importance of the viscous
stress in the surrounding fluid and the elastic stress in the capsule’s shell. In the
simulations, we vary Ca by altering ¥, keeping the values of the other relevant
parameters fixed. We consider capillary numbers in the range of 10* < Ca <107,
which are experimentally reasonable values if we consider the microcapsules to
be propelled by an imposed flow in an aqueous solution whose viscosity is |l =
107 kgs'm™ and density is p = 10°kgm™. Typical velocities in microfluidic
devices are of the order of 1 cms™ and typical channel heights are 100s of microns
[25]. For polymeric microcapsules with a diameter of 10um, the stiffness of the
shell, Eh, can be of the order of 107 — 1 Nm™ [26, 27]. From these values, we obtain
capillary numbers of Ca ~ 10~ — 1072, which is approximately the range considered
in these simulations.

We also introduce a dimensionless interaction strength @ = eN/Ehi’, where €
and « characterize the respective strength and range of the interaction potential;
here, N is the number of nodes on the capsule’s outer surface. The parameter
represents @ the ratio of the interaction strength to the membrane stiffness. For
@ >> 1, this interaction leads to significant deformation of the capsule, while for
@ << 1, the effect on the capsule’s shape is small. Herein, we consider 0 < @ < 25,
which also corresponds to experimentally realistic values [28].

33.2
Results and Discussion

3.3.2.1 Effect of Imposing a Steady Shear Flow

Via the above model, we determined conditions that provide maximal deposition
of nanoparticles into the surface crack and thereby, produce effective repair of the
substrate. The simulation box is LxLxL, = 100 x 40 x 40 lattice Boltzmann units
in size. Periodic boundary conditions are applied in the x- and y-directions. A
well-defined crack is located in the center of the substrate along the y-axes, with
the crack tip being located at x = 0 (see Figure 3.5). The capsule diameter is equal
to 10Ax, where Ax is equal to the lattice spacing in the LBM. The crack depth,
d., is equal to 5Ax (i.e., comparable to the capsule radius), and the crack width is
equal to 2d..

We focus primarily on the case where the interaction of the microcapsule with
the undamaged horizontal substrate and with the crack walls is characterized by
the same interaction constant €. Since the surface of the microcapsule is assumed
to be amphiphilic, it can exhibit a comparable interaction with both the intact
hydrophilic surface and the hydrophobic crack. We further assume that the depos-
ited hydrophobic nanoparticles do not modify the adhesive properties of the crack
walls. (The latter choice is not a necessary constraint of the method: the nanopar-
ticles can dynamically modify the adhesive properties in the simulation [4].)

As shown in Figure 3.5a, the capsule is initially placed on the undamaged, hori-
zontal region of the surface (with its center of mass positioned at x = —15) and in
the middle of the channel in the y-direction (at y = 20). The capsule initially con-
tains N,,(0) = 10° nanoparticles. The particle-filled capsule is propelled toward the
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crack by the imposed shear flow; the horizontal arrow in Figure 3.5a shows the
direction of the imposed shear. The images in Figure 3.5b,c are for a capillary
number of Ca = 10" and adhesion strength of @ = 12 and correspond to points
in time when the capsule is localized in the crack (Figure 3.5b) and when it has
been propelled away from this region by the imposed flow (Figure 3.5¢). For the
image in Figure 3.5d, the adhesion strength is held fixed, but the shear rate is
decreased to Ca = 2 x 107 and the figure shows that the capsule has become
arrested in the crack as it moved along the surface.

Figure 3.6a shows the time dependence of the capsule’s center-of-mass
x-coordinate for @ = 2.4 and for three shear rates, corresponding to Ca =2 x 107,
6 x 107 and 1.2 x 107" and Figure 3.6b shows a phase map for the system as a
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Figure 3.6 (a) Capsule’s center-of-mass the dashed horizontal line indicates the
coordinate x. as a function of time for x-coordinate of the crack tip. (b) Phase map
different shear rates (expressed in terms as a function of Ca and @. In both (a) and
of Ca). Solid horizontal lines indicate (b), open symbols indicate moving capsules

x-coordinates of the crack boundaries and and filled symbols indicate arrested capsules.
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function of Ca and @ that indicates the response of the capsules to the imposed
flow and the attractive surface. To generate this phase map, we varied the dimen-
sionless interaction strength from weak to strong adhesion, 3 X 10 < @< 24, and
the shear rates, Ca, from 2.7 X 10™* to 1.2 x 107", For each point, we averaged over
three independent runs. These results reveal two general scenarios for the cap-
sule’s motion. For relatively high adhesion or low shear rates (indicated by the
solid diamonds in the phase map), the capsule becomes arrested within the crack
(as shown in Figure 3.5d). For weaker adhesion and higher shear rates (marked
by the empty circles), the capsule moves into the crack, but then exits this region
to continue moving along the surface (as seen in Figure 3.5¢). In rare events, after
the capsule leaves the crack, it bounds off the substrate due to lift forces that arise
at high shear rates.

To characterize the nanoparticle layer deposited by the microcapsule onto the
crack walls, and, hence, quantify the extent of the repair, we calculated Nge,(t), the
total number of nanoparticles deposited by time t. Figure 3.7 shows the behavior
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Figure 3.7 Time dependence of Ny(t), the
number of nanoparticles deposited on the
crack surface. Number is normalized to the
initial number of nanoparticles in the capsule
Nyp(0). (a) Unfilled triangles and filled

squares indicate arrested capsules. (b)

Unfilled squares indicate moving capsules.

Respective values of Ca and @ are marked
on the plot.
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of Nyep(t) as a function of time for an arrested (Figure 3.7a) and a moving (Figure
3.7b) capsule; here, the quantity is normalized to the total number of nanoparticles
initially encased in the microcapsule, Nyp(0). For an arrested capsule, the ratio
Niep(t)/Nxp(0) approaches unity. The total number of deposited nanoparticles
provided by a moving capsule, however, is smaller. For example, we obtain
Niep(t)/ Nxp(0) ~ 0.08 for the case shown in Figure 3.7b.

To summarize, we find that full surface coverage by the nanoparticles can be
more readily attained in the case of an arrested capsule, that is, in a “repair” rather
than a “repair-and-go” system. In the next section, however, we demonstrate that
a pulsatile fluid flow can lead to an effective “repair-and-go” scenario where the
micro-carriers not only deliver a high volume fraction of particles into the crack,
but also leave the crack and thus, could potentially contribute to repairing addi-
tional cracks within the system with the remaining encapsulated particles.

3.3.2.2 Utility of Applying a Pulsatile Flow

We apply a pulsatile shear where the value of the shear rate () (and, hence, the
capillary number Ca(t)) depends on time in the manner shown in Figure 3.8a. In
effect, we use the information from the previous section to tailor the motility of
the capsule. Specifically, for a fixed @, we choose a low capillary number Ca, from
the region in the phase map where the capsule is arrested within the crack. After
a time interval At, we then increase the shear rate to Ca, so that for the specific
@, the capsule is in the “free” region of phase space. (We note that the capsule
can move along the undamaged portion of the surface for both Ca, and Ca,.) In
the time interval ¢, < t < t, during which the low shear corresponding to Ca = Ca,
is applied, the capsule can become arrested in a nearby crack, and if this time
interval is sufficiently long the micro-carrier can deposit a high density of nano-
particles along the walls of the crack (see below). At t = t,, we increase the shear
rate to Ca = Cay; in other words, we move vertically up in the (®,Ca) phase map.
The simulations show that at some time t = t,,, > ,, the capsule leaves the crack
due to the strong drag force from the surrounding fluid and moves further along
the surface.

Figure 3.8b shows this behavior for two parameter sets, Ca; = 2 X 107,
Ca, =6 x 107 for an adhesion strength of @= 2.4 (the case of moderate adhesion),
and Ca; = 6 X 1072, Ca, = 1.2 x 107" for an adhesion strength of @ = 12 (strong
adhesion). The inset in Figure 3.8b shows the variations with time of the center-
of-mass x-coordinate of the capsule calculated for the two parameter sets. The
capsule is arrested within the crack at a time ¢ = &, ~100 and leaves the crack at
t =ty ~1500-2000 in both cases. The main plot in Figure 3.8b shows the time
dependence of the coverage computed for the two parameter sets. As can be seen,
a nearly full deposition Ngep/Nyp(0) (73% for moderate adhesion and 90% for
strong adhesion) is obtained for a pulsatile flow. The latter values are significantly
above the typical values of Ng.,/Nyp(0) (~10-20%) obtained for a permanently
moving or “free” capsule in a steady flow.

As indicated in Figure 3.8, the advantage of using the pulsatile shear is that we
can combine high adhesion strength @, which provides nearly full nanoparticle
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dependence of Ca (and thus, 7) for the
imposed pulsatile shear flow. The t,, t,, and
t; are the points in time when the shear rate
is switched. Ca; corresponds to an arrested
state and the capillary number Ca, corre-
sponds to a moving state of the capsule. (b)
Time dependence of the nanoparticle
coverage calculated for the pulsatile shear

Inset shows the time dependence of the
capsule’s center-of-mass x-coordinate
calculated for the same parameter set as in
the main plot. Arrows mark the times when
the capsule was arrested in (t,) and exits the
crack (tou) for @ =2.4. In the simulations,

t, =0, t, = 1500, t; = 2500.

coverage of the crack, with the possibility for a capsule to remain moving along
the surface, therefore realizing the basic ideas of a “repair-and-go” system. Addi-
tionally, by applying a pulsatile flow, we can control the effective exposure time
texp = bour — bin = 1, — 11 (see Figure 3.8a); that is, the exposure time can be set manu-
ally and independently, and can be varied over wide limits. (In the repair-and-go
system with a pulsatile shear, the exposure time t.y, is defined by the duration of
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the low shear portion t,—t;.) Furthermore, we can exploit the attractive features
offered by the case of relatively high adhesion strength; namely, the higher @
affords a more deformable capsule, which in turn contributes to an increased
healing rate [5].

34
Conclusions

In the first biologically inspired study, our goal was to determine how structural
rearrangements arising from the breaking and remaking of labile bonds within a
network of cross-linked nanogels could contribute to the mechanical properties
and self-healing behavior of the material. We found that the introduction of a small
number of labile linkages with N > 1 bonds per linkage significantly increased the
strength of the material relative to samples that were cross-linked solely by the
stable bonds. For example, for P = 0.7 and N = 4, the critical stress needed to
fracture the sample was roughly 200% of that needed to fracture the P =1 sample
(where N =1 for these strong bonds).

On the other hand, if we set N > 4 for samples in the range 0.6 < P < 1, the
nanogel pieces become so strongly inter-connected that they are hindered from
shuffling to a new position. Consequently, the material becomes more brittle and
the self-healing abilities of the system are effectively lost. The above results indi-
cate that there is an optimal range of labile interconnections that provide high-
strength, tough materials that are capable of self-repair.

In the second study, our aim was to design an artificial leukocyte that could
affect the repair of a synthetic wound, namely a crack in a surface. Our ultimate
goal was to design a system where the nanoparticle-filled capsule would not only
aid in the repair of one site, but also travel on to heal other cracks. To this end,
we introduced a pulsatile shear flow that involves alternating low and high shear
rates. In the low shear rate phase, the pulsatile flow enables the capsule to be
localized within a crack for a time At. With an increase in the shear rate, however,
this capsule is propelled to leave the fissure and thus, be available to carry out
further healing of the damaged substrate. Hence, by utilizing the pulsatile flow
field, we could achieve the desired “repair and go” functionality in our simulations.
(An attractive feature of this system is that the user can tailor the flow profile in
order to control the value of At.)

We note that in the above studies, we focused on the action of a single micro-
capsule, allowing us to isolate the factors that control the dynamic behavior of this
micro-carrier. In the actual physical system, which involves a solution of micro-
capsules moving in a microchannel, there is a high volume fraction of micro-
carriers available to repair the surface and thus, the cracks could potentially be
completely filled by deposited nanoparticles. For the chosen interaction parame-
ters, the amphiphilic capsules would then move over these repaired areas and go
onto other locations where they are needed.
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4
Structure and Dynamics of Polymer Chains

Ana Rita Brds, Wim Pyckhout-Hintzen, Andreas Wischnewski, and Dieter Richter

4.1
Foreword

Polymers form a sub-class of typical soft matter systems and exhibit a wealth of
dynamical and mechanical properties which are intimately related to their particular
molecular structure or constitution. On a higher level a supramolecular association
of them is able to assemble spontaneously by reversible noncovalent connections,
of which hydrogen bonds are an example. One of the fascinating aspects of a self-
assembly of supramolecular polymers is the possibility of controlling the structure,
adding functionalities, adjusting the macroscopic properties and taking profit from
the non-trivial dynamics associated with the reversibility of hydrogen-bond links.
Such supramolecular polymers carrying functional end-groups are named telech-
elic. Inthis predominantly introductory treatise we will presenta combined approach
of macroscopic and neutron scattering techniques, the latter of which profits
from the controlled exchange of hydrogen by deuterium atoms. We will show that
neutron scattering plays a unique role due to the exquisite sensitivity to the local and
global structure. The associated dynamics sheds light on details of the relaxation
mechanisms and in view of this contribution also on the reversibility character of
self-healing materials, the inherent nanostructuring and its implication for emerg-
ing new elastic macroscopic properties. Since a basic knowledge of polymer dynam-
ics is a prerequisite for the final understanding of these systems on the microscopic
level we will review descriptions of the structure and the dynamic relaxation behav-
ior of simple polymeric systems, covering all relevant length and time scales, always
in the combination of rheology and neutron scattering. The transition of short
unentangled chains to tube-controlled dynamics is treated. Subsequently the class
of functionalized telechelic polymers will be reviewed from the same aspect. Ques-
tions of molecular interpretations, in particular on which length and time scales the
dynamics of the telechelic group or hydrogen bonding in such polymers control or
change the parent material by the presence of a reversible non-covalent link and
some key experiments will be addressed, with particular emphasis on the self-
healing mechanisms. Finally, in the conclusion we will give an outlook on future
developments and opportunities with the help of neutron scattering techniques.

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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4.2
Techniques

Soft matter is a broadly defined complex topic which covers biological materials,
macromolecules and colloidal systems. The interest in soft matter has increased
considerably in recent years due to the fact that new developments for special pur-
poses have become available like for example, intelligent and shape-memory poly-
mers, stimuli-responsive gels and the self-healing materials described in this book.

The typical dynamical range in which mechanisms display their activity covers
generally more than 10 decades in the time and at the same time length scales,
from atomic dimensions like conformational transitions up to global chain dimen-
sion in flow. The present contribution will not be dedicated to the standard tech-
niques of characterization, like dynamic mechanical analysis, dielectric spectroscopy
and so on, but merely will introduce the strength of neutron-based methods in a
complementary way. The neutron is an outstanding tool as it probes the time scale
at the particular spatial scale at which the dynamical process takes place. Typical
limits of resolution are femtoseconds up to microseconds, controlled by the char-
acteristic energies of the neutron beam (see Figure 4.1). The sensitivity comes
from the different scattering which deuterium shows compared to that of hydro-
gen, which allows one to investigate single (macro)molecule physics by applying
sophisticated labeling schemes. Neutron investigations correlate extraordinarily
well with the following techniques:

« Dynamic mechanical analysis (DMA), which in the broadest sense relates the
answer of the system to some small external perturbation, is able to separate
the total complex modulus G*(w) into contributions which are in phase or out

Figure 41 Comparison between different inelastic scattering methods and standard
techniques for polymer characterization.



4.3 Structure

of phase with the perturbation, highlighting the pronounced viscoelasticity of
the systems. By temperature variation the accessible time range can be roughly
shifted from 1us up to 1Ms. However, no microscopic detail on the process
concerning spatial scales is within reach.

« Dielectric spectroscopy (DR) makes use of the dynamic electric permittivity
&%(w). Whereas the method is rather limited to type A polymers in order to
study global dynamics it covers the broader range of times from 1ns up to
10Ms. Even though the lack of structural aspects is prominent too, this tech-
nique can distinguish which of the observed dynamics is either segmental or
global. Also their time scales are widely separated. Particularly, in this context
it allows one to study the influence of intra- and intermolecular hydrogen
bonds in the dynamics of functionalized polymers. At the same time it is

complementary to calorimetry in glass transition studies.

« Nuclear magnetic resonance (NMR) techniques measure the response of
nuclear spins but the information cannot compete with the isotopic substitu-
tion in neutron scattering. The information is very local and very atomic-
bound. Particularly useful in the present context is the pulsed field gradient
nuclear magnetic resonance (PFG-NMR) which measures molecular diffusion
in the range of um in a time range that exceeds that of dynamic neutron scat-
tering by at least 1 or 2 orders of magnitude.

Therefore this contribution will try to bring and link together rather well known
aspects of polymer dynamics with neutron investigations. It should be noted as
well that the neutron is extremely gentle. The strength of this approach to under-
standing how matter flows lies in the use of complementary techniques. This
chapter is not meant as a course but should stimulate the reader to further study
of the literature.

43
Structure

Polymers are simple coiled molecules, the structure of which varies from flexible
to rigid in the case of rods [1-4]. Their configuration is the result of brownian
dynamics, which therefore leads to an enormous amount of possible configura-
tions. This necessitates one to determine both the static structure of their time-
averaged structures and their dynamic behavior to complete the understanding.
How can we calculate the size? For this, basic models for linear chains were devel-
oped in the past with different levels of sophistication and approximations. We
will simply summarize this here and introduce at this stage also the corresponding
length scales.

The simplest model to deal with is the freely jointed chain (FJC). An example
of such a configuration is shown in Figure 4.2 and illustrates the idea that polymer
chains are performing random walks. With this, the ensemble of systems can be
characterized by average quantities. One is the so-called end-to-end vector,

1z
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Figure 4.2 A freely joined chain and definitions.

N

ﬁee=§Nja with R% =) FF, (4.1)
i=1

i, j=1

The bond vector connecting two atoms is 7 with average lenght l,. A parameter
which has its counterpart in classical mechanics is the radius of gyration:

1
RZ:—E 52 42
¢ N+1 (*+2)

i=0

where now the vectors ; are the distance vectors with respect to the center of mass
and N is the total number of bonds (or steps).

Averaging over all conformations leads, for the case of a fully freely jointed
chain, to a mean squared end-to-end distance of

(R&)=" (7F) = NIt +2) (F#) (43)

i,j=1 i<j

The average end-to-end distance <R..>=0 due to the ensemble average. The calcula-
tion of <R§e> which characterizes the full size of a chain, constituting about the
diameter of a hypothetical sphere including the full chain, can now be performed
for different chain models. The FJC chain model assumes an equal probability in
3D of all bond vectors, random bond rotation angles, while keeping the bond length
constant. The orientation of each segment or bond is therefore independent of all
others and as a consequence the second term, which is the scalar productin Eq. (4.3),
averages out to zero. The mean radius of gyration can then generally be obtained as
2

<Ré>=N7l° (4.4)
From both end-to-end distance and radius of gyration, an important conclusion
which applies to polymer chains in the bulk or theta state can be drawn: the size
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depends on the square root of the number of basic steps, v/N. This is a result
which has its equivalent in the random walk statistics where now the position of
the monomers is replaced by the trajectory of a randomly-diffusing particle and
so the variable becomes the time, /% .

However, real polymers are not connected freely jointed. Instead, bond angles
assume well-defined values, and correlations between bonds within the chain as
well as from the environment will affect the size. Intuitively it can be understood
that these correlations will vanish with increasing separation distance. In addition,
the flexibility of polymer chains is restricted by the fact that rotations with so-called
bond rotation or torsional angles are enabled within a certain range only, due to
steric reasons. If we take the FJC model as the reference then the difference to
real polymers can be quantified in terms of a local stiffness parameter, C.. This
is defined as

C.= <f§§> (4.5)

Thus, for perfect flexibility, C.. = 1.

Experimentally, the parameter as determined from small angle neutron scatter-
ing (SANS) investigations is found to be in the range between 3 and 10. Highly-
coiled polymers are characterized by low C. values, whereas extended or
loosely-coiled chains show, on the contrary, high values. If we consider real chains
to be built up from N monomers (instead of bonds), then the chain end-to-end
distance becomes

(R%)=C..NmJ§ =NI? (4.6)

Here, n, is the number of backbone bonds per monomer with mean squared bond
length I and I is the statistical segment length per monomer. The often used Kuhn
segment step length, I, is defined as the minimum length scale above which a real
chain behaves again like the freely jointed one. Whereas | = /C..n,l,, the latter is
determined by I, = C.l, and Ny = N/C... Due to the direct comparison of molecular
weights, provided by the synthetic chemists, with computations for the end-to-end
distance, the definition of the statistical segment length per monomer is more
favored but this is, however, not a strict rule [3]. Further, it can be shown that the
distribution of the end-to-end vector is Gaussian, a result which is valid for any
intramolecular distance as

3 " 2 2
P(R):[WJ exp(-3R* | 2(R*)) (4.7)

The chain dimension and characteristic lengths of a polymer chain can be meas-
ured by means of the static structure factor S(Q) as obtained from SANS [5, 6].
Here, Q is the scattering vector, that is, the norm of the difference between the
incoming k; and scattered k; wave vectors, which in the elastic case, that is, no
exchange of energy with k; = k;, is given by

Q=[] *Tsin( &) (+3)
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where 0is the scattering angle. With the scattering vector a length scale of typically
21/Q is connected, which immediately can be assigned to the chain dimension
parameters. The SANS method is reviewed in several text books and it suffices to
state here that the accessible wavelength range that is obtained from a typical
reactor equipped with a cold neutron source matches the size and resolution from
the nm to um scale. Its power resides especially in the property that single poly-
mers, or just pieces of them, can be highlighted without modifying the mechanical
or flow properties. Deuterium scatters neutrons very differently from hydrogen
and does not affect in good approximation any property.

For a dilute single chain in a melt that is, without inter-chain correlations the
static structure factor is written by a sum over all possible pairs of intra-chain
monomers i, j reflecting all posssible interferences of elementary waves originat-
ing from monomer pairs. For a Gaussian distribution of the R; — R; we write that

5(0)= - 2 (e (iG(R - R ) (49
- Hdi!djexp(—égz -|i—j|-12) (4.10)

The result of this double integral reads:

S(Q)= o lexpl-RIQY) -1+ (RIQ")] (11
§Q
which is the so-called Debye function. Asymptotic forms of S(Q) are given by:
S(Q)=N(1-R2Q? /3)for QR, < 1 (4.12)
= 2N /R2Q? for QR, >1 (4.13)

Since R? scales with N, the high Q-expansion yields directly C.., or equivalently the
statistical segment .

Whereas the above applies to linear chains only, the SANS method is also
extremely sensitive to different architectures. Within the Gaussian chain statistics
form factors S(Q) can be derived as well for star-like, comb-like or, for example, also
ring-like structures, which differ in well-defined scattering vector ranges. They allow
investigations of branched polymers or cyclics which, in the light of the subject of
self-healing, may well appear. Figure 4.3 shows the normalized form factor for a
star polymer in both log-log and Kratky representation. The stars differ only in the
number of arms, whereas the linear chain is retrieved in the limit as a 2-arm star.
It is clear how the architecture influences the observed scattering intensity.

4.4
Dynamics

In Section 4.3 we introduced the important length scales in polymers and briefly
discussed the static structure which can be measured in a dense system by means
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Figure 4.3 Log-log and Kratky representation of theoretical star form factors with varying
functionality. The linear chain is a 2-arm star and yields the upper Debye function. For high
functionality the form factor approaches the limit of a spherical particle.

of the SANS technique. Quasi-elastic dynamic scattering by, for example, the
neutron spin echo (NSE) technique, however, is now able to resolve energies in
the ueV-neV range. Motions of scatterers are detectable by velocity changes of the
neutron, whereas the spatial character of the motion is inferred from the angular
distribution of the scattered neutrons. The energy and momentum which were
transferred by the scattering process are characterized by the initial (suffix i) and
final state (suffix f):

AE=hw=E;-E; (4.14)

Ap=nQ = h(k; k) (4.15)
For the case of E; = Ej, the scattering process is called elastic. This also means that
ki= |l€1| =ke= |I;f| = 277‘ Q was defined before.

We refrain from further details which can be found in the specialized scattering
literature.

NSE spectroscopy directly measures the coherent scattering function in the time
domain on the SANS-length scale, also called the intermediate scattering function,
and is calculated similarly as

N

1 6F: (0)_iBR;
— —iQR; (0) ,1QR(£)
San(@ 8= ;<e ) (4.16)
Note that for t = 0 the S(Q) as measured by SANS is obtained.
The respective incoherent scattering function is given as

N

2 —1Q§i(0)eiQ§i(t)> (4.17)

1

mc t .
Q N i=1

Note the difference in the indices. Whereas the coherent scattering from blends

of labeled and unlabeled chains yields directly the single chain dynamic structure

factor, the incoherent version from unlabeled systems allows one to directly extract
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the segmental mean-squared displacement. It is a matter of choice which to use
depending on what physical property is looked for. However, since in the coherent
case the form factor shifts the intensity into the NSE-Q-region, whereas in the
incoherent case it is scattered in 4w, the former is much easier to measure. We
will not discuss the incoherent application in this context.

The developed Gaussian chain picture can now be exploited as a good basis for
the observed macroscopic dynamics of polymers which is pronounced viscoelastic,
that s, contains both properties that resemble rubbers and those similar to viscous
fluids. They occur over a wide range of length and time scales. The relaxation
modulus G(t), and G’(w) which is the real part of the Fourier transformation of
G(t), as shown in Figure 4.4 displays several regions with characteristic time
dependences. Note that G(t) is in good approximation equal to G’(1/®). The strong
decay of the shortest times, that is, highest frequencies in total complex modulus
G*(w) is due to local fast equilibration mechanisms on typical length scales of
10-50 A within the chain. The intermediate to long times can be discussed in a
mean field-like approach of particular interactions between chains. The concept
shows a strong analogy to that of a chain which is restricted locally and dynami-
cally to a soft confinement channel with an interaction radius that must depend
on the local stiffness and statistics of the chain under consideration. This tube
model, as depicted in Figure 4.5, was constructed by DeGennes and Doi and
Edwards [7] originally for networks and melts. The chain itself is Gaussian that is,
performs random walk statistics. The allowed motions are curvilinear along and
perpendicular to the mean path of the polymer, the latter, however, are limited by

PS 160°C
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Figure 4.4 The mastercurve of the storage modulus G’(w) of PS at reference temperature of
160°C for molecular weights between 9 and 600 kgmol™, showing Rouse and entangled
dynamics. Taken from [7].
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Figure 4.5 Schematic illustration of the tube concept. The lateral confinement of a polymer
chain is represented by a tube with diameter d formed by adjacent chains. Figure taken
from [8].

the tube diameter. As this chapter is not intended to be a review, we could use
the size of this tube to separate between Rouse and tube models. Logically in the
reviewing literature the tube concept is introduced only after the simplest treat-
ment of phantom chains in a heat bath.

4.4,
The Rouse Model

This model is best viewed to be a limiting case: topological inter-chain interactions
are fully absent and a working hypothesis would be to assign to the tube diameter
a larger length scale than the path length of the chain itself. Connected with the
used Gaussian model for chains, the elasticity is of entropic character and any
perturbations are counteracted by harmonic restoring spring forces. Thus the
Rouse model is that of an artificial chain, which consists of beads and spring con-
nectors. Furthermore, for the beads to move, a local friction, which is determined
by the identical polymer surrounding, is to be overcome. This friction is the sum
of all frictions in the chains. The equation of motion of such a Rouse chain in a
heat bath can be solved analytically using normal coordinates and can be found
in the text books. The main outcome of this is

_E’Np Do kT

=735 TEN

(4.18)
which can be easily verified from rheological and dielectric spectroscopy investiga-
tions. | is the statistical segment length and N the number of monomeric beads.
Here 1), is the zero shear viscosity and D is the diffusion coefficient. The zero-shear
rate viscosity 17, depends obviously directly on the molecular weight via N with
monomeric friction coefficient &, The translational diffusion coefficient of the
center of mass is inversely proportional to the molecular weight.

A first microscopic proof of this is provided by means of neutron scattering
through the coherent intermediate Rouse scattering function. The segmental
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The global dynamics is determined by the center-of-mass diffusion in the first
term, the second term describes the correlation due to the structure of the Gaus-
sian chain and the internal dynamic contributions by means of the Rouse modes
are given in the third term. 7y is the longest characteristic time corresponding to
the first mode with the longest wavelength p = 1.

The Rouse model provides a good description of the dynamics of a Gaussian
chain on an intermediate length scale in terms of two parameters NI’ = 6R; and
I?/€, that is, the dimension of the chain and an effective friction.

The friction parameter &/I* is often expressed in terms of the so-called
Rouse-rate:

WI* =3k, TI2 / & (4.20)
and the center-of-mass diffusion may be expressed as:

_kT(/5) _WI*

D
6R? 3N

(4.21)

Figure 4.6 shows an example of a PEE melt single chain dynamic structure factor
at My = 2kgmol™ described with Eq. (4.19).

4472
The Tube Model

The dynamics of short unentangled polymer melts (i.e., in the former simulated
by letting the topological tube d — <) has been proven to follow the Rouse model,
which is a simple but very successful ansatz to describe the segmental motion of
a polymer chain in a heat bath by a balance of viscous and entropic forces [1], as
described above. Longer polymer chains mutually interpenetrate, that is, they
entangle (see the sketch represented in Figure 4.5). The significantly slowed down
dynamics of long chain melts as observed in for example, G(t) can now be suc-
cessfully described by means of the introduced reptation/tube model.

For short times the chain segments undergo free Rouse dynamics until their
mean squared displacement (m.s.d.) becomes comparable to the diameter of
the tube. After the so-called entanglement time 7, the segmental fluctuations are
forced to equilibrate along the full tube profile, a process which is called local
reptation (~ 7g). Finally, the chain may diffuse out of the tube, the true reptation
process (~ 74), before it can undergo free Fickian diffusion. In fact it is straight-
forward to predict the time dependences of the m.s.d. for these different regimes:
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Figure 4.6 Single chain dynamic structure factor from a PEE melt at 473 K. The numbers
along the curves represent the experimental Q-values in A, The solid lines are a joint fit with
the Rouse model (Eq. 4.19). Figure taken from [9].
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Figure 4.7 Schematic representation of the segmental mean square displacements versus
time in a double logarithmic plot. Taken from [10].

Since the tube is a random walk in space, the segmental fluctuations following
the tube profile in the local reptation regime have a time dependence which is the
square root of that in the Rouse model, that is, V12 = 4, The same argument
holds for the reptation process, where a free diffusion (m.s.d. ~ t') is forced to take
place along the random walk tube, yielding a t'* dependence before the region of
free diffusion is reached (proportional t'). Figure 4.7 shows the m.s.d. predicted
by the reptation model as explained. We refer to the literature.
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The distinct t-independent plateau in G(t) is the immediate signature of the
topological constraints in a network-like system. The subsequent nearly single-
exponential decay with flow at long times describes the disentangling and dissolu-
tion of the tube. Whereas in the Rouse model for short chains the melt viscosity
at zero shear rate, that is, at long times, was found to scale with 1, ~ N, now for
long chains with entanglement interaction 1, ~ N** is found.

The transition between the two different regimes is at a critical molecular
weight, M. which is roughly twice the molecular weight between pair-wise entan-
gled chains, called the entanglement molecular weight M..

This allows us to specify the three different time scales which are connected
with the relaxation on a certain length scale of the structure. The cross-over times
are respectively 7., 7z and 75, which denote the entanglement time, the longest
Rouse chain relaxation time, and the time to reptate out of the tube. The new
parameter is the tube diameter d. Assuming Gaussian statistics, the diameter is
equivalent to the end-to-end distance of a chain with a number of segments N,
that spans this distance, and therefore is written as R%(M.) = d* = N.I*. This length
scale is directly related to 7.. Although slightly different definitions for the latter
entanglement time are found throughout the literature, mainly due to their special
derivation from different asymptotic representations, we would like to stick to that
which complies with the mean square displacements of the reptation model. In
terms of the parameters used in the Rouse description this yields

nd*

Te=—
36wt

(4.22)
This point in time marks the transition from free Rouse-behavior to restricted
motion.

Similarlytothe polymer chain whichisa succession of monomers, thelongitudinal
tube can be viewed as a succession of isotropic segments of length and diameter d,
and its structure is identical to that of a coarse-grained Gaussian random walk chain
with persistent length d. The number of entanglements Z per chain is given by:

2
z-N_N (4.23)
N. &
and therefore the length L, of the tube is:
2
Ly=Zd= % (4.24)

Thus the entanglement time 7, is the longest relaxation times 7 of a chain with
N. segments 7. = 7z(N,). The longest time needed by a polymer to escape com-
pletely its tube (before undergoing normal Fickian diffusion), 7y becomes

_1¢N
T kg Td?

Ta (4.25)

comparing Ty to 7, delivers the relation:
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o3z (4.26)
TR

The non-relaxed stress is expressed by the tube occupation function u(t) as:

Lt
uty == (427)
0
where L, is the initial length and L(t) the remaining occupied tube length after a time

t. Considering only pure reptation, () decays almost single-exponentially as [7]:

S
Hoalt)= 3, e (4.28)

p=1,0dd

By Fourier transformation of G(t) = G.u(t), with G. the modulus of the plateau
region, it can be shown that for times t < 7y or > @y =1/74 [7, 11, 12]:

Gllp(@) o< 07 (4.29)

Since the melt viscosity 1, = 7?/12G.1, it therefore should scale with N°. Experi-
mentally 1, scales with N* (with & > 3.4). Therefore the reptation model must be
improved taking into account higher order relaxation processes. The most impor-
tant are contour length fluctuations (CLF) and constraint release (CR).

The effective tube length L(t) is a function of time because chain fluctuations
AL liberate tube portions at both ends of the tube: each time a chain end is
retracted into the tube, the vacated tube segment is lost. The number of tube seg-
ments confining the chain under consideration is, therefore, reduced with increas-
ing time. The free ends lose their orientation and “dilute” the entanglement
network. Here, no motion of the center of mass is involved. The shortening of the
occupied tube implies a reduction of the reptation time as well. A renormalized
time Tq; (affecting Eq. 4.28) has been proposed from a solution of the first passage
problem [13] according to Likhtman as:

Tap ~ rd(l - %) (4.30)

with C of the order of 1. The correction is quickly saturated by the 1/vZ depend-
ence. For the calculation of the time-dependent tube segment occupation function
accounting for contour length fluctuations we refer to the original literature.
Figure 4.8 summarizes how reptation and contour length fluctuations both affect
the dynamic modulus (G”(®)) and the dielectrical permittivity loss moduli (”(®)).

Since the tube is a topological entity constituted itself of chains undergoing the
same dynamics as the confined chain under consideration, it cannot be described
as fixed in time. While exploring their surrounding, free ends are interacting with
their neighbors and remove the constraints that they may have been exerting:
therefore entanglements can be released. The most accurate description of CR was
delivered by Rubinstein and Colby [2] who defined a relaxation spectrum of the
tube R(t) self-consistently to the tube survival relaxation spectrum, u(t) (already
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Figure 4.8 Calculated contributions to the A, the dielectric relaxation strength. The
normalized G”(w)/G. and €’ (w) for an different mechanisms with corresponding
entangled polymer according to the Likhtman  time dependence are included and discussed
approach [13]. G, is the plateau modulus and at full length in the reference [14].

containing the effect of CLF). A distribution of mobilities is used instead of a
constant time 7, as in the double reptation model. The main difficulty in describ-
ing the CR effect analytically is related to its many chain character.

Quasi-elastic NSE spectroscopy measurements were performed in the past to
microscopically investigate the above described mechanisms.

After the expected initial decay of S(Q, t) by a free 3-dimensional Rouse motion
up to roughly 7., the relaxation slows down. This slowing down should start when
the m.s.d. of the chain segments becomes comparable to the diameter squared of
the tube (Figure 4.5). The scattering function for a single chain in a melt is given
by [7, 15]:

5Q.7) =(1-F(Q))S t)+ F(Q)S, t 4.31

S(Q) ( (Q)) locrep(Qy )+ (Q) eSC(Q’ ) ( )
Here, F(Q) is the (cross-sectional) form-factor of the tube:

F(Q) = exp[~(Qd / 6)°] (432)

The local reptation and the creeping of the entire chain out of the tube where the
chain follows its own profile, are given as:

Stocrep(Q, 1) = eXP(TLJ erfc(yt/ 7o) (4.33)
0
S 2ANM ., 4taf,j
Sescl@t)= D ———5——~ - 4.34
@ Z’aﬁ(uzmﬁw)m (ap)eXp( Ty (*:34)

where = Q’NI’/12 and ¢, are the solutions of equation o, tan(c;,) = y. A is a
normalization constant, so that S (Q, 0) = 1. The two time scales in Eqs (4.33)
and (4.34) are given by 7, = 36/(WI*Q’) for Rouse-type segment diffusion along the
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Figure 4.9 NSE data of PEO sample with model simultaneously to all Q values. The

My, = 81kgmol™ at T =413 K. Symbols show  data were fitted in the time range t > 10ns

the data measured for various Q values. The  and then extrapolated to ¢ = 0. Figure taken
solid lines represent a fit with the reptation from K. Niedzwiedz [16].

tube; the second time scale is the so-called disentanglement time 7, = 3N*/?/
(w*Wd?) for the reptation type escape of the chain from the tube (creep).
In the high Q-limit, thatis, R,Q>>1, of, = (p — 1/2)mw and S.(Q, t) in Eq. (4.34)
can be approximated by:
A Pt
Sesc(Q, 1) = - pzdd 7 eXp( P, ]—. Heep(£) (4.35)
As before, S.(Q, 0) is normalized to 1.

Figure 4.9 shows an example of the fit to a PEO single chain dynamic structure
factor data at My = 81kgmol™ with the reptation model.

It is beyond the scope of this chapter to discuss the corrections of the reptation
model for the CLF and CR mechanism in more detail. However, a rather complete
expression for the complex modulus has been derived by Likthman [13]. There the
impact of CLF and CR on the complex modulus has been derived and compared
to experimental data. The model successfully describes mechanical stress relaxa-
tion data over a large range of molecular weights.

The contribution of CLF to the relaxation spectrum, as measured in the single
chain dynamic structure factor S(Q, t), has also been developed [17]. The agree-
ment with experimental NSE data is very good over a wide range of molecular
weights.

But even without any theoretical model it was possible to demonstrate the influ-
ence of CLF by a key experiment [18]: the dynamic structure factor was measured
by NSE for a fully labeled long chain and compared to a chain of the same molecu-
lar weight where the chain ends were not labeled. In the latter case the ends did
not contribute to the structure factor since they had no contrast to the matrix. The
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data showed the significantly faster relaxation of the fully labeled chain due to CLF,
whereas the S(Q, t) of the partly labeled chain was slower and indistinguishable
from an extremely long polymer where CLF does not play a role.

In a similar way the CR effect has been verified [18]: a long labeled chain was
measured by NSE in matrix polymers with different molecular weight. Very short
matrix chains could not establish a tube, in consequence the long labeled chain
showed pure Rouse behavior, although its molecular weight was much higher than
M.. The longer the matrix chains, the more they were able to build a tube, yielding
a significant slowing down of the dynamics of the long labeled chain.

4.5
Application to Self-Healing

Supramolecular polymers that are built up from a strong directional interaction
between end groups can show some similarity to the formerly treated linear class
of covalently bonded chain molecules, given there is no specific interaction
between the linking molecules themselves which leads to higher-level aggregation
or stacking. The latter complicates the analysis and hinders investigation of the
structure and the dynamics of the macromonomeric building blocks and the new
contribution due to the transient connectivity between them. In the following
section we will attempt to review only a few studies performed in the melt state,
based on H-bonding interactions, and refer to literature for further treatments of
other metal- or dynamic-covalent involving interactions in solutions and gels. We
note that the transition between a simple linear structure and network-like behav-
ior is strongly controlled then by the architecture of the moieties bearing the
interaction site. If the active end groups are strictly telechelic and no nano-
structuring is occurring, only linear aggregates (or cyclic if dilute) are formed. A
typical parameter then is the degree of polymerization N, like in polycondensa-
tion reactions. N, is determined by the concentration of active sites and the
equilibrium association constant K, via ~\/@ . This is limited by several factors
of which the integrity of the functionality per chain is the dominating one. Mono-
functional contaminants serve as chain stoppers and decrease the total average
length of the living chains. On the other hand, if the active groups are distributed
comb-like along a polymeric backbone the system inter-molecularly associates,
which leads to considerable gelling into a physical network. Then the dynamics of
the sub-unities is thus seriously affected. Several studies on purely hydrogen-
bonded systems have been presented in the literature and we restrict ourselves to
some which in our opinion are particular relevant and representative:

« Lehn et al. [19-21] developed hierarchical self-assemblies mediated by multiple
hydrogen-bonded homoditopic heterocomplementary monomers induced by
solvent-specific effects. It was demonstrated that increasing the number of
hydrogen bonds per functional end group results in a change in the degree of
association and structure. SANS has been used to investigate these systems.
Aggregates and fibrillar structures have been observed. Specifically in the case
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of the fibers the nanostructures formed in decane were found to be rigid, with
an average length that increased upon increasing concentration and/or decreas-
ing temperature, containing on average several monomolecular wires.

Sijbesma and Meijer et al. [22-30] showed that with well-defined interaction
sites, that is, chain ends, by means of a highly directional interaction—in this
case using ureidopyrimidinone (UPy)-new and unique properties can be
obtained, compared to the previously discussed linear polymers. The formation
of intramolecular loops in solution or diluted in the melt as the only competi-
tive interaction was thought to be controllable via a suitable sterically-chemical
substitution in the chain. Also the properties of telechelic poly(ethylene/
butylene) changed dramatically upon functionalization, in this case with urei-
dotriazine (UTr). Already a SANS experiment was reported to investigate the
aggregation of the above compounds in dodecane-d26. It was observed that
supramolecular triblock copolymer in the form of rigid rod structures was
formed. PDMS using the same functionalization showed typical viscoelastic
behavior in G*(w) and 17*(w) that is, a rubbery plateau and terminal flow. The
first ideas to tune new polymers with special properties as well as application
for coating or rubbers were discussed.

Elkins et al. [31], for example, showed that polymer stars, which were modified
at the tips with the above UPy, show very well defined solid-like behavior
through the interlinkage of star polymers into a rubberlike organization.

Ruokolainen et al. [32] were able to bridge the theory of microphase separation
known for polymer block copolymers into a study of a new class of copolymeric
systems, obtained by hydrogen-bonding (H-bonding) between homopolymers
and end-functionalized oligomers. The interaction is comb-like and leads to a
lamellar-like morphology. Crossing the order—disorder temperature changes
the system from a more solid-like phase separated to a liquid-like. This could
be verified by the unique dependence of the observed dynamical moduli in the
respective time-domains. Related is also the work of Noro et al. [33] on H-bonded
thermoplastic block copolymers.

The unwanted nanophase aggregation of end groups was encountered for
example, also in PTHF, terminated with nucleobased compounds, as shown
by Sivakova [34]. In the melt, hard domains of H-bond actors aggregate in
stacks, witnessed from SAXS, and disperse within a soft polymer matrix.

Binder et al. [35-43] have taken up the incompatibility argument together with
the attractive H-bonding supramolecular interaction in the example of PIB and
PEEK which are immiscible. Both components can be brought together in
multiblock copolymers by means of appropriate heteroditopic interactions
in the end groups, based on diaminotriazine and thymine for example, or
hamilton-barbituric acid configurations. They showed that in this way both
microphase separation or macrophase separation can be induced by varying
the temperature. At high T all supramolecular bonds have opened and both
polymers segregate.
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Also, the same author has recently [44—46] reported the synthesis of a truly
self-healing two-component system forming three-arm star polyisobutylene
networks as well as a layered donor—acceptor material based on perylenes and
ter(thiophen)es ordered by hydrogen-bonding moieties.

A new contribution to this field was published by Herbst et al. [47-49]. From
symmetric mixtures of PIB functionalized with both diaminotriazine and
thymine, small angle X-ray (SAXS) and rheological measurements proved
the existence of large-scale extended structures, similar to block copolymers.
It was found that the triazine (dat) compound influences the overall behavior
in the most decisive way, whereas thymine has less influence. The latter
being weakly associated with itself affects the complexation in the mixture.
They came to the conclusion that both H-bonding and nanophase struc-
turing are responsible for the enhanced viscosity and the overall time—
temperature dependence in the relaxation time spectrum. More recently [50]
the influence of the different functionalization pyridinium/pyridine end-
groups interaction has been compared with the former systems. A difference
between weaker and stronger interaction, respectively, was observed through
the effective cluster lifetime coming from rheological measurements. At the
same time with increasing backbone molecular weight an increase in the
plateau modulus, pointing to the formation of supramolecular networks, was
noticed.

In a related polymer using the very same end-group functionalities, but now
based on the polar PPG, by Cortese et al. [51] the thymine component seemed
to be the most important contributor in that it crystallizes in rather thin
layers or sheets. The melting behavior reminds once again of normal
microphase-separated block copolymers. Cortese [52] also treated the case of
the dat and thy complexation. There it is found that the complementary inter-
action prevents thymine from crystallizing and keeps the assembled material
in a viscoelastic state. The kinetic chain is largely increased judging by the
viscosity and its temperature dependence controlled by the H-bond activation
energy.

In parallel, the same group developed new, non-covalent supramolecular net-
works based on interacting polymers supported on bio-based fatty acid chem-
istry [53-57]. Recently, the observed dynamo-mechanical properties have been
investigated in the same biocompatible self-healing networks where two parts
of the supramolecular rubber are simply brought into contact and then taken
apart. It was observed that the self-healing capability can be activated after 12h
from the fracture but deactivated when at high temperatures. This can provide
data to investigate the efficiency and kinetics of self-healing in these soft
rubbers [58].

A first NSE study on UPy-terminated macromonomers of PTHF was published
by Muresan et al. [59]. The chain linkers led to highly-reduced mobility but
proved microscopically the existence of long, associated chains.
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«  With respect to this, as one of the pioneers, Stadler et al. [60] showed that the
modification of simple PB with urazol-based H-bonding groups, affected the
local dynamics severely in that no simple master curve for the dynamic moduli
could be constructed anymore, implying different activation schemes for both
monomer and active sites.

This list is not meant to be complete and it is suggested that the reader looks up
the specialized literature. It merely presents important issues, which are relevant
for the structure and the dynamics in H-bonded polymers and networks which
have the unique property of self-healing. The latter mechanism is discussed at full
length in various topical contributions in this book.

This brings us to the fundamental question: how can the combination of rheol-
ogy and neutron scattering unravel the microscopic mechanisms of the self-
healing process?

The above introduced techniques of rheology and neutron scattering are ideal
complementary techniques to study the molecular-based microscopic aspects of
damage-repairing properties in new polymeric systems. These are based on well-
defined and tuneable supramolecular interactions. Neutron scattering techniques
are the method of choice since they resolve both relevant length scales and time
scales. The cross-correlation with mechanical-dynamical methods allows one to
address reversible hydrogen bonding in polymers, both in solution and especially
in the bulk state, which is a prerequisite for the design of new elastic smart respon-
sive materials. The goal is to reach generalization and finally controlled design of
new adaptive high-performance composites.

4.6
Conclusions and Outlook

In this final section an outlook is presented, to exemplify the possible applications
of neutron scattering and rheology on specifically adapted and labeled samples.
The selective deuteration of polymer molecules without altering the macroscopic
properties of the system provides an ideal tool and unique method for structural
and dynamical studies of tailored soft materials. With sophisticated labeling
schemes, selected parts of molecules can be made even invisible while other sec-
tions can be highlighted, as exemplified in Figure 4.10. The number of systems
and parameters to be investigated is enormous: They include variation of the
concentration of functionalized building blocks in solution (or even in a melt of
covalent polymer chains), the architecture of the functionalized macromolecules
(linear, combs, stars), temperature, molecular weight, the composition with
respect to the hydrogenated and deuterated fraction, even the size and position of
hydrogenated sections within one macromolecule, to name justa few. As described,
SANS covers the relevant length scales under equilibrium conditions to access the
single chain structure factor of the aggregate. These length scales range between
1 and 1000A. By NSE, microscopic times up to several hundred nanoseconds are
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Figure 410 Scheme exemplifying which the highlighted functional groups in red.
length scales are accessible by different DNS and BSS are structural and dynamical
neutron scattering techniques in relation to neutron scattering methods for the small
the polymer chain as well as the selective length scales.

deuteration of polymer molecules shown by

available. If these experiments are performed at high temperatures, these times
correspond to typically the range of milliseconds at room temperature. NSE on
these polymers, as described, allows one to study the single chain dynamic struc-
ture factor, which is determined by the diffusion as well as the intra-chain (seg-
mental) dynamics of the macromolecules. Both depend strongly on the number
of building blocks in the case of telechelic chains. Added to this diffuse neutron
scattering (DNS) allows access to the coherent scattering (by neutron polarization
analysis the incoherent scattering will be quantitatively removed) in a higher Q-
range that is, to resolve the structure on the length scale between 1 and 10A. DNS
overlaps partially with and complements the SANS method, especially in this local
range. By the combination of SANS, DNS and NSE on the dissolved aggregating
reactive polymers, both overall chain and local aggregation mechanisms can be
characterized in dependence on temperature, concentration, and binding constant
(functional group). At the same time incoherent quasielastic neutron scattering of
the protons in the reactive groups on an Angstrom scale (backscattering) will allow
one to identify the state of aggregation in the melt state, since the dynamics of the
protons depends strongly on the immediate environment. The starting point for
interpretation of the collected data is the fundamental theories available to describe
the structure and dynamics of polymeric systems. Here, tremendous progress has
been achieved in the last decades. As an example, the consistent description of
polymer dynamics starting from the center of mass diffusion and segmental
relaxation as addressed in the Rouse model for short polymer chains may be
mentioned. It is continued by reptation dynamics, including higher order pro-
cesses like contour length fluctuations and constraint release for long, entangled
polymers, as described by the tube model and its increments. However, the
progress is not limited to simple linear chains, but can also be found in more
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complex architectures. In all cases the combination of neutron scattering with
complementary, in particular broad-band techniques was effective.

In Ref. [59] it was shown that by neutron spin echo spectroscopy the dynamics
of hydrogen bonded macromolecules can indeed be accessed. The results could
be described in terms of a significantly higher stiffness of the supra-chain, reflected
in the suppression of long wavelength Rouse modes.

Recent NSE data [61] of two different polymer melts have been measured and
compared. One is a conventional short chain polymer melt and it is compared
with a melt of similar molecular weight with functionalized end groups at the
same temperature. While the first can be nicely described by the Rouse model
center of mass diffusion, the second clearly does not have the same diffusion and
is significantly slowed down. This effect can be modeled by taking into account
the higher segmental friction due to the functional end groups and the aggregation
process. The influence of the functional groups on the segmental friction in turn
has been independently determined by measuring the diffusion of these in a cova-
lent matrix. This example just serves to illustrate how a combination of experi-
ments on simple systems facilitates the understanding of underlying basic
mechanisms and sets the stage for the investigation of more complex systems, for
example, network-like systems representing real self-healing materials [62, 63].
Particularly in the latter, NSE has never been attempted and offers a great oppor-
tunity to improve knowledge on self-assembly and self-healing mechanisms in
network-like environments. It is desirable to conduct more systematic experimen-
tal studies on microscopic and macroscopic scales on the structure and the dynam-
ics of both supramolecular polymer melts and networks. Extensive work basing
on a Random Phase Approximation approach typical for block-copolymers [61] is
presently under way to close these gaps, and future discoveries can be anticipated
to shed more light on these fascinating materials.
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5
Physical Chemistry of Cross-Linking Processes in
Self-Healing Materials

Joerg Kressler and Hans-Werner Kammer

5.1
Introduction

Nature, in animals and plants, frequently uses self-healing materials, mainly
composites, which are based on integrated, hierarchical structures often formed
over several length scales [1]. Thus, it seems reasonable to mimick nature in order
to improve the performance of polymer-based materials [2, 3]. In recent years
several reviews on theoretical and experimental aspects of self-healing polymers
have been published [4-8]. Key points for the understanding of self-healing materi-
als are the diffusion of polymer chains below the glass transition temperature
in thermoplastics, for example, after crack formation, or the network formation
which can be achieved either by chemical cross-linking reactions leading to cova-
lent bonds between the polymer chains, or by strong physical interactions as for
example, in supramolecular polymer networks [9]. A practical approach for auto-
nomic healing is the dispersion of microencapsulated healing agents which are
released upon crack intrusion [10]. A typical system consists of dicyclopentadiene
(DCPD) and a Grubbs’ catalyst which yields PDCPD, a highly cross-linked polymer,
after ring-opening metathesis polymerization (ROMP) [10, 11]. The DCPD is
located in the microcapsules, whereas the catalyst, which tolerates a wide range of
functional groups, water, and oxygen, is dispersed in the polymer matrix. This
polymerization is highly useful due to its strong exothermal reaction enthalpy as
a result of the relief of ring strain energy. The self-healing efficiency is then
obtained by measuring for example, the fracture toughness of tapered double-
cantilever (TBCD) specimens or by dynamic mechanical analysis [10, 12]. The
cross-linking kinetics is followed either by differential scanning calorimetry or by
rheokinetic measurements [13, 14]. Meanwhile a large variety of different chemical
cross-linking reactions has been employed [15], including copper(l)-catalyzed
alkyne-azide cycloaddition reactions, known as “click” chemistry [16].

In general, the formation of networks is a key element for spontaneous repair
of polymer specimens as a response to mechanical damage. For autonomous
healing, one has to select a balanced dynamic approach for formation of a network.
In other words, one has to establish a sufficiently high molecular dynamics for

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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formation of high modulus, load-bearing networks. These are conflicting require-
ments. Strong interactions in the supramolecular system result in mechanical
stability but also in slowing down dynamics. Weak interactions enhance molecular
dynamics but generate only soft materials. In what follows, physical-chemical
aspects of gelation processes will be discussed. Polymer gels are a state of matter
intermediate between liquid and solid. A polymer solution, where individual
chains are dissolved, forms a liquid. When a fraction of chains is cross-linked to
a huge cluster pervading the entire sample, then the liquid turns into a gel. Thus,
the gel is a mixture of at least one huge cluster extending over the whole system
and inclusions of finitely linked clusters. It becomes obvious that such a mixture
exhibits both elasticity and fluidity. In addition, we note that gelation always
implies the tendency of phase separation in the solution. It might be suppressed
by sufficiently strong excluded-volume repulsion, that is, the energy of this interac-
tion per network section exceeds the thermal energy k;T.

To what extent viscoelastic response occurs in the gel system depends on
the specific process of gel formation. We distinguish chemically and physically
linked gels. Suppose the cross-linking process is irreversible, that is we have
chemical cross-linking. The fraction of cross-links increases up to a critical value
which corresponds to occurrence of the infinite cluster covering the whole system.
This happens, for example, in associating polymers. Gelation is marked by the
time of reaction where the system may exhibit quite abrupt increase in viscosity.
We introduce the fraction of associative bonds, p, formed in the system. Then,
gelation occurs at p = p,q. Beyond this point, reaction proceeds up to the satura-
tion value of p which defines the glass transition at conversion p = py.,. We
recognize

pgel < pglass <1 (51)

Gelation is in the sketched sense a connectivity transition. If we have an assembly
of independent particles, there will be no transition on the horizon. But if this
assembly of particles is linearly connected to a chain molecule then, depending
on conditions, the chain may exhibit a (reversible) transition swollen to collapsed
conformation due to connectivity [17]. The same mechanism rules gelation. The
difference here being that chemical gelation is not reversible. Formation of the
infinite cluster is associated with an abrupt change in properties. This calls percola-
tion theory onto the stage [18]; gelation is reflected as a threshold. The infinite
life-time of the bonds relates the gel point to the formation of an infinite cluster
which can be described in the spirit of percolation theory. In other words, percola-
tion is defined in terms of connectivity or bonds and their life-times. In that sense,
percolation is closely related to dynamics. We note that this process is not an
equilibrium process marked by the gelation threshold because in the range beyond
the threshold the chemical reaction proceeds in the finite-cluster inclusions and
leads eventually to the glass.

Reversible gelation proceeds under different circumstances. A physical gel
might be defined as a low density, disordered and arrested state of matter. Stable
networks are formed owing to reversible bonding with a long life-time. Chains
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associate by physical interactions, for example, H-bonding, complex formation,
covalently reversible Diels—Alder reaction, and so on. These cross-links are weaker
than in the case of irreversible gelation and their life-time 7, differs markedly from
irreversible gels:
Irreversible gel 7, — o

Reversible gel 7, — large, but finite (5:2)
Moreover, we have an equilibrium situation. Bond energies in thermo-reversible
gels are of the order of ks;T. Hence, clusters form and dissociate permanently.
When we perform some relaxation experiment, for example periodic stress excita-
tion in dynamic-mechanic analysis, then we monitor a typical relaxation response.
In the range of low frequencies, the gel will display liquid-like behavior. However,
one observes the transition from liquid-like to elastic response over a range of
frequencies rather than at an abrupt gelation threshold. At low frequencies the
system can follow the imposed variation of stress, and cross-links are destroyed.
But, the system cannot follow these stress variations at higher frequencies, cross-
links are kept and elastic response is observed. This transition from liquid-like to
elastic behavior is not an equilibrium transition. It is similar to a relaxation transi-
tion, like the glass transition. As a consequence, employing such a gel for self-
healing is only useful against damage caused by externally imposed actions lasting
over a long time.

5.2
Thermodynamics of Gelation

Polymer chains endowed with functional groups are capable of forming associa-
tions in solution. Branched aggregates grow in the course of time and their
distribution becomes broader. Eventually, a macroscopic cluster, a gel, results,
covering the whole system. This transition from the sol state, that is the polydis-
persed system of chain associations, to the gel state, the mixture of those aggre-
gates and a macroscopic gel, is termed gelation. As mentioned before, this process
might proceed reversibly or irreversibly. An adequate approach is percolation
theory [18]. Mean-field versions of this theory were provided by Flory [19] and
Stockmayer [20]. The mean-field approach is only realistic when concentration
fluctuations are sufficiently small, that is, the concentration of the solution should
be sufficiently above the overlapping concentration, ¢ > c*.

In the following, we will discuss only the fundamentals of these approaches.
Chains, having the degree of polymerization N, are dissolved in a low-molecular
weight solvent and form a semi-dilute solution with monomer concentration ¢ or
chain concentration ¢/N. Each chain comprises fassociating groups with f<< N.
The number of associating groups in volume v of solution amounts to

c

Nassoc= -V 5.3
e (53
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The number of groups bound in pairs relates to the fraction of associative bonds p
1 ¢

N air — -V 5.4

wir =5 B 5 (5:4)

The equilibrium
No(1=p)+N,(1-p) <> N,p

between free and paired groups is characterized by the equilibrium constant

= m It follows with Eq. (5.3) the implicit relationship for the fraction
of bonds (next is Eq. (5.5)):
P c . fo
= f—KwithK = - 5.5
0=y fN wi 2y exp( kBT) (5.5)

Quantities f, and v, represent the free energy of bond formation and the volume of
a single bond, respectively. Eq. (5.5) may be used to calculate the equilibrium gel
line as a function of T and c. We abbreviate K by v,k and may recast Eq. (5.5) as

P _ Vbond
(1-py v

where W, represents the total bond volume. The volume ratio describes an
entropy effect, the driving force to densification of the system. Formation of
branched polymers or formation of clusters is accompanied by enhanced segment
density or one may also say by some precipitation. This is reflected by the first
factor of Eq. (5.6). In general terms, one may say the entropy term controls
bonding. Hence, it rules the association process.

What is the gel point in this approximation? A continuous path through a cluster
may lead to a chain. Then this chain has (f — 1) bonds open for continuation of
the network. When the fraction of bonds is p, we have the probability p(f— 1) for
extension of the cluster. Formation of an infinite cluster characterizes the gel
point. The probability at the gel point becomes unity, p,(f— 1) = 1. It is

(5.6)

1

= 5.7
The concentration at the gel point becomes, after Eq. (5.5)
fo1 N (5.8)

MR
The percolation point is characterized by islands of finite clusters immersed in a
matrix of connected molecules. Let us mention also in that context a quantity called
extent of polymerization, @(t). It is usually experimentally determined by spectro-
scopic methods. The quantity @ is defined as the fraction of chains linked in
clusters, @ =1 - p,/p, where p, and p refer to monomer and total density, respec-
tively; @ acts as an order parameter in the connectivity transition. For monomer
density p,, it follows p; = p(1 — p) f and @ becomes
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d=1-(1-p) (5.9)

One recognizes that @ (p) is a monotonically increasing function in the range

0 < @< 1 that becomes steeper with increasing f. This is equivalent to Eq. (5.6).
The free energy density of associated chains, with degree of association p and

with reference to non-interacting chains, reads in the language of Ref. [21, 22]

fassoc — [iln(ivref) _ pﬁln(ivbj:l
vkgT LN \eN 2N \eN

%[plnp+2(1—p)ln(1—p)—plnl<] (5.10)

+

The first line refers to non-interacting polymer chains. They have only entropy.
The second line gives the free energy of the linked chains. It is straightforward
that minimization of free energy Eq. (5.10) with respect to p yields Eq. (5.5). In
Ref. [22] it is demonstrated that Eq. (5.10) agrees completely with the free energy
approximations used in the classic papers by Flory and Stockmayer [19, 20].

With respect to cluster distribution, the sol phase is described in the same
way in both classic approaches. Distribution of finite clusters gets narrower on
approaching the gel point. However, the mixture of sol and gel fraction above the
gel point is considered differently. Flory makes the natural assumption that the
chemical reaction, the bonding reaction, proceeds also above the gel point, leading
to narrowing of the distribution as below the gel point. Moreover, the gel state,
according to Flory, may comprise cycles, in contrast to Stockmayer’s approach. In
addition Stockmayer assumes that development of cluster distribution is arrested
at the gel point. The two approaches are different in another important point.
Gelation is not a thermodynamic transition according to Flory whereas reversible
gelation is a third order transition in the context of Stockmayer’s version; the
derivative of isothermal osmotic compressibility, IT/ T4, displays a discontinuity.
Detailed analyses support the Flory approach and come to the result that reversible
gelation is not a thermodynamic transition [23-26]. As Eq. (5.10) shows, the free
energy of the system and all its derivatives are analytical functions at the gel point.
This fact supports strongly that gelation is a connective transition. It turns out that
the mean-field version, given by Eq. (5.10) as combination of lattice-gas and Flory—
Huggins approximation, is able to describe this transition well above the overlap
concentration in solutions of associative polymers.

5.3
Viscoelastic Properties of the Sol-Gel Transition

Dynamics of associative polymers is closely related to changes in viscoelastic
properties. Gel transition is accompanied by marked changes in viscosity. A sol is
a liquid and remains a liquid when cross-linking starts. Above the gel point the
liquid is arrested, fluidity goes down and elasticity develops with enhanced
crosslink density. Thus, sol-gel transition in a solution of associating chains
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manifests itself in a change in physical properties at a particular temperature or
concentration. In the following we will discuss changes in viscoelastic properties
near the gelation point.

From a theoretical point of view gel formation is characterized by the existence
of a long chain running through the whole system and having infinite molecular
mass. Formation of an infinite cluster is accompanied by a sudden loss of flow.
This effect may serve to determine the sol-gel transition. Viscoelastic properties
change markedly from liquid-like to solid-like behavior. We observe changes over
a range of temperature or concentration. The transition may also be accompanied
by vitrification, chain entanglement, and even phase separation in the polymer
solution. In general terms, we have to classify it as a relaxation transition; in that
sense it is similar to a glass transition.

Viscoelastic properties of cross-linking polymers may be characterized by the
complex shear modulus as a function of frequency, G*(w). This can be determined
under harmonic strain excitation. Many experiments on associating polymers
revealed that this quantity follows a power law at the gelation point over a wide
range of frequencies

G*(w) o< (iw)" (5.11)

with 0 < n < 1. Equation (5.11) implies a constant phase angle, independent of
frequency, between stress and strain. This constancy of loss tangent with respect
to frequency might be used to obtain experimentally the gelation point. Adoption
of the frequency law Eq. (5.11) for gelation was first suggested by Winter and
Mours [27]. Accordingly, the gel point is located at a loss tangent independent of
frequency.

Dynamic mechanical experiments were carried out for end-linking poly(dimethyl
siloxane) and poly(urethane) [28]. Near the gel point, it resulted in agreement with
Eq. (5.11)

G'(@)e<
o" (5.12)
G”(®) o<

The process of gelation is quite complex. For elucidation, we subdivide it into three
states:

Pre-gel, critical gel and post-gel state

The gelation process may be monitored via the complex dynamic viscosity

=11 513)

Below the cross-over frequency @, between the critical gel and the pre-gel
state, we observe just linear viscoelastic behaviour. Close to the gel point the
complex modulus turns to a power law response in a certain frequency range.
Thus, the pre-gel shows @ "-behavior for @ > @, and liquid-like viscoelasticity for
<, Itis
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G’ (W) < ®* and G”(w) < o for w < w, 5.14

G'(@), G (@) < @" for @ > @, ‘
The cross-over frequency decreases with progressing cluster formation. It is quite
natural that it approaches zero at the gel point since we can no longer observe
liquid-like behavior.

, — 0 at gel point (5.15)

As a consequence, modulus G* of the critical gel displays power-law dependence
over the entire frequency range

i)

= /2 " (5.16)

In the post-gel stage, cross-over frequency increases to a finite value w*. For fre-
quencies above @*, we observe power-law dependence of the complex modulus,
whereas solid-like behavior with a finite equilibrium modulus, G,, is found for
frequencies below w*. Instead of Eq. (5.14), we have

G'(w) o< G, and G”(w) o< w for ® < ®*

, (5.17)
G'(w), G"(w) < »" for @ > w*

Inserting Eq. (5.16) in Eq. (5.13), we obtain for the critical gel
L (5.18)

We may use the critical gel as reference for the pre-gel and post-gel stages. In the
pre-gel state, Eq. (5.13) approaches zero-shear viscosity for @ — 0 after Eq. (5.14)

|n7’»‘|—)n0 <%forw—>0 (519)

It merges into Eq. (5.18) at ® = @, under condition n, = n. With progressing
cross-linking in the system, one can no longer observe the limiting zero-shear
viscosity.

The dynamic viscosity of the post-gel tends towards solid-like behaviour for
o—0

[ — % > wEno forw—0 (5.20)

It approaches Eq. (5.18) at = @* again under n, = n. In a double-logarithmic plot
of |17*| versus o, pre-gel shows negative deviation from the linear reference line
of the critical gel at @ — 0, whereas post-gel displays positive deviation in the same
limit.

The foregoing discussion leads us directly to the dependence of the complex
modulus on the concentration of the associating polymer. In the pre-gel
state liquid-like behavior dominates. It results that G”(c) > G’(c) at @ = const. The

145



146

5 Physical Chemistry of Cross-Linking Processes in Self-Healing Materials

clg I

”

Figure 5.1 Storage and loss modules, G’ (solid markers) and Grq (open markers), versus
polymer concentration for solutions of PVC in DOP at room temperature; squares:
®=10rads™, triangles: @ =100rads™ (data taken from Ref. [29]).

opposite is observed in the post-gel state, G’(c) > G”(c), since solid-like response
occurs. Hence, it is straightforward and in accordance with Eq. (5.16) that, for
: ’ ” GI’ s
o = const, functions G’(c) and Gje(c) = _G) should cross at concentration
tan(n,m/2)
¢, marking the critical gel

G'(Cg) = r'éd(cg)

Moreover, the crossing points should appear at c,, independent of frequency, since
tan(n,m/2) does not depend on frequency at the gel point, as we stated in the
context of Eq. (5.11). This is nicely demonstrated in Figure 5.1 for solutions of
poly(vinyl chloride) (PVC), M,, = 40kgmol™, in bis(2-ethyl hexyl) phthalate (DOP)
under @ = const [29].

One may also discuss the temperature dependence of dynamic modules at
constant frequency and concentration. In the low-frequency range corresponding
to long-time behavior, @ = 1Hz, and at a concentration around c,, one observes
dominant elastic response G’ >> G”. The storage module G’ diminishes with
increasing temperature, whereas G” displays a maximum. In many cases, the two
modules cross at the maximum of G”, which is seen as the “melting” point of the
gel. One observes liquid-like behavior at temperatures beyond the intersection that
is G” >> G’. It has also been observed that the intersection temperature decreases
when the frequency of the temperature sweep decreases, say from ® = 3Hz to
1Hz [30]. This might be caused by growth of larger clusters during extended
external action.

One may discuss this dynamic behavior qualitatively also in terms of different
relaxation characteristics. In physical gels the ruling dynamic quantities are the
life-time of growing clusters, Ty, and their relaxation time T, under external
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action. In the pre-gel stage, far below the gel point, only small clusters develop
during reversible gelation. However, these clusters may live sufficiently long

Tiife > Trelax (521)

Under these conditions, rheological experiments are not suitable for distinguish-
ing clusters formed in reversible or irreversible gelation.

Near the critical gel, large clusters develop and condition (5.21) becomes unlikely.
Large clusters have a shorter life-time than small ones since with increasing
size the probability of bond breaking increases. This means that condition (5.21)
changes to

Tlife = Trelax (522)

Condition (5.22) indicates that we have a solution of polydisperse dynamic clusters
or precipitates. This situation exists close to the gel point and beyond.

After relationship (5.22), the network in reversible gels is a fluctuating system
of growing and dissociating bonds. The gel exhibits a finite modulus of elasticity
in the low frequency region (1-100Hz). More precisely, we may state that the
non-uniformity of the gel phase, coined by aperiodic structures, generates both
liquid and solid properties. As mentioned above, Eq. (5.17), the non-uniform
microstructures have solid-like elasticity over long time scales. The aperiodic
structures are not thermally stable; with increasing temperature they exhibit
liquid-like response. This behavior brings the gel in the vicinity to amorphous
glass. Both states behave like a solid but they do not have periodic molecular
arrangements. In addition, both transitions are characterized by crossing of
dynamic responses. Gelation might be seen as a micro-phase order—disorder
transition in an associating polymer solution. This solution consists of polydis-
perse clusters having different sizes. Therefore, their ordering leads to a random
arrangement rather than periodic microstructures. In that sense, reversible gela-
tion is a smooth transition from a disordered liquid phase to a solid-like state with
a random aperiodic network. This view of the gel state is strongly supported by
scattering studies on aqueous solutions of poly(vinyl alcohol) [31, 32] and poly(n-
isopropyl acrylamide) [33]. It was found that random fluctuations in scattered
intensity appear only in the gel state. They disappear with increasing temperature
or decreasing concentration below the gel point.

5.4
Phase Separation and Gelation

Polymer solutions exhibit remarkable property changes in response to small
changes in external conditions, temperature, or composition of the solution. In
good solvents, polymers form stable solutions with respect to phase decay.
However, solutions become suddenly unstable and show phase separation in a
polymer-poor and polymer-rich phase when the quality of the solvent changes
from good to poor due to a change in temperature. One observes an upper critical
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solution temperature (UCST) when phase separation occurs upon cooling of the
homogeneous solution. The opposite route, heating of the homogeneous solution,
leads to phase behavior termed as a lower critical solution temperature (LCST).
Polymer solutions, which are homogeneous below a certain temperature and
decay above that temperature in two coexisting phases, are promising candidates
for biomedical applications [34].

An aqueous solution of poly(N-isopropyl acrylamide) (PNIPAM) constitutes an
interesting example of a polymer solution with LCST behavior. It displays an LCST
in dilute solutions at around 30°C. From a molecular view, the PNIPAM chains
are swollen in water below the LCST since water is a good solvent for the polymer.
In the unstable region above the LCST, when water turns into a poor solvent for
the polymer, the chains collapse. This on—off mechanism seems to be attractive
for drug delivery operations. Eventually, phase separation leads to coexistence of
a highly diluted phase in polymer and a phase rich in polymer.

Two phase separation processes of this kind of gelation might be superimposed.
Thus, competition of two rate processes rules the morphology formation in the
system, the rate of phase separation and the rate of gelation. In the limit

Rate phase sep >> Rategetation (5.23)

gelation will proceed in the polymer-rich phase that is under equilibrium condi-
tions. Considering the opposite limit to (5.23)

Rate phase sep << Rdtegeation (5.24)

the situation becomes more complex. Phase separation in a polymer solution is a
diffusion-driven process. Gelation on the other hand involves growing connectivity
of chains, which leads to solid-like behavior or a dramatic increase in viscosity.
Hence, progression of gelation will dramatically slow down the kinetics of phase
separation, as indicated in (5.24). As a possibility, one may control the morphology
of a polymer solution by inducing cross-linking during phase separation under
the condition that gelation occurs in the same temperature range as liquid-liquid
phase separation. This opens a wide field of intelligent structure manipulation.
Superposition of phase separation and gelation under condition of inequality
(5.24) generates the possibility for pinning down phase-separated morphology at
some transient stage in the unstable region of the phase diagram upon gelation.
In other words, it is pinning down of non-equilibrium morphologies. The mor-
phology of these gels is kinetically controlled. Coupling of the two processes may
also generate phase-separated gels. The procedures discussed here in general
terms have been successfully applied in the preparation of membranes [35, 36].
Sol-gel reversible hydrogels have also been prepared by utilizing disorder-order
transitions in block copolymers with amphiphilic balance. We mention here
the triblock copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) sequences, PEO-PPO-PEO (trade name, Pluronics®). In aqueous solution,
microphase-separation leads to micelle-like aggregates consisting of a hydrophobic
PPO core and a swollen hydrated PEO corona with dangling PEO chains. The dan-
gling PEO chains drive toward network-like packing of the micelles. As a result, gel
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networks, consisting of interconnected micelles with entangled PEO chains, are
established in concentrated Pluronic solutions. The polymer concentration neces-
sary for gelation is relatively high; it is around 15 wt% for a triblock with total
molecular mass of 12500gmol™ [37]. Surprisingly, the gelation process in the
Pluronic solution was not influenced by adding poly(acrylic acid) (PAA) [38],
despite the fact that a high tendency to cross-linking of PAA leads to a hydrogel with
an enormous hydration ability. But, obviously, these effects do not affect network
formation in the triblock copolymer. The PAA chains are swollen and screened
from the PEO-PPO-PEO micelles. Both polymers form independent networks.

The situation changes remarkably when PAA is grafted to the triblock backbone.
Studies were carried out with PEO-PPO-PEO-g-PAA where PAA stands for
poly(sodium acrylate) [38]. In the grafted polymer the hydrated, dramatically
swollen PAA belongs to the molecule and is no longer screened from the triblock.
They do not form separate networks as in the blend solution. The PAA acts as the
“director” for network formation. This gelation process is obviously not accompa-
nied by phase separation as indicated above with the PNIPAM. It means that PAA
grafted to the triblock does not collapse during gelation. Responses to oscillatory
shear experiments are shown in Figure 5.2 after the data of Ref [39]. The study
was made with a grafted polymer of the following composition (EO100-PO65-
EO100)-g-AA170. It means we are close to a 50/50 composition of triblock and
grafted PAA. Figure 5.2 shows that in the 1 wt% polymer solution, one obtains
Newtonian liquid-like behavior with G” > G’ at low temperature, with increasing
temperature the storage modulus increases by two orders of magnitude within a
narrow range of temperature and exceeds the loss modulus G”.

The dramatic reduction in polymer concentration able to gelate as compared to
the triblock copolymer is caused by the network-like packing of micelles controlled
by highly hydrated PAA.
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Figure 5.2 Storage (solid square) and loss moduli of aqueous solutions of PEO-PPO-PEO-g-
PAA, with 1 wt% of polymer, as a function of temperature; shear frequency 1Hz, stress 0.6 Pa
(after data from Ref. [39)]).
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5.5
Conclusions

It has been demonstrated that the classical theory of the thermodynamics of gela-
tion is a useful tool in order to describe self-healing processes in polymers quan-

titatively. The theory is applied in conjunction with viscoelastic properties at

the sol-gel transition and with phase separation processes during gelation. It is

assumed that in the near future the applications for polymers, polymer alloys and

polymer composites can be expanded considerably by using modern concepts of
self-healing materials. It will increase the reliability of plastic materials and rubbers
for applications in areas such as electronics and transportation.
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Thermally Remendable Polymers
Tom Engel and Guido Kickelbick

6.1
Principles of Thermal Healing

6.1.1
Physical Methods

Physical self-healing mechanisms involve a repair of physical damage by interdif-
fusion of polymer chains at crack interfaces. No chemical bonds are formed or
broken during this process. Only physical links between entangled macromolecu-
lar chains are released, rearranged and new entanglements form after diffusion
of chain segments across crack interfaces.

6.1.1.1 Molecular Diffusion across a Crack Interface
Self-healing of thermoplastic polymers through molecular diffusion across crack
interfaces was studied extensively in the 1980s. The research covers amorphous,
semi-crystalline, block copolymers, and composites. Bringing two pieces of the
same polymer into contact at a temperature higher than the glass transition tem-
perature T, results in a gradual disappearance of the crack interface and an
increase in strength at the healing site due to interdiffusion of polymer chains [1].
Jud and Kausch investigated the crack-healing behavior of a series of PMMA
samples differing in their molecular weights. They figured out that interpenetra-
tion depended strongly on the temperature, the healing-time and the molecular
weight of the polymer [2]. Healing occured already at 5K above T, but the effect
was much faster if the system was heated to 15 K above T,. A slight normal pressure
on the sample was required to insure the initial contact between fracture surfaces.
The amount of pressure depended on the molecular weight because the stiffness
increased with M. After 1min penetration time, two surfaces brought together
established a bond, which was considerably stronger than that of pure adhesion
[2]. In short time experiments, fracture strength comparable to the initial strength
of the material was regained quickly. On the other hand, long time experiments
showed that the optically healed samples failed 10 times faster than the original
material. This means that no fully entangled network has been established in the

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 6.1 A polymer chain P composed of segments S cannot move sideways. The chain is
trapped in a virtual tube T and can only move by reptation.

crack region and an interdiffusion of chain segments rather than that of whole
polymer chains was responsible for the regain of strength [1]. The effect of the time
expired between the formation of the crack and the re-healing was investigated.
Immediate (several minutes) penetration led to a much faster healing process than
a penetration delay of several days. There has to be some reorganization of chain
ends at the crack surfaces and surface reactions cannot be excluded [2].

Different models were established to explain the dynamics of concentrated
polymer systems and the phenomenon of crack healing at thermoplastic interfaces
[3-5]. According to the reptation model (a chain in a tube) introduced by de Gennes
(Figure 6.1), the molecular diffusion coefficient D of a polymer chain is propor-
tional to M? [3]. The reptation model predicts the dependence between thermal
motions and the molecular weight of entangled macromolecules in polymer melts
or concentrated polymer solutions. Movements of chains are constrained and,
therefore, the macromolecules need to move in a snake-like fashion. In particular,
Wool and O’Connor used the reptation model to determine a recovery ratio of
mechanical properties. Their five stages model consists of rearrangement, surface
approach, wetting, diffusion and randomization [5].

6.1.1.2 Interpenetrating Networks

Another physical thermally engaged self-healing mechanism uses thermoplastic
polymers as a system to heal thermosets. These interpenetrating polymer net-
works (IPN) are composed of a cross-linked thermosetting polymer network and
an interpenetrating linear polymer (Figure 6.2). Upon heating, diffusion of linear
polymer to the crack interface could aid in closing the rupture.

Palmese et al. formulated an in situ sequential synthesis of an IPN using digly-
cidyl ether of bisphenol A (DGEBA) cured with 4,4’-methylene biscyclohexanamine
as the crosslinked phase and poly(methacrylated phenyl glycidyl ether) (pMPGE)
as the linear polymer phase [6]. Using soxhlet extraction, they showed first that
the linear polymer is mobile within the network, which is a necessary condition
for the self-healing mechanism. The incorporation of the linear polymer chains
allowed increasing retention of healing capacity over additional healing cycles.

Hayes et al. mixed a commercially available thermosetting epoxy resin with alinear
thermoplastic poly(bisphenol-A-co-epichlorohydrin). The matrix system could be
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Figure 6.2 Semi-interpenetrating polymer network (SIPN).

induced to regain up to 70% of its virgin properties upon healing by raising the
temperature above 140°C after a fracture event has been demonstrated [7].

Luo et al. blended two non-miscible materials, an epoxy network and poly(e-
caprolactone) (PCL). The phase-separated blend had “a bricks and mortar” mor-
phology with polyepoxide spheres in a PCL matrix. On heating, the PCL “mortar”
melted and wetted all free surfaces and cracks. On cooling, recrystallization of
PCL closed the cracks and even two separated pieces could be reattached to each
other [8].

6.1.1.3 Shape Memory Assisted Self-Healing

The shape memory effect in polymers permits a polymeric piece to be deformed
to a temporary shape until later being triggered to return to its original shape when
stimulated by external heating or other means [9, 10].

For semi-crystalline networks, crystallites serve as physical cross-links that can
temporarily fixate a deformation below the melting point T,,, and the permanent
shape may be recovered when the sample is heated above T,,. Beyond the melting
point, rubber elasticity, resulting from permanent covalent cross-links, is respon-
sible for the return to the initial shape. In particular, the crosslinks serve as
permanent anchors for the network chains to return to their state of highest con-
formational entropy [11].

Mather et al. used the shape memory effect to assist in the self-healing process.
Their strategy was demonstrated in a blend system consisting of a crosslinked
poly(e-caprolactone) network and linear poly(e-caprolactone) interpenetrating the
network. The shape memory closed any cracks formed during deformation and
the linear chains diffused to the crack interface where they re-entangled during
the same heating step [12].

6.1.2
Chemical Methods

Contrary to physical self-healing mechanisms, chemical methods require breaking
and regeneration of new bonds. In this chapter, we will only mention mechanisms
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involving covalent bonds. For ionic and supramolecular systems, please consider
the chapters dedicated to these topics (Chapters 11 and 13).

6.1.2.1 Thermoreversible Mechanisms

Thermoreversible mechanisms involve chemical reactions forming reversible
bonds. Formation or breakage of covalent bonds is controlled by temperature. At
low temperature cross-linking or polymerization occurs. Increase in temperature
above a critical temperature causes the back reaction, breaking up the previously
formed bonds. This critical temperature dictates a temperature range for applica-
tion. The material can only be employed at temperatures below which the material
does not lose any of its mechanical stability. Ideally the back reaction occurs at a
higher temperature to allow application at or above room temperature.

Diels—Alder Reactions DA chemistry has been widely used to synthesize self-
healing materials. One of the most relevant aspects of the DA reaction for remend-
able polymers is its thermal reversibility, known as the retro-Diels—Alder (RDA)
reaction [13]. Different systems were investigated for example, dicyclopentadiene,
maleimide/furan, hetero-DA. (Scheme 6.1)

(a) R1 R
é G R DA m 2
+ _— R
RDA
®) R 0 DA R' o
2

Cov O = Gy

o RDA Y

R1 N R1

+ N R ——= \ 7/

s RDA S\ 2

R

Scheme 6.1 Diels—Alder/retro-Diels—Alder equilibrium between (a) two cyclopentadienes,
(b) furan and maleimide, (c) cyclopentadiene and pyridinyldithioformate (HDA).

The DA reaction is a thermoreversible [4+2]-cycloaddition involving diene and
dienophile reactants. DA reaction enables the formation of two carbon—carbon
bonds in a specific manner to form a cyclic (bicyclic) product. Electrons move
simultaneously in a cyclic fashion without the need of intermediates. The DA
reaction proceeds in a single step, simply on heating. The transition state has six
delocalized m-electrons and is, therefore, somewhat aromatic in character, stabiliz-
ing the transition to the DA product (Scheme 6.2)

DA reactions occur between a conjugated diene and an alkene called the dien-
ophile, in the example above, cyclopentadiene and a maleimide. Cyclic dienes, like
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Scheme 6.2 Schematic DA reaction between a diene and a dienophile. There are two possible
six-centered transition states, resulting in the kinetically favored endo-product and the
thermodynamically favored exo-product.

furan or cyclopentadiene, are exceptionally good DA reagents because the conju-
gated diene in cyclic systems is trapped in the cis-position. Butadiene normally
prefers the trans-conformation, making it necessary to rotate around the o-bond.
Because the involved orbitals are normally the HOMO of the diene and the LUMO
of the dienophile, it is preferable to approach the energy level of these two orbitals.
This can happen with electron-donating functional groups at the 1-position of the
diene. The HOMO of furan is higher in energy than that of cyclopentadiene
because of the extra electron density brought to the system by the oxygen. That is
why, normally, furan and maleimide are reacted together because the energies of
the involved molecular orbitals are closer together, permitting faster DA reaction
at lower temperatures.

On the other hand, the dienophile reactant needs some kind of conjugation of
the alkene for the DA reaction to occur. Simple alkenes have relatively high energy
LUMOs and do not react well with nucleophiles. In the case of the maleimide ring,
the m-system is extended onto two carbonyl-functional groups and the cyclopenta-
diene is both the diene and the conjugated dienophile.

DA cycloaddition reaction forms not only carbon-carbon bonds but also
heteroatom—carbon bonds (hetero-DA) and it is widely used synthetically to
prepare six-membered rings [14]. Dithioesters are very reactive dienophiles when
reacted with cyclic dienes. They react even very fast at temperatures below room
temperature and in bulk, especially when the reaction is catalyzed by a Lewis acid
or trifluoroacetic acid [15, 16]. These catalysts coordinate to sulfur atoms of the
dithioester end-group in order to increase the electrophilicity on the thiocarbonyl
bond [14]. Table 6.1 summarizes the different reaction partners and reaction condi-
tions for DA reactions used in preparation of thermally remendabe polymers.

The system using cyclopentadiene as both the diene and the alkene demon-
strates a distinctive feature that none of the other DA couples show. Wudl et al.
demonstrated that the cyclopentadiene dimer (dicyclopentadiene, DCP) is able to
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Table 6.1 Summary of different DA reaction partners and the corresponding reaction
conditions.

Diene Dienophile Conditions Adduct
R’ (e} DA: between RT and 120°C R’ 0
_ _R? RDA: >120°C
_O \ N Several hours to days ‘a N-R2
Furan o} 0
Maleimide
R @/Rz DA: between 80°C and 120°C” R
RDA: >120°C or >180°C?
Cyclopentadiene  Several hours to days R?
Cyclopentadiene
R’ 7\ HDA: between RT and 80°C R’
N — RHDA: >80°C s N= |
s Minutes (Cat: Trifluoroacetic acid) X
_R2
Cyclopentadiene S-R S\R2
Dithioester

a) Depending on R' and R*.

react as a dienophile with a third CP molecule to form a trimer (Scheme 6.3) [17].
In fact, even linear molecules with telomeric CP-units are able to form network-
like materials.

R

Scheme 6.3 Representation of a cyclopentadienyl trimer responsible for crosslinks in CP
polymers [17].

The reactivity of the functional groups in a polymeric material is strongly
dependent on the mobility of these groups in the bulk of the polymer. In order to
afford a DA-adduct, the reactants must be able to reach the six-centered transition
state required to undergo the concerted cycloaddition. If the reactive units are
trapped in a rigid matrix, not able to reach one another, no DA reaction will be
observed. This can be the case if too many cross-linking points are present, or
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if the temperature is lower than the glass transition temperature of the linear
polymer chains.

Polymers of cyclopentadiene have been known since Staudinger and Bruson
[18]. They discovered not only that CP undergoes a self-DA reaction to produce
DCP, but also that DCP is an even better DA substrate, and therefore continues
to react with itself to produce a polymer. The major advantage of CP as DA-active
units for polymer materials is the fact that CP acts as both the diene and the
dienophile [19]. In 1961, Stille and Plummer investigated the polymerization
of 1,6-bis(cyclopentadienyl)hexane, 1,9-bis(cyclopentadienyl)nonane and oo~
bis(cyclopentadienyl)-p-xylenes in a homopolymerization and in copolymerization
with bismaleimides [20].

CP derivatives of common chlorinated polymers have been widely synthesized
and have been used as crosslinkers for the DA reaction. They are easily obtained
by reacting the chlorinated polymers for example, poly(vinyl chloride) (PVC) or
polychloromethylstyrene (PCMS) with the sodium or lithium salts of CP [21]. The
first to demonstrate the thermal reversibility of the DCP-system were Kennedy
and Castner [22]. They thermally reversed via RDA at 215°C, but these systems
were not very stable at temperatures this high.

Recently, Wudl et al. reported the synthesis of two DA-monomers starting from
DCP, which was first transformed to dicylopentadiene dicarboxylic acid. After-
wards, the monomer was obtained by bislactonization with variable diols (Scheme
6.4). Mechanical and thermal properties of the resulting material could be tuned
by varying the nature of the backbone of the diol [17].

0
0}

0
X
\/o

Scheme 6.4 Dicyclopentadienyl monomer for single-component self-healing polymer [14].

By heating to the RDA reaction temperature of 120°C, the monomer opened,
releasing two cyclopentadiene units, which could react intermolecularly to form a
remendable polymer. The same authors could demonstrate that these systems
tend to form crosslinked networks when a DCP unit acts like the dienophile in
the DA reaction and reacts with a third CP [17]. Compression tests followed by
healing showed remarkable shape recovery (Figure 6.3).

The first to use maleimide and furan moieties, as crosslinking species for poly-
meric materials, were Stevens and Jenkins [23]. They incorporated maleimide
functional groups into a polystyrene backbone by Friedel-Crafts alkylation and
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Figure 6.3 CPD polymer, (a) after compression testing and (b) after healing. Reprinted with
permission from [17]. Copyright (2008) American Chemical Society.

envisioned the creation of a self-healing material using DA reactivity with a
bifunctional furan linker. However this idea was not exploited until a decade later,
when Stevens and Canary mixed maleimide-modified polystyrene with difurfuryl
adipate [24]. They achieved a remendable crosslinked material with a RDA tem-
perature of 150°C. Thermal instability of the furfuryl groups, however, limited
healing cycles. Wudl et al. widely investigated maleimide and furan moieties to
develop a remendable polymeric network [25-27]. The materials had equal
mechanical properties to commercially available epoxy resins, but a thermal treat-
ment at a temperature above 120°C allowed disconnecting 30% of the crosslink-
ing, which reconnected upon cooling [25]. Monomers were composed of divalent,
trivalent or tetravalent maleimides and furans, varying also in the nature of the
spacer backbone. Diethyleneglycol segments were used for example, to lower the
glass transition temperature of the resulting polymer, which increased the mobil-
ity of polymer chains within the material. Both Wouters et al. and Singha et al.
used furfuryl methacrylate as a co-monomer for co-polymerization with butyl
methacrylate or methyl methacrylate, respectively [28, 29]. In the first example,
free radical polymerization was used to synthesize the polymethacrylate backbone
bearing pendant furan-groups [28]. This led to a polymer gel because, under these
reaction conditions, some of the furfuryl-groups crosslinked. By mixing the
swollen polymer with a bismaleimide as crosslinking agent a powder coating
system was obtained. The powder was applied onto a substrate and melted at
elevated temperatures above 120°C to form a coating which solidified upon
cooling. Subsequent heating and cooling cycles revealed reversible behavior and
no significant loss of properties [28]. On the other hand, Singha et al. used atom
transfer radical polymerization (ATRP) to prepare furfuryl methacrylate
co-polymers together with methyl methacrylate. Thereby they achieved a better
polydispersity index of 1.3 [29], and no crosslinking of the pendant furfuryl-groups
was observed. The resulting linear co-polymer was crosslinked via DA reaction
using bismaleimides.
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Within the wide variety of dienes and dienophiles usable for self-healing based
on DA chemistry, there are very few that allow fast crosslinking or polymerization.
Reaction times of several days can be necessary for the DA reaction in the bulk of
a polymer. Probably the fastest DA reaction reported until now, is the hetero-DA
reaction between CP and pyridinyldithioformate linkers [15, 16]. The monomers
could be crosslinked in the solid state within minutes at room temperature and
de-crosslinked at temperatures above 80°C within minutes. Disadvantages for the
application of these fast-healing systems are the small window of temperatures,
relatively high costs, and instability at higher temperatures limiting the number
of healing-cycles [16].

NO-C Bonds Self-healing polymeric materials, using dynamic covalent
bonds like the NO-C bonds as a healing mechanism, are based on the same prin-
ciples as stable free radical polymerization (SFRP) first mentioned by Kazmeier
et al [30]. SFRP is a living polymerization technique using reversible termination
of radical chain growth. Reversible terminators, such as 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), must have an endothermic enthalpy of reaction with
styrene monomer so that they are not able to initiate new chains once they are
liberated.

During SFRP, TEMPO is required to capture reversibly any radical at the chain
ends to prevent preliminary chain termination. To use this procedure as a self-
healing mechanism the NO-C bonds have to be used as crosslinking points in
the thermosetting material. Therefore, it is necessary to attach pendant styryl
groups captured by TEMPO, as well as pendant TEMPO units linked to styryl
moieties onto the backbone of polymer chains [31-33]. By heating to a temperature
of >60°C, two complementary radicals, which are attached to the polymer
backbone, are released. These free TEMPO and styryl radicals can recombine
through a radical exchange reaction, thereby crosslinking the material (Scheme
6.5). The biggest advantage is the rate at which the bonds dissociate and reform,
leaving the material with all its mechanical properties, even above the dissociation
temperature.

Stable organic radicals have received much attention over the last years. The
advantages of these systems are that the C-ON bonds of alkoxyamines quite easily
break and reform (Scheme 6.6). The resulting N-O radicals are stable enough to
give the material the apparent dynamic features of a supramolecular system and
the mechanical strength of a covalently bonded polymer [19]. For the first time,
Otsuka et al. demonstrated the dynamic covalent bond between a TEMPO and a
styrylradical [31, 34, 35].

Model compounds were used to demonstrate the exchange reaction after break-
ing the bond [31]. Otsuka et al. prepared linear polymers containing dynamic
bonds in their backbone [35] or as pendant groups on a PMMA chain [31]. Zhang
et al. developed a synthetic pathway to attach the dynamic unit on a PCMS polymer
[32]. Both Zhang and Otsuka demonstrated the gelation of these systems by radical
exchange reaction (Figure 6.4). By heating the polymer, the covalent bonds
broke up into two radicals, which could recombine with a different radical to form
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Scheme 6.5 Schematic representation of the thermodynamic formation of crosslinked
polymers via radical exchange reaction of alkoxyamines.
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Scheme 6.6 Dissociation/association of alkoxyamine-derivatives.

Figure 6.4 Pictures of the solution of the polymer in anisole (10wt%) (a) before and (b) after
heating at 100°C for 24 h. Reprinted with permission from [31]. Copyright (2006) American
Chemical Society.



6.1 Principles of Thermal Healing

chemical crosslinks. These crosslinks could easily be cleaved by adding an excess
amount of free alkoxyamine [31].

6.1.2.2 Alternative Mechanism

Thermal decomposition of PFCB is an effectively irreversible reaction yielding
different products [36]. On the other hand, pure mechanical decomposition, like
in the case of ultrasonic pulses, lead to breaking the cyclobutane into two vi-
nylethers. These can be thermally triggered to form PFCB bonds once again. The
perfluorocyclobutane healing mechanism is technically not a thermoreversible
mechanism and, therefore, it is treated separately.

6.1.2.3  Perfluorocyclobutanes

The C-F bonds in fluoroalkenes are 460-540k]mol™ very strong bonds (450-
540kJ mol™). But vicinal fluorination has been shown to weaken the strength of
the alkene. Tetrafluoroethene has a m-dissociation energy of only 220k] mol™. The
double bond instability is responsible for the well-known propensity of fluorinated
alkenes to undergo [2+2]-cycloaddition. Thermal [2+2]-cyloaddition is normally
forbidden, because of molecular orbital symmetry. In simple alkenes a biradical
intermediate product has to be induced photochemically, which recombines into
a cyclobutane [37]. The weakness of the m-bond in fluorinated alkenes enables
thermal dissociation into a biradical transition state.

Craig et al. investigated the self-healing properties of poly(perfluorocyclobutane)
(PPFCB), an important class of polymers for aerospace and electronics [36]. PFCB
units were interesting because they break under mechanical stress to form trif-
luorovinylethers (TFVE), which are the starting material for the formation
of PPFCB. A simple thermal treatment (>150°C) led to remending (Scheme 6.7).
The breaking mechanism involved a diradical transition state, which enabled
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Scheme 6.7 PFCB polymers are cleaved by mechanical chain stress into smaller parts
containing TFVE groups that can be repolymerized thermally.
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secondary self-healing mechanisms. The 1,4-diradical makes stress-induced
crosslinking a possible self-healing mechanism and stress-induced isomerization,
from cis to trans, could be a mechanism for stress-release, like in the case of gem-
dibromocyclopropane [38].

It must be distinguished between a thermal decomposition and a mechanical
decomposition, because they do not yield the same decomposition product [36].
The major thermal decomposition products are hexafluorocyclobutene and phenol,
an effectively irreversible reaction that is not suitable for remending. Only pure
mechanical decomposition results in a cycloreversion of PFCB moieties to ther-
mally remendable TFVE units. Ultrasonic pulses simulated these pure mechanical
reaction conditions.

6.2
Inorganic—Organic Systems

In inorganic—organic composite and nanocomposite materials, properties of dif-
ferent material classes can be combined to increase thermal stability, mechanical
strength, electrical conductivity and/or the index of refraction. Inorganic particles
or fibers have been widely used in the field of (nano)composites. These principles
can be expanded to self-healing (nano)composites.

In particle or fiber-reinforced materials, the adhesion of the filler to the polymer
matrix is important to guarantee load transfer from the polymer matrix to the
reinforcement material [39]. Normally surface modification of the filler particles
with polymerizable groups allows chemical binding between both phases.

Peterson and coworkers attached dienophile maleimido functional groups to
the surface of glass fibers. These glass fibers were combined with a thermosetting
furan-functionalized epoxy resin [39]. Reversible DA reaction was used to impart
reversible covalent binding at the polymer/glass interface. Mechanical stress was
followed by complete failure of the interface. Significant healing could be observed
after thermal treatment for 1h at 90°C.

Kwok and Hahn proposed to use carbon fibers as a resistive heating network
for use in self-healing composites based on the DA mechanism [40]. An electrical
current passing through fibers of a carbon fiber-filled polymer matrix caused heat
through resistance heating. The heat created in the composite was then transferred
to the insulating resin, utilizing DA reaction to heal itself. Removal of any resin-
rich top layer may be necessary to expose the fibers and reduce local contact resist-
ance as much as possible [40].

Bowman et al. were interested in using the magnetic properties of metal oxide
nanoparticles to trigger self-healing by an external alternating magnetic field.
Therefore chromium oxide CrO,, which has an ideal Curie temperature for retro-DA
reaction (113°C), was mixed with a trifuran monomer. To this mixture, a diphe-
nylbismaleimide was added and, upon melting at 150 °C and re-cooling, the mono-
mers combined to a thermoreversible network. The black thermoset melted
within a magnetic field and crosslinked again upon slow cooling. The maximum
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temperature depended on the weight-percentage of CrO, and the magnetic field
strength [41]. The incorporation of magnetically susceptible particles in a thermor-
eversible gel resulted in a material that underwent a reversible gel-to-sol transition
when placed in an alternating magnetic field. The gel-to-sol transition allowed
the material to flow, and upon cooling macroscopic fractures were healed by
diffusion.

6.3
Efficiency, Assessment of Healing Performance

In this section, popular methods for the control of healing performance will be
mentioned. First, there are general analytical methods, like nuclear magnetic reso-
nance (NMR) and infrared (IR) spectroscopy, differential scanning calorimetry
(DSC), size-exclusion chromatography (SEC), or mechanical tests. On the other
hand, some specialized tools are used, depending on the system and the self-
healing mechanism.

Beside liquid NMR and IR spectroscopy, solid-state *C NMR spectroscopy is
another general method to study self-healing polymers [25, 26]. NMR allows one
to investigate the thermally reversible DA reaction in the macromolecular solid
by differentiating for example, between free furan groups and the pericyclic DA
product.

In the case of perfluorocyclobutane as a healing mechanism, ’F NMR is a useful
tool to distinguish between the PFCB unit and free fluoroalkenes [36]. SEC is
especially useful in the analysis of soluble uncrosslinked macromolecules [15, 16,
36]. If a thermoreversible reaction like DA, hetero-DA or the thermal cyclization
of fluoroalkenes is used to polymerize beginning from monomers, SEC allows to
monitor reversibility by checking for de-polymerization, by retro-DA reaction or
mechanical damage.

DSC was also utilized to monitor DA and retro-DA reaction in self-healing poly-
mers [25, 26, 42]. Wudl and coworkers used a specialized DSC technique called
temperature-modulated DSC. Employing this method they could differentiate
between reversible and non-reversible effects. Non-reversible effects, like degrada-
tion of the material, tend to overlap with signals of the reaction of interest.

Dynamic mechanical analysis (DMA) has been proven helpful for self-healing
performance assessment [17, 33]. It is applicable for all types of thermally self-
healing materials, physical methods or chemical methods. In the case of dynamic
covalent bonds, Yuan et al. used DMA to compare the temperature dependence of
the loss factor tan o of reversibly crosslinked polystyrene and permanently
crosslinked polystyrene. Both systems showed similar glass transition temperature
signals at 125°C. The dynamic equilibrium of dissociation/association was very
fast and the apparent molecular weight did not change, allowing the part to retain
the shape and mechanical properties even during the healing process [33].

Mechanical testing is very important to study the bulk properties of a healed
material, which should be as similar as possible to the original material properties.
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Table 6.2 Summary of healing efficiencies of self-healing materials determined with different

mechanical tests.

Healing Mechanical test Healing Maximum

mechanism conditions healing efficiency

Cyclopentadiene Three-point bending 120°C, 12h =~60%

Diels—Alder [17] test

Maleimide/furan Three-point bending 110°C, 12h ~100%

Diels—Alder with test

Cro, [41]

C-ON bond [33] Double cleavage drilled 130°C, 2.5h =75%
compression test

Maleimide/furan Double cleavage drilled 120°C, 20min =96%

Diels—Alder epoxy compression test 80°C, 72h

resin [42]

Maleimide/furan Compact tension test 120-150°C, 24h =57%

Diels—Alder [25]

Interpenetrating Compact tension test 130°C, 1h =70%

Network (IPN) [7]

Interpenetrating Compact tension test 165°C, 1h =52%

Network (IPN) [6] (modified)

Maleimide/furan Rheology, 175°C, 1h =100%

Diels—Alder
coatings [28]

measurement of
viscosity during

heating cycles

Table 6.2 summarizes healing efficiencies of some materials using different
mechanical tests. A general method to study these properties is the three-point
bending flexural test [41]. Three-point bending was used in the nanocomposite
using CrO, as magnetic susceptible particles transferring the energy of an alternat-
ing magnetic field into the polymer matrix in the form of heat. The flexural test
was used to determine the flexural strength of a specimen before and after several
healing cycles. In these experiments, complete recovery of the flexural modulus
and ultimate strength was demonstrated.

Fracture toughness is an indication of the amount of stress required to propa-
gate a pre-existing flaw. It is a very important material property since the occur-
rence of flaws is not completely avoidable in the processing, fabrication, or service
of a material/component. There are different popular fracture test specimen
geometries. Double cleavage drilled compression (DCDC) specimens are particu-
larly suitable for brittle materials (Figure 6.5a) [43]. Janssen originally designed
DCDC fracture tests for measuring the fracture toughness of glass [44]. DCDC
sample refers to a rectangular column with a circular hole drilled through its
center that is subjected to axial compression [43]. This geometry was used by
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Figure 6.5 Fracture test sample geometries: (a) double cleavage drilled compression (DCDC)
test, (b) compact tension test. Pre-cracks are formed by tapping with a razor blade.

Zhang and coworkers to evaluate the healing efficiency of their maleimide and
furan modified epoxy resin. The design allowed controlled incremental crack
growth so that the cracked specimen remained in one piece after the test, ensuring
realignment of the fracture surfaces prior to healing. A blade was wedged into the
central hole of the DCDC specimen before the test to create pre-cracks at the upper
and lower extremities [42]. The same method was used in the case of the radical
mechanism using alkoxyamines for self-healing. Healing efficiency was calculated
from the ratio of critical stress required to propagate the crack to a given length
in the healed material and in the virgin material. Nearly complete rehabilitation
was observed for the cured resin, as characterized by the average healing efficiency
of 96% [33].

Wudl et al. used a different geometry to test the fracture toughness of their DA
self-healing materials [25, 26]. Hayes et al. investigated with the same test the
properties of an IPN [7]. They chose compact tension test specimen geometry
(Figure 6.5b). Gently tapping a fresh razor blade into a machined starter notch of
the sample created a sharp pre-crack.

Application of a tension perpendicular to the pre-crack, led to a complete frac-
ture of the specimen by crack propagation. After structural failure, the two pieces
were matched and held together with a clamp, treated at 120° to 150°C under
nitrogen for about 2h, and cooled to room temperature (Figure 6.6). Fracture tests
before and after healing showed recovery of about 57% of fracture strength [25].
Palmese et al. used the same geometry for the assessment of healing properties
of their IPN, with the addition of a crack-arresting hole drilled in the middle of
the crack-propagation pathway [6].

The free stable radical approach developed by Otsuka and Takahara allows a
special analytical tool, which detects free radicals [31, 34, 35]. Electron spin reso-
nance (ESR) spectroscopy was first used by Rong et al. and later by Zhang et al.
to examine fission behavior of alkoxyamine moieties at increasing temperatures
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Figure 6.6 (a) Mending efficiency obtained image of the surface of a healed sample: the
by fracture toughness testing. Values for the left side is the as-healed surface and the right
original and healed fracture toughness at the  side is the scraped surface. (e) Enlarged
critical load. (b) Image of a broken specimen  image of the boxed area in (d). Reprinted
before thermal treatment. (c) Image of the with permission from [25]. Copyright (2002)
specimen after thermal treatment. (d) SEM Science Magazine.

[32, 33]. Starting from a temperature of 100°C, free radical concentration increased
gradually. Cyclic ESR measurement between 20 and 130°C showed that the rela-
tive intensity of the radical signal fluctuated and that the process was fully revers-
ible apart from irreversible recombinations of styrene radicals [33].

6.4
Conclusions

In recent years substantial progress has been observed in the field of thermally
remendable polymers. A comparison between thermally reversible polymerization
or thermoplastic diffusion and autonomous healing mechanisms reveals both
advantages and disadvantages. The advantages of thermally remendable polymers
are clearly the repeatability of the crack-healing process and the single-component
nature of the systems, which makes manufacturing easy. No healing agents and/
or capsules are required because the necessary functionalities are included in the
polymer chains. The fact that thermally remendable polymers demand external
energy intake, in the form of heat, in order to heal damage is clearly a disadvantage.
Monomers for the chemical approaches using reversible polymerization are not
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commercially available. Another disadvantage is the quite long healing times in
some cases, which makes the search for accelerating mechanisms one of the major
research tasks. The future of chemically based self-healing materials appears to be
bright, particularly once they leave academic research and enter the world of
applications. Physical healing mechanisms on the other hand, do not need expen-
sive starting materials. These materials are more likely to find large-scale imple-
mentations because commercially available polymers can be mixed together to

obtain self-healing properties.
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7
Photochemically Remendable Polymers
Jun Ling, Ming Qiu Zhang, and Min Zhi Rong

7.1
Background

Inspired by naturally occurring species, self-healing polymers have been prepared
as a member of the intelligent materials family [1-5]. Of these, self-healing based
on photoreversible reaction is quite attractive because the use of light is clean,
cheap, and readily available. It would be advantageous to have polymers that
unconsciously mend when exposed to environmental conditions like sunlight [6].

Covalently bonded polymers are welcome in many applications due to their
balanced mechanical performance. To provide covalent bonds with reversibility
for building up intrinsic self-healing polymers, cycloaddition reactions are cer-
tainly the first choice. Besides the thermally initiated Diels—Alder reaction, pho-
toinitiated cycloaddition is also possible (Figure 7.1). Photochemical [2+2] and
[2+4] cycloaddition are the most common photodimerization reactions and can
be used for photochemical healing of polymers as the reversion of the cycloaddi-
tion resultant to C=C bonds occurs readily in the solid state [7]. Photoinduced
cyclodimerization of cinnamic acid in its crystalline form even traces back to as
early as 1919 [8]. Nevertheless, photocycloaddition-aided self-healing polymers
were not documented until recently.

In 2004, Chung et al. synthesized a photo-crosslinkable cinnamate monomer,
1,1,1-tris-(cinnamoyloxymethyl) ethane (TCE) bearing three optically active moie-
ties (Figure 7.2a) [9]. It can crosslink to form a very hard solid via [2+2] photocy-
cloaddition upon ultraviolet (UV) irradiation at A > 280nm. When the sample of
TCE suffers an impact, propagating microcracks result in cleavage of the cyclobu-
tane ring due to its low bond strength. Re-irradiation with UV light allows recovery
of the crosslinked networks (Figure 7.2b). Healing efficiencies in terms of flexural
strength up to 14 and 26% were obtained in the case of UV stimulus or a combi-
nation of UV light and heating (100°C).

Urban and Ghosh developed a heterogeneous polyurethane (PUR) network
containing an oxetane-substituted derivative of chitosan (OXE-CHI) via the reac-
tion with hexamethylene diisocyanate (HDI) and polyethylene glycol (PEG) (Figure
7.3) [10]. Upon mechanical damage of the material, the four-membered oxetane

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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vinyl, (d) maleimides, and (e) anthracene
derivatives [7] (Reproduced by permission
of Wiley-VCH Verlag GmbH & Co. KGaA).

rings open to create two reactive ends. When exposed to UV light at 302nm wave-
length, a series of covalent bond rearrangements including chitosan chain scission
occurs, generating crosslinks with the reactive oxetane ends, so that the network
acquires one way healability. Visual inspection of the cut on a filmy sample indi-
cated that the material was capable of repairing itself in less than an hour.
Amamoto et al. [11] prepared macroscopic self-healing crosslinked polyurethanes
based on radical reshuffling of thiuram disulfide (TDS) units under the stimula-
tion of visible light at room temperature and without solvent. Since the S—S bonds
in the incorporated TDS units homolytically dissociate in visible light, the radical
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(b)

Figure 7.2 (a) Chemical structure of TCE. (b) Schematic illustration of the healing concept [9]
(Reproduced by permission of American Chemical Society).
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Figure 7.3  Synthetic steps involved in the formation of OXE-CHI [10]. 1. Reactions of OXE
with CHI, leading to the formation of OXE-CHI precursor. 2. Reactions of OXE-CHI with HDI
and PEG, leading to formation of remendable OXE-CHI-PUR network.
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reshuffling reactions enable the reorganization of the linking units in the cova-
lently crosslinked polymers and self-healing of significantly damaged polymers.
In the meantime, to carry out the self-healing reaction in a bulk material at room
temperature, the reactive TDS units, capable of re-shuffling, were incorporated in
the main chain of a low-T, polyurethane.

Amamoto et al. also reported repeatable photoinduced self-healing of covalently
crosslinked polymer through reshuffling of trithiocarbonate (TTC) units [12]. The
polymer was prepared by reversible addition fragmentation chain transfer (RAFT)
copolymerization of n-butyl acrylate and a TTC crosslinker. Healing of cracked
parts (i.e., dynamic chain transfer), which were swollen in acetonitrile, was com-
pleted with UV light in nitrogen protection under catalysis of 2,2"-azobis(isobutyr
onitrile). The authors considered that this approach could be applied to recycle
covalently crosslinked polymers into complex-shaped parts.

Froimowicz et al. introduced anthracene into dendritic macromonomer to create
a photo-reversible material, which was proven to build up networks possessing a
reversible self-healing property under successive UV irradiations at 254 and 366 nm
[13]. The self-healing ability of their system was tested by introducing an artificial
scratch in a previously crosslinked film of anthracene containing hyperbranched
polyglycerol (PG-An). This film was then de-crosslinked for 15min with 254nm
light to regenerate the building block. Afterwards, PG-An in the form of a colorless
and viscous liquid was kept over night in the dark at room temperature. The low
T, (~46°C) allowed the PG-An to reorganize itself over the entire area. Finally, the
bulk film was irradiated with 366 nm light to restore the crosslinked film.

Burnworth et al. proposed optically healable metallosupramolecular polymers
based on macromolecules with pyridine derivative termini and Zn?* ions com-
plexes [14]. Liquefaction of the polymers due to photo-dissociation of Zn** motifs
under irradiation at the wavelength of 320~390nm and the subsequent re-
complexation offer the self-healing function, as characterized by stress—strain data.
Upon exposure to ultraviolet light, the metal-ligand motifs are electronically
excited and the absorbed energy is converted into heat. This causes temporary
disengagement of the metal-ligand motifs and a concomitant reversible decrease
in the polymers’ molecular mass and viscosity, thereby allowing defect healing.
Dong et al. prepared a novel class of A,~B; type photoreversible supramolecular
hyperbranched polymer (SHP) through the host-guest complexation of azoben-
zene dimer (diazo) and B-cyclodextrin trimer (B-CDs) [15]. The supramolecular
polymer exhibits a branched structure and interesting optical properties that can
be switched reversibly by alternating UV/Vis light irradiation through the revers-
ible association and disassociation of the non-covalent connection in the backbone.
Accordingly, the photo-reversible SHP might act as a candidate for a photochemi-
cally self-healing polymer.

Moreover, trans—cis photoisomerization of azobenzene has also been found to
be a useful measure of photochemical healing. Yamamoto and Yoshida [16] proved
self-healing of surface damage of polymeric microparticles/liquid crystal gels con-
taining a photochromic azobenzene dopant. The healing mechanism is based on
the site-selective gel-sol transition induced by the photochemical modulation of



7.1 Background (177

(@) (b) (©

Unirradiated Unirradiated
Damages area area
Irradiated Irradiated
5mm with UV light with visible light
d e i
(d) () UV light U] Visible light
UV-irradiated
Damage area

Figure 7.4 Photographs and schematic intensity: 10mWcm™), and (c,f) after 10s
representations of the photochemical healing irradiation with visible light (A = 435 nm;
of surface damage on the particle/liquid intensity: 10mW cm™) at 32°C (Reproduced
crystal composite gel [16]: (a,d) before by permission of American Chemical

irradiation with UV light, (b,e) just after 10s Society).
of irradiation with UV light (1= 365nm;

the phase structure of the host liquid crystal between nematic and isotropic (Figure
7.4). The surface damage was repaired repeatedly and rapidly through the recon-
struction of microparticle networks in the fluidic sol-state.

In summary, the healing strategies presented in Ref. [12-16] have one thing in
common—they include fluidification in the course of bond rearrangement, which
is different from the works described in Ref. [9-11].

Hereinafter, we mainly demonstrate that reversible photochemical reaction can
effectively occur in solid polyurethane by introducing hanging coumarin groups
into the main chains. Owing to the photosensitive nature and improved mobility
of coumarin that serves as areversible crosslinker in the polyurethane network,
not only cracks in the polymer but also the mechanical strength of the ruptured
parts can be recovered for multiple times under ultraviolet irradiation or even
direct sunlight.

Coumarin, a traditional perfume substance from plants, possesses attractive
photo-responsiveness, which was first discovered in solutions or crystals of cou-
marin derivatives. Since the 1990s, reversible photochemical reaction between
coumarin moieties, which were incorporated into polymeric chains, has been
investigated in the liquid phase. It was found that they are capable of photodimeri-
zation via [2+2] photocycloaddition with A >300nm UV irradiation and photocleav-
age upon irradiation at 254 nm (Figure 7.5) [17, 18]. These photoreactions are fully
reversible, and can thus be used to repair damaged polymers. In this context,
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Figure 7.5 Photodimerization and photocleavage of coumarin derivatives in polymer.

biomimetic self-healing might be available, based on the photo-responsive behav-
ior in nature. So far, however, most of the previous works on this aspect have been
concerned with the reaction mechanism, and only a few have dealt with applied
studies, including photo-controlled drug release within solvents [19, 20] and photo-
alignment of liquid crystalline polymers [21, 22].

7.2
Molecular Design

7.2.1
Polyurethane Containing Monohydroxy Coumarin Derivatives

As the first proof-of-concept material, polyurethane networks containing monohy-
droxy coumarin side groups (THHPEG400) are prepared (Figure 7.6a), which is the
polymeric product of the tri-functional homopolymer of hexamethylene diisocy-
anate (tri-HDI) with polyethylene glycol (PEG400, M,, = 400) as the skeleton and
7-(hydroxyethoxy)-4-methylcoumarin (HEOMC) as the pendant group. Unlike most
coumarin derivatives, HEOMC can carry out photodimerization even in the solid
state. The coumarin moietiesin HEOMChelp to establish photoreversible crosslinks
among linear THHPEG400 by forming cyclobutane rings via photodimerization
under UV light at A = 350nm (Figure 7.6b). As the bond strength of cyclobutane
rings is lower than other covalent bonds, scission of cyclobutane rings would pref-
erentially occur in the case of crack propagation, reproducing coumarin moieties.
By re-applying UV light at A =350 nm, the above photodimerization proceeds again
and heals the damage. If the mechanically induced cleavage of cyclobutane rings is
not efficient enough, UV irradiation at A = 254nm can be introduced to initiate
photocleavage of the rest of the cyclobutane rings on the damaged surface, which
further increases the amount of coumarin moieties and healing efficiency.

Itis worth noting that the monomer HEOMC is obtained by modifying 7-hydroxy-
4-methylcoumarin (HMC) with 2-bromoethanol to convert the aromatic hydroxy
group into an aliphatic one, which is easier to react with isocyanate. The resultant
ether linkage on the side chain is believed to increase the mobility of coumarin
moieties, which would facilitate photodimerization (i.e., healing reaction) of cleft
coumarin dimers in bulk polyurethane.
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Figure 7.6  (a) Chemical structure of THHPEG400, (b) reversible photodimerization and
photocleavage of coumarin moieties in THHPEG400 upon alternating irradiation with 350
and 254nm UV light.

7.2.2
Polyurethane Containing Dihydroxy Coumarin Derivatives

With respect to synthesis control of the above photo-remendable polyurethane,
however, the system with monohydroxy coumarin derivatives needs to be upgraded
to prevent gelation and facilitate structural adjustment. According to the structural
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requirements for imparting photochemical reactivity to polyurethane, monohy-
droxy coumarin derivatives should play a dual-role as side groups and crosslinkers.
This means that free NCO groups have to be present on the main chains of the
polymer for the reaction with monohydroxy coumarin derivatives. As a result,
tri-HDI that contains three NCO groups per molecule is introduced. Ideally,
monohydroxy coumarin first reacts with one NCO group of tri-HDI, and then
polyethylene glycol is incorporated for chain extension, producing the desired
polyurethane. Because the reactivities of the three NCO groups of tri-HDI are
almost identical, synthesis of the aforesaid intermediate from the reaction between
monohydroxy coumarin and tri-HDI is hard to control. In many cases, all the three
NCO groups of one tri-HDI molecule have reacted with monohydroxy coumarin,
so that excessive unreacted tri-HDI is left. When bifunctional PEG is added for
the subsequent reaction, detrimental gelation of the system appears. On the other
hand, monohydroxy coumarin derivatives are attached to the hard segments of
polyurethane (i.e., tri-HDI). Since both soft and hard segments should have the
same equivalent, as required by stoichiometry, the ratio of soft and hard segments
in the polyurethane carrying monohydroxy coumarin can be regulated only by
changing the molar mass of PEG, but not by changing the content of PEG with a
given molar mass.

To overcome these shortcomings, dihydroxy coumarin derivatives are employed
as a substitute for their monohydroxy counterparts. Similar to the case of conven-
tional polyether diols, polycondensation of dihydroxy coumarin derivatives with
bifunctional isocyanate only gives rise to linear polyurethane. Moreover, the ratio
of soft and hard segments in the polyurethane can be regulated by changing the
ratio of dihydroxy coumarin derivatives and PEG, as well as by changing the molar
mass of PEG. Comparatively, the synthesis becomes more flexible, favoring opti-
mization of polyurethane structure and the integrated photoreversibility.

Accordingly, a dihydroxy coumarin derivative 5,7-bis(2-hydroxyethoxy)-
4-methylcoumarin (DHEOMC) is synthesized by the reaction between
5,7-dihydroxy-4-methylcoumarin (DHMC) and 2-bromoethanol. Then, a novel
optical stimuli-responsive polyurethane (IDHPEG, meaning a condensation
polymer of isophorone diisocyanate (IPDI), DHEOMC and PEG) is yielded (Figure
7.7a), which consists of IPDI and DHEOMC moieties as hard segments, and PEG
(M,, = 400 or 800gmol™) as the soft segments. Upon UV irradiation, the photo-
reversible DHEOMC moieties are crosslinked, forming cyclobutane structures.
When products made from the crosslinked version of the polyurethane are
scratched or cut, it is hoped that the cracked parts could be re-bound through
UV-induced reversible photoreaction of coumarin moieties (Figure 7.7b). The
ether linkages offered by DHEOMC that connect coumarin moieties with the
macromolecules are believed to increase the localized mobility of the former,
favoring photodimerization (i.e., healing reaction) of cleft coumarin dimers in bulk
polyurethane.

Eventually, three types of polyurethane: IDHPEG400-0.5, IDHPEG800-0.5 and
IDHPEG800-0.25 were produced. Here, PEG400 and PEG800 refer to PEG with
M,, = 400 and 800gmol™, respectively. The corresponding molar feed ratios are



7.2 Molecular Design

o) (0]
o) o N
o\ ~~o T N N" To{cHy—CHO
X n y

L5 ”

(e}

o o o o
M, = AHQA\H*O{CHZCHZQ{‘\HAQ”*
(b)

Figure 7.7 (a) Chemical structure of IDHPEG, (b) reversible photodimerization and
photocleavage reactions of coumarin moieties in IDHPEG upon alternating irradiation with

350 and 254nm UV light.

181



182

7 Photochemically Remendable Polymers

Nippr - NpyroMmc - NpEGa00 = 1.05:0.5: 0.5, Nippr - NpHroMmc - NpEG8o0 = 1.05:0.5: 0.5, and
Nippr - NpHeomc - NpEG800 = 1.05:0.25: 075, respectively.

73
Reversible Photo-Crosslinking Behaviors

As mentioned in Section 7.1, coumarin possesses inherent reversible photoreactiv-
ity. To check whether and to what extent the habit is inherited by the polyurethanes
in the solid state, UV-vis spectroscopic analysis was performed. The issue is
closely related to photo-remendability of the polymers.

It is seen from Figure 7.8a, under UV irradiation (2 = 350nm, 14.4mW cm™),
typical absorptions of coumarin and its derivatives appear: a m—m* transition
between 250 and 300 nm attributed to electrons of the conjugated benzene nucleus,
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Figure 7.8 UV-vis spectra of THHPEG400
[23] (Reproduced by permission of The Royal
Society of Chemistry). (a) Photodimerization
upon irradiation at 350nm; (b) photocleav-
age upon irradiation at 254 nm; (c) absorb-
ance at 320nm versus time under irradiation
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and another n—m* transition between 310 and 340nm assigned to the pyrone
nucleus [24, 25]. With an increase in irradiation time, the absorption at 320nm
decreases because the double bonds of 4-methylcoumarin dimerize to form cyclo-
butane rings, which destroys the conjugated n-system. Therefore, the maximum
absorbance at 320nm can be used to describe the dimerization degree of 4-
methylcoumarin moieties of THHPEG400 (i.e., dimerization degree =1 — A,/A,,
where A, and A, denote the absorbance at 320nm at times t and 0 of UV irradia-
tion, respectively). The inset shows that at the time of 70 min a maximum of 77.5%
of coumarin moieties are dimerized.

When the light source changes to 254nm (15.6mWcm™), the dimerization
degree decreases rapidly (Figure 7.8b), but the minimum does not reach zero as
a few 4-methylcoumarin groups may be photo-crosslinked in the last stage of
photocleavage [26]. Figure 7.8c shows that a short plateau appears on the time
dependence of maximum absorbance at 320nm due to the dynamic equilibrium
between photocrosslinking and photocleavage. This means that prolonged expo-
sure to 254 nm light would result in an irreversible crosslinked structure. A reason-
able irradiation time with 254nm UV light is critical for multiple reversible
photoresponse and remending of THHPEG400.

Photodimerization and photocleavage cycles of THHPEG400 were repeatedly
tested to investigate the reversibility (Figure 7.8d). The maximum absorbance at
320nm of each cycle decreases slightly with time, probably due to the appearance
of a small amount of asymmetric fission products of coumarin dimer during
photocleavage under 254nm light [27].

As for IDHPEGs (i.e., IDHPEG400-0.5, IDHPEG800-0.25 and IDHPEG800-0.5),
similar reversible photoreactivity is observed. Supposing the peak absorbance at
320nm of the specimen exposed to 254nm UV light is represented by AL, its
reversibility can be characterized by the percentage recovery as follows:

Recovery = (AL — A..) [ (A, — A.) X 100% (7.1)

where A.. denotes the minimum absorbance at 319nm after exposure to 350nm
UV light, and A, the absorbance at 320nm at time zero. Table 7.1 lists the
values of degree of dimerization and percentage recovery of all the three poly-
urethanes during the first photodimerization and photocleavage cycle. Compara-
tively, IDHPEG400-0.5 exhibits the poorest reversibility. Although the percentage
recovery of IDHPEG800-0.5 is the highest, it is only 59.1%.

According to the results of '"H NMR measurement, the initial concentrations of
coumarin moieties in the polyurethanes are calculated (Table 7.1). It can be con-
cluded that the amount of available coumarin moieties is not the controlling factor
for photoreversibility. Otherwise, IDHPEG400-0.5 should have a percentage recov-
ery superior to the other two polymers. When looking at the glass transition
temperatures of the polymers, we can see different phase structures and viscoe-
lastic states are involved for the room temperature photoreactions in the present
work. In the case of IDHPEG400-0.5, only one glass transition temperature is
perceived before and after exposure to 350nm UV light, owing to the good misci-
bility between soft and hard segments. Moreover, the glass transition temperature
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Table 7.1 Characterization of the first cycle of photodimerization and photocleavage of IDHPEGs in relation
to their structural information [28] (Reproduced by permission of Elsevier).

Polymer Dimerization Recovery Initial coumarin Rate constant M. T, (°Q) T2(C)
(%) (%) content (x107°dm? (gmol™)
(x10"'moldm™) mol™ min™

IDHPEG400-0.5 50.5 16.2 9.91 8.052 1754 34.6 53.2
IDHPEG800-0.5 93.6 59.1 6.92 328.0 1539 -26.8 —24.8 (43.7)
IDHPEG800-0.25 86.3 35.2 2.94 412.5 15413 -37.1 -35.1 (47.1)

Rate constant: parameter quantifying the speed of photocrosslinking (refer to the Electronic Supplementary Data for
more details of the calculation based on the UV-vis spectroscopic data).

M_: average molar mass between crosslinks of the photocrosslinked polyurethanes.

Ty: glass transition temperatures of the polyurethanes prior to photocrosslinking, measured by differential scanning
calorimetry (DSC).

T;: glass transition temperatures of the polyurethanes that had been exposed to 350nm UV irradiation for 60min,
measured by DSC. The data outside and inside the parentheses are glass transition temperatures of soft and hard
segments, respectively.

of the photocrosslinked version is increaseded from 34.6 to 53.2°C, following the
general law of crosslinking. This means that either photodimerization or photo-
cleavage of the crosslinkages has to occur in the glass state. Molecular mobility
that is related to the kinetics of photoreaction is thus reduced. With respect to
IDHPEG800-0.25 and IDHPEG800-0.5, however, their glass transition tempera-
tures are lower than room temperature before being exposed to 350nm UV light.
Photocrosslinking leads to the appearance of two glass transition temperatures as
a result of microphase separation of soft and hard domains. Although the glass
transition temperatures of the soft segments are slightly increased, they are still
far lower than room temperature. Clearly, the longer molecular chain of PEG800
compared to that of PEG400 should account for the results. Since the soft seg-
ments in IDHPEG800-0.25 and IDHPEG800-0.5 exhibit a rubbery feature at room
temperature, the neighboring coumarin dimers or moieties must be much more
mobile as compared to the case of IDHPEG400-0.5. The analysis is supported by
the rate constants of dimerization (Table 7.1), and explains the higher dimerization
degrees and percentage recovery of the former two polymers.

On the other hand, Table 7.1 reveals that the molar mass between crosslinks of
crosslinked IDHPEGS&00-0.5 resembles that of crosslinked IDHPEG400-0.5, which
is obviously smaller than that of crosslinked IDHPEG800-0.25. If viewed merely
from the restriction effect exerted by crosslinked networks, coumarin dimers or
moieties in the latter polymer have the highest mobility and, hence, we should
observe the highest dimerization degree and percentage recovery, but this is not
the case. By taking all factors into consideration, it is known that the appearance
of rubbery domains resulting from microphase separation is the most important
condition for the reversible photoreactions. Once this prerequisite is satisfied, the
initial concentration of coumarin moieties attached to the polymer plays the leading
role, so that IDHPEGS800-0.25 exhibits poorer reversibility than IDHPEG800-0.5.



7.4 Evaluation of Photo-Remendability

In short, reversibility of photodimerization and photocleavage reactions in the
polyurethanes turns out to be a function of the photoreactivity of coumarin itself,
the fraction of the coumarin group, the phase separation structure, molecular
mobility, glass transition temperature, and so on. This finding might help to
further improve the photoreversibility of the polymers.

7.4
Evaluation of Photo-Remendability

On the basis of the above study of photochemical reactivity, crack remendability of
the crosslinked polyurethane was quantified in terms of tensile tests. After testing,
the fractured surfaces of specimens were firstly irradiated with 254nm UV light,
kept in alignment and intimate contact without pressure, and illuminated by
350nm UV light. Then, the healed specimens were tested again and the healing
efficiency was estimated by the ratio of tensile strengths of the healed and virgin
specimens. Figure 7.9 shows that the tensile strength of crosslinked THHPEG400
can be repeatedly restored, and the efficiency of the first healing event is 70.2%. The
decline in efficiency of the second and third remending might originate from reduc-
tion in photoreversibility (Figure 7.8d) and misalignment of fractured surfaces.

In fact, photocleavage of coumarin dimers (i.e., de-crosslinking of the poly-
urethane network) led by the irradiation at 254nm only occurs at the fractured
surface layer of the specimen used for the tensile tests, due to the limited
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Figure 7.9 Typical tensile stress—strain
curves of virgin and repaired THHPEG400
[23] (Reproduced by permission of The Royal
Society of Chemistry). Healing conditions:
irradiation with 254 nm UV light for 1 min
followed by irradiation with 350 nm for

90 min. Because the tensile strength of the

virgin specimen cannot be fully restored, the
reconnected interface became the weakest
part, and had to break again during the
subsequent tensile tests. This ensured that
the second and third tensile failures
happened to the same healed portion.
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penetration depth of short-wave UV light in the material. The dangling chains
carrying cleft coumarin moieties on the fracture surface are highly mobile, which
favors wetting and diffusion of molecules at the solid—solid contact of the damaged
specimen, and helps to meet the molecular level movement requirement of crack
healing [29]. Meantime, they are still bound to the inner crosslinked structure that
is not influenced by photo-treatment and retains the original network of the film
specimen, so that macroscopic flow of the material is prohibited. The above feature
of the crosslinked THHPEG400 ensures its dimensional stability during repeated
crack healing.

To clarify whether photoreaction of coumarin moieties attached to the poly-
urethane is fully responsible for the restoration of tensile strength, control experi-
ments were carried out as follows. The tensile failed specimens of crosslinked
THHPEG400 were reconnected in a similar way to the above photo-healed speci-
mens and healed at 40°C for 90min. In this case, the healing temperature was
identical to the environmental temperature inside the UV chamber caused by UV
illumination and the healing time equaled that of 350nm irradiation (refer to the
caption of Figure 7.9), while no UV light was applied. Afterwards, the tensile test
was re-performed to evaluate the effect of rehabilitation. The results of three suc-
cessive control experiments indicate that the polymer exhibits slight remendability
in the absence of UV light, as characterized by the healing efficiencies of 16.8,
13.9 and 11.3%. Intermolecular interactions, including hydrogen bonding and
entanglements of dangling chains [30, 31] across the intimately contacted fractured
surfaces, might account for the healing. Accordingly, the contribution made by
photodimerization of coumarin moieties can be roughly estimated by deducting
the healing efficiencies offered by the physical interactions from those listed in
Figure 7.9, that is, 53.4, 49.0 and 45.3% for the repeated healing events.

Relatively, when coumarin is integrated into the main chain of polyurethane
(i-e., IDHPEGS), photochemical remendability of the polymer has to be greatly
affected by the surrounding molecular structures. When the specimens of
IDHPEG400-0.5 underwent tensile tests and the subsequent healing treatment as
mentioned above, no healing effect was detected because coumarin dimers in the
polymer are difficult to be recovered to original coumarin moities under 254nm
light (Table 7.1). Moreover, its higher T, should be detrimental to the molecular
motion and contacts at the fractured surfaces. The situation is changed in the case
of IDHPEG800-0.5 and IDHPEG800-0.25. The ruptured specimens can indeed be
reconnected due to UV stimulus (Figure 7.10). Due to the declined coumarin
reversibility revealed by the above UV-vis spectroscopy study and misalignment
of fractured surfaces, however, healing efficiency has to be successively reduced.

It is interesting to see that full restoration of tensile strength is achieved for
IDHPEG800-0.25 (Figure 7.10b). A close view of the re-fractured surface of a
healed specimen indicates that some parts of the failure path generated during
the first tensile test were so well re-bonded that crack propagation during the
second failure has to deviate from the original fracture plane. Moreover, the rate
of decline of healing efficiency becomes not that obvious in comparison with that
of IDHPEG800-0.5 (Figure 7.10a).
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Figure 7.10 Typical stress—strain curves of UV light for 1 min followed by irradiation with
virgin and repeatedly repaired specimens (a: 350nm for 90 min. The data inside the
IDHPEG800-0.5, b: IDHPEG800-0.25) [28] parentheses in the legend are healing
(Reproduced by permission of Elsevier). efficiencies.

Healing conditions: irradiation with 254nm

Although the result is encouraging, it seems to be contradictory to the partial
data in Table 7.1, where the dimerization degree and percentage recovery of
IDHPEG800-0.25 are lower than those of IDHPEG800-0.5. To understand the
discrepancy both (i) the difference between the constrained state of the coumarin
moieties inside bulk polyurethane and that on the fractured surface of the polymer,
and (ii) wetting and diffusion between the cracked surfaces to be re-bound [29],
which are prerequisites for the mechanical property recovery due to interfacial
photoreaction, should be considered. The UV-vis spectroscopic data in Table 7.1
only deal with densely packed molecules in the as-cast specimens, rather than the
contact problem of molecules from broken materials. Because IDHPEG800-0.25
has lower T, and greater M. than IDHPEG800-0.5, the mobility of the dangling
chains [30, 31] carrying cleft coumarin moieties on the fracture surface of the
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former is higher. This is proved by the higher photo-reaction rate constant of
IDHPEG800-0.25 than that of IDHPEG800-0.5 (see Table 7.1). The interdiffusion-
induced chain entanglements and hydrogen bonding furnish the basis for the
subsequent development of strong links across the interface via photodimeriza-
tion. The higher healing efficiency of IDHPEG800-0.25 than that of IDHPEG800-
0.5 (or IDHPEG400-0.5) demonstrates that this is a critical factor.

For verification of the analysis, control experiments were done. The tensile failed
specimens were no longer exposed to UV light, but directly reconnected and
heated in an oven at 40°C for 90min. The thermal treatment temperature simu-
lated the environment temperature inside the UV chamber, and the healing
process excludes the contribution of photochemistry. In the case of IDHPEG800-
0.25, healing efficiencies for the successive three cycles of such control failure-
repair tests are: 30.3, 28.4 and 24.3%; while for IDHPEG800-0.5, the values are:
15.4, 12.6 and 11.2%. This means that the mechanism of entanglements between
the opposite sides of the damaged specimen did take effect, and molecular mobil-
ity on the fractured surfaces of IDHPEG800-0.25 is superior to that of IDHPEG800-
0.5. The attached coumarin moieties in IDHPEG800-0.25 have more opportunities
to encounter with each other for the photodimerization, despite the low initial
coumarin content.

On the other hand, by comparing the results of the control tests with those of
authentic tests in Figure 7.10, it is known that both photochemical reactions and
localized viscoelastic flow are responsible for tensile strength restoration, but the
latter makes less contribution. After all, the polyurethanes are photocrosslinked
in advance, and photocleavage of coumarin dimers (i.e., de-crosslinking of the
polyurethane networks) only takes place on a superficial layer due to the limited
penetration depth of short-wave (254nm) UV light.

7.5
Concluding Remarks

The coumarin crosslinked polyurethane possesses multiple photo-remendability,
transparency and mechanical performance similar to conventional polyurethane.
Its synthesis route is simple and consistent with the general route of polyurethane
synthesis. It can replace conventional polyurethane in a variety of products, such
as next generation coatings, films and sheets where esthetic, structural and func-
tional requirements should be met. Repeated damages are very common in daily
life, like scratches on cars made by automatic brush washing and those on touch
screens by fingernails. The above work provides a possible solution to induce
multiple cycles of self-repairing with UV exposure at room temperature, which
has shown the potential to be developed into a practical technique simply based
on sunlight stimulus.

Dependence of healing efficiency on the structure of the macromolecules reveals
that chain mobility on fracture surfaces plays an important role for crack healing.
In this context, crosslinked polyurethane is ideal for making UV-stimulated self-
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healing products. On the one hand, the soft segments provide the photochemical
groups with the possibility of moving about at ambient conditions (i.e., micro-
scopic flow localized at fracture surfaces is allowed); on the other hand, the major-
ity of the crosslinked structure in the bulk material is not affected by short-wave
UV irradiation so that the material would not flow and would still have load
bearing ability even during crack repair.

On the whole, photochemically self-healing polymers represent a brand new
category of intelligent materials. Research in this area has not yet boomed, while
the reported explorations showed bright prospects. Taking advantage of easy
control, rapidness and specific wavelength selectivity of light sources of photo-
chemical reactions, positioned (localized) crack healing is allowed without addi-
tional catalysts. Supplementary heating would further raise the healing efficiency.
Due to the limited penetrating power of light, their future applications would be
mostly found in surface engineering. At present, four main tasks have to be ful-
filled: (i) Development of feasible and cost effective techniques of synthesis,
processing, end-product manufacturing, and crack repairing, which is a critical
step towards practical usage. (ii) Improvement of long term reproducibility of
photochemical remending performance. (iii) Synthesis of proper derivatives from
existing photoresponsive chemicals, which are capable of taking effect in polymers
for crack healing. For example, Scott et al. proved that introduction of radicals via
photocleavage of residual photoinitiator in crosslinked polymer matrix, which dif-
fused via addition-fragmentation chain transfer of midchain functional groups,
allowed chain rearrangement [32]. Nevertheless, it has not been shown how the
methodology works as a measure of intrinsic self-healing. (iv) Working out new
photochemical reactions that could be integrated into macromolecules. Diels—
Alder reaction that is known for its sensitivity to temperature, for example, has
been lately provided with molecular photoswitches in 3,4-dithienylfuran systems
with suitable dienophiles [33]. It is these new findings that push forward self-
healing polymers, including photochemically remendable polymers.
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Mechanophores for Self-Healing Applications
Charles E. Diesendruck and Jeffrey S. Moore

8.1
Introduction

The transformation of chemical energy into mechanical energy is elementary in
our lives, not only moving cars and airplanes, but pumping blood in our bodies
and moving our eyeballs as we read these lines. The reverse action, defined as
mechanochemistry [1-3], is to make chemical transformations using mechanical
force, and finding simple examples may be challenging for people unfamiliar with
the subject.

Certainly one can think of petroleum or diamonds as examples. Millions of years
of small chemical changes under high pressure produced these valuable materials,
but more elementary examples are necessary in order to study these transforma-
tions. Indeed, the first reported example of mechanochemistry was demonstrated
by Staudinger in the 1930s, where he demonstrated that masticating a polymeric
material caused not only the expected conformational and positional changes in
the polymer chains, but it also cleaved covalent chemical bonds, causing a decrease
in the molecular weight of the polymer [4-6]. Indeed, this phenomenon was
studied in the rubber industry, revealing that when rubber was masticated in the
presence of oxygen (from air), the rubber would “soften”, while in the absence of
oxygen the rubber properties would not change [7]. The explanation suggested
then was based on the homolytic cleavage of cross-linking bonds to produce two
radicals. In the absence of oxygen these radicals recombine and reform cross-
linking bonds, restoring the properties of the material; on the other hand, if oxygen
is present the radicals are quenched as peroxyl radicals and the cross-linking bonds
are lost, causing the material to soften [8]. Remarkably, one of the first studies in
mechanochemistry provided a synthetic self-healing material, demonstrating the
broad potential technologies that could evolve from this science.

In order to understand the effect of mechanical stress in materials, it was neces-
sary to study the changes at the molecular level, in addition to examining macro-
scopic properties. The analytical challenge of looking at few chemical changes in
macromolecules was unrealistic at the time, and was achieved only several years
later. For example, the hypothesis that the chemical bonds broke homolytically

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Sret

Figure 8.1 Possible positioning of mechanophores: chain end, side chain, and chain center.
Activation is highest when the mechanophore is at the chain center and the polymer chain
passes through both ends of the activated bond.

was directly demonstrated only in the 1960s, using electron spin resonance (ESR)
to study mechanically damaged materials [9].

An important step to ease the study of mechanochemistry of polymers was the
development of mechanical stressing in solution, where chemical changes are
distributed homogeneously through the chains. Moreover, classical analytical
chemistry methods to analyze the chemical changes, such as spectrometers, laser
light scattering and others could be used, giving the possibility to study molecular
weight change and kinetics of the mechanochemical reactions. This important
breakthrough came early and was achieved through the use of flow fields [10] and
ultra-sound cavitation that caused high shear stress on the chains through flow
induced elongation [11].

A key discovery that came from the study in solution was the observation that
certain bonds cleave more easily than others [12]. If one of these bonds is present
in the main chain, close to its center (Figure 8.1), it can be selectively cleaved. This
originated the concept of mechanophores—bonds or chemical functionalities that
are especially susceptible to undergoing a chemical change caused by mechanical
stress. Mechanophores, when placed into a polymeric molecule where the mechan-
ical force is highest, selectively undergo a chemical reaction [13].

In this chapter we will describe how polymeric materials deal with mechanical
stress, methods to mechanically stress materials in a controlled manner to study
the chemical changes, and the development of mechanophores that direct mechan-
ical energy to molecular constituents to produce positive effects on the material,
such as self-healing.

8.2
Mechanochemical Damage

8.2.1
Deformation

The response of a polymeric material to mechanical stress depends on its chemical
composition as well as the chain architecture [14]. The primary mechanism used
by a material to dissipate mechanical energy is through deformation, including
displacement of chains as a group or in relation to each other, as well as confor-
mational changes. Thermoplastic polymers (linear or branched chains which are
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Figure 8.2 Deformation of polymers in the solid state (above T,) [1]. Reprinted with
permission from reference [1]. Copyright 2009 American Chemical Society.

entangled in the solid state) may undergo permanent displacement of chains,
while in thermosets (cross-linked polymers) this displacement may be limited due
to covalent constraints (Figure 8.2). The chemical composition defines the non-
covalent interactions between chains and the feasibility of energy dissipation
through conformational changes, but other factors are also very influential: molec-
ular mass, density of chain entanglements/cross-linkages, chain alignment, and
degree of crystallinity.

Non-covalent forces between chains, such as van der Waals forces, hydrogen
bonds and electrostatic interactions determine the ease by which the chains move
independently. Calculating the energy of these interactions for a specific chain or
chain segment is very complicated, and mostly unnecessary. The macroscopic
effect of these interactions is clearly observed by studying the glass transition
temperature (T,) and melting point of the polymeric material, both of which can
be used as a method to compare between materials and their ability to dissipate
mechanical energy through displacement of chain segments.

Above the T, the polymer chains present more mobility, facilitating their dis-
placement and increasing their ability to dissipate mechanical force. On the other
hand, below the T, the mobility is restricted and the polymer behaves like an elastic
solid, that is, strain energy is reversibly stored in the polymer until the chains
finally deform irreversibly, as in viscous flow [15]. In the solid state, stress on
particular polymer chains is mainly localized in the entanglements or cross-links
in the material [16] and, above a certain stress, more energetic movements become
significant in the dissipation of the concentrated stress.

The second, more energetic way polymer chains dissipate energy is by intramo-
lecular geometry changes. There are three internal motions by which molecules
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Figure 8.3 Different directions for force dissipation at the molecular level: rotation of dihedral
angles ¢, bending of bond angles 6, and stretching of bond length R.

deform when acted upon by mechanical force: rotation of dihedral angles, bending
of bonds, and stretching of bonds (Figure 8.3).

The effect of mechanical force on the molecular geometry was studied by infra-
red (IR) spectrometry of polypropylene [17]. Using a polarizer to examine parallel
and perpendicular dichroic bands, and analyzing first-order peak shift and differ-
ence spectra, this seminal work was able to simultaneously verify the changes in
these three parameters and quantitavely compare them. As expected, the change
in dihedral angle (A¢), being the easiest deformation, underwent the steepest
change, up to 9 times more than the changes observed in bond length (AR), while
valence angle bending (A6) was around 2.4 times the change in bond length. The
authors were also able to show that these changes could be significantly different
for different C—C bond types. For example, axial bonds were more easily stretched
than equatorial bonds. This indicates that the conformation, which changes under
mechanical force, is an important factor in this method of energy dissipation.

822
Homolytic Bond Cleavage

When high stress is applied to a material, chemical bond stretching becomes a
significant method for dissipating this energy. The potential caused by mechanical
stretching, when added to the original Morse potential, changes the energy versus
distance relationship (Figure 8.4). Above a certain stress level, bonds may stretch
to a distance where the interaction between the electronic orbitals of the two atoms
becomes negligible, leading to the cleavage of the bond.

Most bond cleavages caused by stretching are homolytical in nature, as demon-
strated by the presence of radicals [9]. Radicals have high chemical potential and
are unstable. They dissipate their potential through several pathways, such as
recombination, disproportionation, reaction with atmospheric oxygen, or reacting
with another chemical bond. Sonication experiments of polymers in the presence
of spin traps demonstrated the creation of radicals in solution using UV-Vis
spectroscopy [18, 19]. This indirect method to observe bond cleavage turned out
to be very useful, and was one of the first means to study mechanochemical
kinetics.
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The high reactivity of the radicals produced under mechanical force can be used
for productive chemistry. For example, they were used as radical initiators
for polymerization, creating co-polymers [20], or used as an effective method to

produce H,0, [21]. In special cases, they can even recombine, healing the broken
bond (with heat being released).

823
Heterolytic Bond Cleavage

Homolytic bond cleavage is the generally accepted mechanism when high stress
is applied to polymers, and it was demonstrated by direct and indirect detection
methods. Heterolytic bond cleavage, while not demonstrated directly, appears
occasionally as a proposed mechanism, especially for the cleavage of supramo-
lecular bonds, and when bonds are cleaved in a rearrangement reaction. For
example, in the widely studied spiropyran—merocyanine rearrangement by
mechanical force [22, 23], the carbon—oxygen bond is cleaved into a phenolate,
that is, the oxygen takes both the electrons. In polymers containing coordinating
organometallic systems (described below), the ligand is cleaved supposedly
taking both the electrons. A molecular dynamics study also proposed that het-
erolytic bond cleavage may become a major factor when functional groups sta-
bilizing the produced ions are interacting with one of the atoms in the stretched
bond [24]. In this study, water molecules interacted through hydrogen bonds
with the non-bonding electrons of the oxygen in PEG chains, and the calcu-
lations indicated a preference towards heterolytical bond cleavage. One can
imagine that other functional groups in polymer side-chains may cause similar

effects, but a direct experimental demonstration of this effect has not been
reported.
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Figure 8.5 Implosion of cavitation bubble pulling the solvent and polymer towards it.
Reprinted with permission from reference [1]. Copyright 2009 American Chemical Society.

8.3
Activation of Mechanophores

8.3.1
Ultrasound

Acoustic fields generated by an ultrasound transducer are the most common
method to stretch dissolved polymers and the standard method used for testing
polymer shear stability [25]. Putatively, the dissolved polymer is mechanically
stressed by solvodynamic shear caused by the nucleation, growth and collapse of
bubbles in solution. When a bubble is collapsing (implosion), the solvent and the
dissolved polymer chains are pulled towards the forming cavity, resulting in elon-
gational flow. The atoms closer to the bubble will move faster than those away
from it, causing the polymer to uncoil. Due to the different relative motion of the
polymer segments and small solvent molecules, shear stress is produced in the
polymer chain (Figure 8.5) [26]. In homopolymers, the stress level can be described
by a gaussian distribution with the polymer center as peak [27, 28]. Scission (bond
cleavage) generally is achieved through high-energy sonication, occurring within
the middle 15% of the chain [29].

The rate of mechanochemical reactions caused by acoustic fields increases with
sonication intensity [30] and initial molecular weight of the polymer [31, 32]; but
decreases with temperature [33], polymer concentration [26], viscosity [26], and
vapor pressure of the solvent [34]. Other factors that influence the rate are polymer
chemical composition [12] and architecture [18, 35, 36].

832
Tensile Testing

Studying the mechanochemical activation in the solid state is fundamental to the
development of mechanophores for self-healing applications. Tensile testing is
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Figure 8.6 Dogbone samples of PMA-linked SP samples before (a) and after (b) stretching to
failure [22].

one of the simplest and most effective ways to test mechanochemical activation
through stretching solid samples of material. Tensile strains can be amplified in
the area of a crack and may lead to its propagation, thus tensile testing is applica-
ble to self-healing instances. Spiropyran (SP) was used as a mechanophore model
in order to study the necessary conditions for mechanochemical activation during
a stress—strain measurement [22]. This mechanophore undergoes a rearrange-
ment to merocyanin (MC) which has a different color and is fluorescent, working
as a probe for direct observation of the stress distribution in the solid material
(Figure 8.6).

The stress state, as well as polymer mobility, are the most important factors to
be considered for activating mechanophores in bulk polymers. In elastomers,
stress levels are low and large deformations are necessary to achieve activation. As
an example, when linear PMA (T, = 12°C) was tested at room temperature, activa-
tion was observed only after several hundreds of percent strain. In glassy systems,
where T,y << T,, no activation is observed (and no yielding occurs). Significant
mechanochemical activation was only achieved when test temperatures were
below but close to T, and only after material yields, that is, plastic deformation is
necessary in order to have mechanochemical changes [37]. Using linear PMMA
(T, = 128°C), a significant color change was observed during tensile testing
between 90 and 105 °C, starting at as low as 10% strain. Interestingly, the authors
demonstrated that reducing the T, by the use of a plasticizer caused the tempera-
ture of effective mechanochemical activation to be reduced. The addition of 15%
MeOH as a plasticizer to linear PMMA reduced its T, to 80°C and mechanochemi-
cal activation of SP was observed while stretching at room temperature.

Another important factor demonstrated using SP is the alignment of the mech-
anophores with the force direction. The dipole moment of MC groups can be used
to measure their orientation via the anisotropy of fluorescence polarization [38].
Indeed, during tensile testing, the chains (and the mechanophore which is part of
them) tend to align themselves with the force direction, especially in the places
where stress is higher. This important work provides a mechanochemical method
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Figure 8.7 PMMA-EGDMA-SP samples before (a) and after (b) torsional testing [39].
Reproduced by permission of The Royal Society of Chemistry.

to ascertain both deformation (leading to chain alignment), and mechanophore
activation (bond cleavage), and demonstrated that mechanochemical reaction is
more significant when the chains are aligned with the force.

833
Torsional Shear Testing

Shear stress was used as a method to activate mechanophores in polymers. Using
SP as a model mechanophore, a torsional (shear) strain was applied and was
demonstrated to be very efficient for mechanophore activation, being able to cause
yield and high stress before sample failure [39]. SP was used as a cross-linker in
PMMA, and as in the case of tensile testing, mechanophore activation was observed
only after the polymer yielded, again indicating that plastic deformation is neces-
sary (Figure 8.7).

834
Compression

Compression is another common loading condition for solid state materials. Simi-
larly to the previous cases, SP was used in order to study compression in mech-
anophore activation [22]. PMMA beads cross-linked with SP and ethyleneglycol
dimethacrylate (EGDMA) were prepared by suspension radical polymerization,
and compressed with a stepper actuator coupled to a load cell, which allowed strain
rate control. The MC coloring was localized in the center of the spheres, regions
of highest deformation and tensile stresses, indicating activation under diametric
compressive loading is actually through tensile forces actuating transverse to the
compression axis (Figure 8.8).

The advantage of this method is that large stresses are conveniently applied,
allowing the activation of mechanophores which may be difficult to activate by ten-
sile testing. For example, the exothermic ring-opening of gem-dihalocyclopropanes
was demonstrated in linear polybutadiene, while no activation was observed
during tensile testing [40]. The authors noticed that keeping the material under
compressive loading for longer times did not lead to higher mechanophore activa-
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Figure 8.8 The sample configuration and normal to compression axis. Cross-linked
experimental set-up for diametric compres- PMMA-SP beads before (a), during (b), and
sive loading is illustrated schematically. after (c) compression [22].

Tensile forces develop in the equatorial plane

tion, but folding and re-compressing to the same load did. This implies that the
activation occurs during the initial application of load, coinciding with when
plastic deformation and considerable polymer flow occurs.

8.3.5
Others

Several other methods for mechanically stressing materials have been used in
order to study mechanochemistry of polymers. Classical examples are turbulent
flow [41], elongational flow [42], and repeating freeze—thaw [43]. The disadvantages
of these methods are that they are non-uniform and, thus, difficult to control/
calculate the forces applied to the dissolved polymers. In contrast, ultrasound is
simple to use, and, although it provides excessive mechanical energy, there are
several parameters which can be changed in order to change the energy transferred
to the chains (see above).

A modern and more sophisticated, precise method to apply force to a macro-
molecule is using single molecule force spectroscopy measurements (SMES)
with the help of atomic force microscopy [44]. This method provides a precise
measure of the force applied to the chain and, therefore, can be used to calculate
the energy necessary for a mechanochemical reaction in a specific chain. On the
other hand, force-induced structure changes cannot be validated by direct spectro-
scopic methods but rather, must be inferred indirectly. Another interesting method
for activating mechanophores was the development of a molecular device where
photoinduced geometry change causes stretching of the mechanophore [45]. This
technique, while limited in mechanophore size, uses small molecules to apply
mechanical force and allows simple chemical analysis, which is a challenging issue
when studying mechanochemical reactions in macromolecules.
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Finally, theoretical modeling of mechanical forces is a significant method to
study mechanochemical reactions. For example, “constrained geometries simulate
external force” (COGEF) is a simple method to predict the mechanochemical reac-
tion products, and calculate activation energy and thermodynamic parameters [46].
More complicated, but more revealing theoretical studies include the combination
of COGEF with “external force is explicitly included” (EFEI) [47], the combination
of molecular dynamics with ab initio techniques [48] and others.

8.4
Mechanochemical Self-Healing Strategies

Mechanophores are promising functionalities for the development of self-healing
materials. As described above, mechanical energy causes localized changes in the
chemical structure, activating a materials system at the molecular level even before
macroscopic failure. One of the first discovered mechanochemical reactions was
the self-healing of vulcanized rubber. Damaging mechanical force, which is con-
centrated in the rubber’s cross-linkages, cleaves several S—S bonds into long-lived
reactive sulfur radicals that, in the absence of oxygen, recombine reforming the
cross-linking bonds [7].

While self-healing is defined as the recovery of mechanical properties at the
macroscopic level [49-51]; in this section, damage and healing are described at the
molecular level; that is, mechanical damage leading to chemical bond cleavage,
and healing systems based on chemical bond formation. It is important to empha-
size that the cleavage of some chemical bonds does not necessarily affect the
mechanical properties of the material. In addition, forming chemical bonds may
change the material in different ways, not necessarily restoring the original
mechanical properties, especially if the new chemical bonds are different from the
bond cleaved by the mechanochemical damage.

Several mechanophores were not intentionally designed for self-healing applica-
tions but contain the basic chemistry to form new chemical bonds, and therefore
have potential self-healing features. Using the serendipitous case of rubber as a
model, mechanophores that produce reactive species under mechanical stress,
with the possibility of reacting with a different chain to form new chemical bonds,
provide a basic strategy. Improving on the original strategy, mechanophores that
produce active catalysts instead of reactants can increase the healing effect by
turnover. Finally, disrupting a chemical equilibrium with mechanical force pro-
vides a third strategy, where the system heals by reforming chemical bonds when
the system re-equilibrates. These strategies are described in more detail in the
following sections.

8.4.1
Production of Reactive Species

As described before, under high mechanical stress, covalent bonds may be cleaved
homolytically in polymeric materials, producing two radicals. Radicals, as a highly
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reactive species, may react with different surrounding molecules or decay through
disproportionation or reaction with oxygen. This strategy works well with vulcan-
ized rubber, since it has a high concentration of the mechanophore. The reactive
species produced is long-lived in the absence of oxygen, and the material is soft
enough that the chains have sufficient mobility to bring the reactive radicals
together to form new bonds.

While the same kind of reaction (cleavage to radicals) can occur in most poly-
mers, this unique self-healing feature is rare. For glassy polymers below T,,
mobility is limited and thus, the likelihood two radicals will meet and combine
is small. In addition, in the case of polymers where carbon—carbon or carbon-
heteroatom bonds compose the main chain, short-lived carbon radicals are pro-
duced, which tend to decay through non-productive chemistry. In order to get
the same effect that was serendipitously incorporated in rubber, judiciously
designed mechanophores that produce reactive species with longer life-times
need to be incorporated.

Polyethyelene glycol having a single azo mechanophore per chain was used to
study the effects of polymer molecular weight and mechanophore positioning on
the mechanochemical reaction rate [52]. This mechanophore produces tertiary
carbon radicals with an o-nitrile group, which are relatively long-lived radicals,
used often for radical polymerization. When the azo group was released from the
chain thermally (heating to 82°C), recombination of the radicals was observed,
indicating that the two radicals could potentially rebind and restore the chain’s
molecular weight. However, during sonication, the recombination product was
not observed. Instead, a cyanohydrin was produced as the only product, probably
from the reaction of the radical with oxygen or hydroxyl radical (Figure 8.9). The
activation of this mechanophore was studied only in dilute solutions, and the
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Figure 8.9 "°C NMR spectra of (a) polymer 3, (b) thermal activation products 4 and 5, and
(c) sonication product polymer 6 (c) [1, 52]. Reprinted with permission from reference [1].
Copyright 2009 American Chemical Society.
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reaction pathway of this mechanophore in bulk polymers, where the concentration
of the radicals is higher and access to water/oxygen limited, was not reported.

Strained cyclic molecules, such as cyclobutanes and cyclopropanes, were shown
to selectively undergo ring-opening under mechanical force when incorporated
close to the center of a polymer chain. Benzocyclobutene, for example, produces
a reactive ortho-quinodimethide diene under sonication (Scheme 8.1) [13]. While
the paper’s focus was on the interesting fact that mechanical force can take a reac-
tion to a different pathway compared to the thermal reaction, the identification of
the reactive product was done by “trapping” using a Diels—Alder (DA) reaction,
achieved by sonicating in the presence of excess of a dienophile. Several successful
self-healing systems based on DA reactions have already been demonstrated (see
Section 8.4.3); this mechanophore, which produces a very reactive diene, in com-
bination with a polymer having dienophiles in side chains, may be developed into
another successful system.
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Scheme 8.1 Sonication of a polymer containing a chain center benzocyclobutene affording a
reactive ortho-quinodimethide diene, which is trapped by a DA reaction with a dienophile [13].

Cyanoacrylates are a stable but very reactive functional group, and constitute the
next attempt to develop a mechanophore which could be used for self-healing
materials [53]. Using a substituted cyclobutane precursor as a mechanophore,
sonication selectively cleaves the polymer into two chains of half the original size,
each having one cyanoacrylate as a terminus (Scheme 8.2). Excess secondary
amine as a trapping reagent confirmed the presence of cyanoacrylates, reacting
only when sonication was started. A polymer having secondary amine side groups
may produce new covalent bonds when the cyanoacrylates are released, but no
report has been published.

8.4.2
Activation of Catalytic Species

The mechanochemical activation of catalysts stands by itself as a novel method for
triggering latent catalysts. Polymers containing different catalysts were prepared,
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Scheme 8.2 Production of reactive cyanoacrylates by sonication, and subsequent trapping
with a secondary amine [53].

and shown to be inactive towards reagents until mechanical force (sonication) is
applied [54, 55]. If the reagents for the activated reactions are part of the polymer
side chains, catalyst activation under mechanical force could lead to cross-linking
between chains. No example of this reaction has been reported yet, but several
reactions using small molecule reagents were demonstrated in both solution and
the solid state.

In 2008, a mechanophore was designed to undergo Bergman cyclization and
generate radicals without causing scission to the polymer backbone [56]. This
mechanophore was used as a cross-linker in PMMA and was mechanically acti-
vated by swelling in methyl methacrylate (MMA). Although the evidence was not
fully conclusive, the findings suggest that swelling initiated the mechanochemical
reaction, producing the desired di-radical. This, in turn, initiated the polymeriza-
tion of the MMA. While not described as a self-healing system, this mechanophore
catalyzed the production of new polymer chains around the mechanically stressed
area (Figure 8.10).

Homogeneous organometallic complexes are the finest in chemical catalysis,
achieving the best selectivities, turnover numbers and rates [57], making them
suitable candidates for mechanically activated catalysts. The first study reported
was a ruthenium olefin metathesis catalyst where two of the ligands are telech-
elic polymer chains [54]. Under mechanical force, the weaker ligand-metal bond
is cleaved, leaving the metal with an open coordinating spot, effectively activat-
ing it (Scheme 8.3). As in the previous case, the authors were able to show that
the activated catalyst can start a polymerization reaction [58]. Following this
example, several other organometallic reagents were incorporated into polymers
and shown to be activated only under mechanical force, such as palladium [59]
which can catalyze several different carbon-carbon and carbon-heteroatom
bond formations, and silver [54, 60] which can catalyze trans-esterification
reactions.

Mechanical generation of less complex catalysts has the advantages of stability
and lower costs compared to organometallic reagents. By cleaving a boronium-—
pyridine bond, a Brgnsted base can be produced (Scheme 8.4) that is able to
initiate the anionic polymerization of o-trifluoromethyl-2,2,2-trifluoroethyl acr-
ylate [61].
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A drawback of the catalytic systems described above is that the activated catalysts
are bound to a polymer chain, and therefore have very limited mobility in the solid
state, which limits the turnover they are intended to achieve. In order to address
this problem, an acid-releasing mechanophore was developed. The acid produced
is not part of the polymer chain, but is released by elimination as a small molecule
(Scheme 8.5) [62]. The inorganic acid has a larger mobility even in the solid state
(as demonstrated in photoresists based on photoacid generators) and has the
potential to catalyze different chemical reactions, including polymerizations.

Cl CI

Compresswn + HCI
Acid Catalyst

Scheme 8.5 Production of an inorganic acid by mechanical force, the acid is not bound to the
polymer chain and may diffuse to reach numerous substrates [62].

843
Disruption of Equilibrium

Chemical equilibrium is the state in which both reactants and products are present
at concentrations which have no further tendency to change with time [63]. When
the equilibrium is disrupted, for example by partially cleaving chemical bonds and
changing the concentrations of the different components, the system presents a
chemical potential to return to the equilibrated state.

Living polymerizations in which the propagating species is relatively stable
towards the environment is one approach to using chemical equilibrium as
a method to heal polymers. In the 1950s, cross-linked polydimethylsiloxane
(PDMS)—described in Scheme 8.6—was prepared by anionic polymerization [65].
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Scheme 8.6 Equilibrium between cyclic monomer and linear oligomers in anionic polymeriza-
tion to produce cross-linked PDMS [64].
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The system contains tetramethylammonium dimethylsilanolate termini as propa-
gating species, which are stable towards air and water. During polymerization at
90°C, the system equilibrates between linear chains, cross-linkers and cyclic oli-
gomers [66]. If covalent bonds on the linear chains are cleaved by mechanical
damage, the equilibrium between the constituents is disrupted, meaning that,
given the conditions where they have enough mobility to react, the system will
re-equilibrate by sacrificing cyclic oligomers to reform linear chains. Heating the
damaged polymer for 24 h causes complete healing of the system [64].

In a similar approach, cross-linked networks made by thiol-ene polymerization
undergo chemical changes to adapt to imposed mechanical stress, without losing
mechanical properties [67]. When irradiated (320 to 500nm, 30mWcm™) the
thioether groups can undergo reversible addition—fragmentation through a sulfur
radical mechanism, effectively moving the covalent bonds through the irradiated
area (Scheme 8.7). Using a polymer that contains a large quantity of thioether
groups, it was demonstrated that the material could keep constant mechanical
properties while being deformed and irradiated.

light or

/\/SJVS\% %/3 T

Scheme 8.7 Reversible fragmentation (caused by light or mechanical force)-addition in
thioether containing polymers [67].

This strategy was recently expanded by post-polymerization addition of catalysts
that allow the metathesis of strong covalent bonds. In these materials, the bonds
re-equilibrate as directed by the mechanical potential. For example, trans-
esterification of cross-linked epoxies at high temperatures is possible by addition
of Zn(acac),, allowing this “thermoset” to be molded or mended, while maintain-
ing its strong mechanical properties upon return to room temperature [68].

Addition of a small quantity of Grubbs catalyst to cross-linked polybutadiene
allows room-temperature metathesis of the double bonds in the polymer backbone
[69]. Mechanical stress applied to this material triggers metathesis between the
chains, causing the strain to increase constantly with time at constant stress, or
the dissipation of the stress at constant strain.

The second approach to equilibrium-based healing is centered on systems where
the bound state is more energetically stable than the unbound state, but the
unbound state is long-lived and mostly unreactive towards other reagents in the
system. The original idea was demonstrated for the cross-linked polymer shown
in Scheme 8.8, prepared by DA reaction [70]. Interestingly, this material has
mechanical properties similar to epoxy resins. A crack was induced in the material
and healed by a heating/cooling cycle. During the heating period, the equilibrium
is disrupted toward the reagents, while during a slow cooling these would react
again in their new position, mending the crack. However, the authors did not
know at that time that mechanical damage by itself is enough to break DA products
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Scheme 8.8 Reversible DA reaction in cross-links of a polymer network [70].

into their reagents, as demonstrated several years later [71]. While heating is still
necessary (increases chain mobility, activation energy), a high concentration of
“reagents” was already present on the surface of the crack.

This approach was also shown to work for other cycloadditions. A crack was
induced in a thermoset prepared by photochemical [2+2] cycloaddition of a tris-
cinnamoyl monomer [72]. Assuming most mechanochemical damage was cyclo-
butane cleavage, the material was healed by photoirradiation to re-form the
cyclobutanes. Better healing was achieved when the photoirradiation was con-
ducted under heating, however, heating alone did not provide any healing.

This strategy works also in linear soft thermoplastics. A perfluorocyclobutane
aryl ether polymer was prepared by step-growth [2+2] cycloaddition containing
several mechanophores along the chains [73]. Mechanical force induced the retro
[2+2] cycloaddition into shorter linear segments with trifluorovinyl ether termini.
These, given enough energy, can rebind, mending the linear chains (Scheme 8.9).
Interestingly, the linear chains do not necessarily return to their original size—the
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Scheme 8.9 Reversible cycloaddition of trifluorovinyl groups to form and cleave a linear
thermoplastic [73].
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size of the product depends on the equilibrium between open and closed forms,
which depends on concentration and temperature.

Weaker non-covalent bonds were used as an alternative to cycloaddition reac-
tions. Poly(4-vinylpyridine) (PVP) was cross-linked by addition of Pd or Pt (Scheme
8.10) [74]. The authors demonstrated that these cross-linkers bound reversibly,
changing between inter and intra-chain cross-links in accordance to the mechani-
cal stress. In another example, a telechelic polytetrahydrofuran with terminal
phosphines was used to make networks using rhodium and iridium, each metal
binding up to four different phosphines [75]. These systems undergo sol-gel
transition under sonication, but given enough time, revert to the original state.

N

R:N M NR;
M=Pd, Pt
R=Me, Et

R:N M NRy

Scheme 8.10  Cross-linking of PVP by organometallic complexes forming reversible coordina-
tive bonds [74].

Supramolecular polymers held together by hydrogen bonds make efficient self-
healing systems. A rubber-like polymer formed from polyfunctional carboxylic
acids and diethylenetriamine further functionalized with urea could be cut and
rebound [76]. If the two pieces were immediately rejoined, complete recovery of
some mechanical properties was achieved. Healing efficiency was decreased if the
parts were rejoined after a delay, supposedly as a consequence of new hydrogen
bonds re-formed in the separate parts.

8.5
Conclusions and Outlook

Modern mechanochemistry, the development of productive chemistry by mechan-
ical stimuli, is a relatively new scientific direction with the potential to impact
several technologies. The development of mechanochemically activated self-
healing systems is just one of the various applications under development. The
mechanophore concept allowed localization of the mechanical force into selective
chemical reactions, and the production of high energy intermediates which are
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able to form new chemical bonds. The study of mechanophores in solution allows
an easy and fast screening of new mechanophores, while their study in the solid
state is useful in the direct observation of mechanical stress in materials, as well
as the simulation of the materials’ response to damaging mechanical stress.

The biggest limitation to a mechanochemical self-healing system is the activa-
tion in the solid state, which is constrained to certain environmental conditions,
directly related to the T, of the material. On the other hand, a mechanochemical
system can be incorporated into a material without changing its mechanical prop-
erties, which is a limitation when using larger scale self-healing systems. Mech-
anophores display a homogeneous distribution throughout the material, and
actuate at the molecular level even before a crack is produced, restricting their
effect to the places where mechanical stress is maximized.

Several self-healing systems based on mechanochemistry have already been
reported and were described here. A challenge still unmet by mechanophores is
in the development of an autonomic self-healing system, where the mechanical
energy will initiate the cascade which eventually leads to chemical bond formation
without any additional energy or human intervention. An autonomic self-healing
mechanochemical system will give access to the ultimate self-healing material,
which will expand the lifetime of structural materials by maintaining their
mechanical properties and adapting itself to the changes in mechanical stress.
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9
Chemistry of Crosslinking Processes for Self-Healing Polymers
Roberto F.A. Teixeira, Xander K.D. Hillewaere, Stijn Billiet, and Filip E. Du Prez

9.1
Introduction

This chapter will give the reader an overview of the crosslinking chemistries that
have been used for self-healing purposes until now. The described chemistries are
used in a self-healing concept that envisages a recovery of all types of material
properties, such as fracture toughness, corrosion resistance, or conductivity, to
improve the durability and reliability of the polymeric materials. Damage due to
impact, wear, or fatigue initiates a healing mechanism that — preferentially without
external stimulus — can recover any functionality. For this, crosslinking chemis-
tries used in extrinsic and intrinsic self-healing materials will be discussed in
detail. The first part of this chapter will focus on the chemistries used in extrinsic
materials (Section 9.2), where the self-healing property is obtained by adding
healing agents to the material to be healed. The second part will highlight chem-
istries used for intrinsic self-healing materials (Section 9.3), where self-healing is
achieved by the material itself through its chemical nature.

9.2
Extrinsic Self-Healing Materials

In this section, a vast summary of the chemistries (conditions, limitations, bene-
fits, efficiencies. . .) that have been used in extrinsic self-healing materials will be
addressed. An overview of all the discussed extrinsic self-healing systems can be
found in Table 9.1. These materials can be divided, according to their healing
mechanism, into catalytic and non-catalytic systems. In both cases, the healing
agent (or catalyst) is sequestered in one or more capsules, or in a vascular network
in the shape of capillaries or hollow channels, which, depending on the system
complexity, can interconnect in one (1D), two (2D) or three dimensions (3D). A
third option is the use of meltable healing agent particles. In either a capsule
or a vascular-based system, upon a damage-induced cracking, the self-healing
mechanism is triggered by the rupture of the capsules or vascular network and

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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subsequent release and reaction of the healing agent in the affected region. On
the other hand, in the case of meltable particles or thermoplastic additives, heat
is required to initiate flow of the healing agent. In contrast to a capsule or meltable
particle-based system, a vascular system may allow refilling of the network with
more healing agents by an external source/or by an undamaged region, and thus
multiple local healing events can occur. However, due to the complexity in the
design/manufacturing of vascular networks, the use of capsule-based systems has
attracted more attention during the last decade.

The majority of the capsules used in self-healing materials are prepared by in
situ and interfacial polymerization techniques in an oil-in-water (o/w) emulsion.
Typical compositions used for the shell material are poly(urea-formaldehyde)
(PUF) [30, 89-93], poly(melamine-formaldehyde) (PMF) [52, 94], poly(melamine-
urea-formaldehyde) (PMUF) [95], polyurethane (PU) [28] and acrylates [96]. On the
other hand, vascular networks usually consist of hollow glass fibers (HGFs),
carbon fiber plies, or are made via direct-write assembly of a fugitive organic ink
[97]. An overview of encapsulation methods as well as the assembly of vascular
network structures is outside the scope of this section and will be discussed in
chapter 10.

In what follows, the discussed crosslinking chemistries during the self-healing
process will be divided into catalytic and non-catalytic systems.

9.2.1
Catalytic Systems

9.2.1.1 Dicyclopentadiene (DCPD) +Grubbs’ Catalyst Healing System

The most known and extensively explored capsule-catalytic self-healing system was
proposed by White et al. [1]. The system comprises an epoxy matrix with urea-
based microcapsules containing dicyclopentadiene (DCPD). Upon release, DCPD
can undergo ring-opening metathesis polymerization (ROMP)when coming into
contact with a pre-embedded, dispersed Grubbs’ catalyst (Scheme 9.1). This pio-
neering work was then fully characterized and extended toward higher healing
efficiencies (up to 93% as indicated in Table 9.1) [2-13]. The Grubbs’ catalyst was
encapsulated with wax to overcome the deactivation problem of the catalyst [14,
15]. Proton NMR analysis showed that Grubbs’ catalyst retained 69% of its reactiv-
ity, which is a significant improvement compared to the previous system, and also
showed a more uniform distribution of the wax microcapsules throughout the

PCy;

Cl,

.\\\\“Ph

“Ru——— / \
cx/ vy
/ PCy;

Scheme 9.1 Ruthenium-based Grubbs’ catalyst initiates ROMP of DCPD [1].
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epoxy matrix. Moll et al. also developed a self-healing composite using wax-
protected Grubbs’ catalyst and DCPD-filled capsules dispersed into a glass fiber-
reinforced epoxy composite, obtaining similar results [98]. Biggs and coworkers
extended the first generation Grubbs’ catalyst ROMP toward the use in cement
joint replacements [21-23]. PUF microcapsules containing DCPD and particles
of Grubbs’ catalyst were dispersed into a PMMA-based bone cement, yielding a
healing efficiency of 80%. At 37°C, it was verified that the polymerization rate of
the bone cement is dependent on the Grubbs’ catalyst particle size, increasing
significantly with size reduction. Wilson and Chipara further expanded the DCPD
self-healing system to epoxy vinyl ester [20] and polystyrene-block-polybutadiene-
block-polystyrene (PS-block-PBD-block-PS) [24] matrix materials.

The ROMP between DCPD and a Grubbs’ catalyst was studied kinetically by
Aldridge and collaborators [99]. In their work, the evolution of the curing network
was monitored as a function of network connectivity and chemical composition.
It was noted that the ROMP reaction rate correlated with the square of Grubbs’
catalyst concentration and that a minimum amount of catalyst was always required.

Inspired by nature, Toohey et al. [25, 26]. created a 3D microvascular network
embedded in an epoxy matrix via the direct-write assembly method. The microv-
ascular network was filled with DCPD, while Grubbs’ catalyst particles were dis-
persed in the matrix. The self-healing mechanism is the same as indicated before
but, due to the presence of the vascular network, multiple repair cyles were
possible.

In order to improve the DCPD/Grubbs’ catalyst self-healing efficiency, Kirkby
et al. [18, 19]. embedded shape-memory alloy (SMA) wires within an epoxy matrix.
In this system, the presence of SMA wires decreased the crack volume, thus
increasing the fill factor (DCPD volume divided by crack volume). Consequently,
lower amounts of DCPD are required for crack filling, leading to better healing
performances for the same amount of DCPD. With the use of SMA wires, the
healing efficiency increased from 49 to 77%.

One important issue with regard to the industrial use of a Grubbs’ catalyst in
self-healing applications is its price and low versatility. In order to overcome these
problems, Wilson et al. compared three variations of Grubbs’ catalyst: a first,
second, and Hoveyda—Grubbs’ second generation catalyst for use in self-healing
materials [16, 100]. This study demonstrated that the second generation Grubbs’
catalyst was the most versatile, especially at high temperatures. Additionally,
Kessler et al. investigated the rheological behavior of the ROMP triggered by the
first and second generation Grubbs’ catalyst [101]. They showed that the first
generation Grubbs’ catalyst was more effective in all studied epoxy matrices. In
an attempt to establish a cost effective and widely available self-healing chemistry,
Kamphaus and coworkers used WCl;, a widely available compound, as a ROMP
catalyst to improve thermal stability in self-healing epoxy matrices [17]. With this
combination, a healing efficiency of only 20% was obtained. The Kessler group
also screened different diene monomers that could be cost effective and developed
a model to predict the solubility of Grubbs’ catalyst in different norbornenyl-based
monomers with potential use in self-healing materials [102, 103].
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To further improve and better understand the healing mechanism of the DCPD/
Grubbs’ catalyst system, Blaiszik et al. [104]. measured the bonding recovery of a
fiber/matrix interface. Upon damage, microcapsules of circa 1.5um in diameter,
filled with DCPD and recrystallized Grubbs’ catalyst, present at the glass fiber
surface, released their content, initiating a healing polymerization. The healing
efficiency was measured by the interfacial shear strength, a measure of interfacial
bond strength,and increased to 44% after full interfacial debonding. Similar work
was performed by Sanada et al., who measured the healing efficiency of the inter-
face of a carbon fiber/epoxy matrix [105]. The Grubbs’ catalyst and microcapsules
with DCPD were manually injected in between both layers, reaching a healing
efficiency up to 19%, when the capsules were broken.

The lack of interfacial bonding between the microcapsules containing the
healing agent and the polymer matrix could be one plausible reason for the
low healing efficiencies reported by Blaiszik and Sanada. To enhance interfacial
bonding between filled microcapsules and the surrounding polymer matrix,
Wang et al. functionalized the surface of PUF DCPD-filled microcapsules with
3-aminopropyltriethoxy silane or ty-glycidoxypropyltrimethoxysilane [106-108].
Both hydrogen bonds and Si—O—C covalent bonds were formed at the interface
by the interaction between Si—OH and hydroxy groups of PUF microcapsules,
resulting in an improvement in the tensile strength and impact resistance of the
epoxy composites.

9.2.1.2 DCPD/5-Ethylidene-2-Norbornene (ENB)+Grubbs’ Catalyst

Healing System

Besides the improvements in the DCPD/Grubbs’ catalyst system, some limita-
tions had to be solved. The low melting point of the DCPD and the high cost of
the Grubbs’ catalyst have been recognized as the main obstacles to overcome.
Therefore, attempts to reduce the amount of Grubbs’ catalyst and increase the
reactivity of the ROMP have been explored. Liu and collaborators replaced
the DCPD-filled microcapsules by 5-ethylidene-2-norbornene (ENB) [109]. They
showed that, under the same conditions, the curing of ENB was much faster
when compared toDCPD and a lower amount of Grubbs’ catalyst was required.
It is known that DCPD is capable of forming crosslinking structures while the
ENB polymerizes faster in the presence of lower amounts of Grubbs’ catalyst,
but polymerizes in a linear chain structure so less rigidity of the healing networks
is expected [110-112]. Hence, the study of Liu and coworkers was extended for
the combination of DCPD and ENB with a Grubbs’ catalyst [102]. Differential
scanning calorimetry analysis (DSC) indicated that the DCPD has a melting tem-
perature (T,, = 15°C), while the blend mixture and ENB shows no T,, and con-
sequently produces a resin with a higher glass transition temperature (T,) [109].
Dynamic mechanical analysis (DMA) of various ratios of DCPD and ENB showed
that the healing reaction becomes faster with increase in the ENB content. In
addition, it was stated that the mixture of 1:3 DCPD/ENB had the highest rigidity
after 120min of curing time. Improvements in the healing efficiencies in auto-
nomic damage repairing applications were then expected by using this blend
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mixture. However, the healing efficiency of the proposed system was not inves-
tigated by the authors.

The use of ENB-loaded microcapsules and Grubbs’ catalyst was also investigated
by other authors. Guadagno et al. showed that ENB can form a methathesis
product at low temperatures in a damaged epoxy material region [113]. Sheng
et al. synthesized a norbornene-based crosslinker to mix with two monomers: ENB
and endo-DCPD [114]. The authors noted that the use of norbornene as a crosslinker
increased the T, and accelerated the network formation as evidenced by the shorter
gelation times. Kessler and collaborators also investigated the ROMP of DCPD
and ENB at different ratios in the presence of Grubbs’ catalyst [115]. They con-
firmed that the ENB has a higher reactivity than DCPD, even at much lower cata-
lyst quantities. It was also demonstrated that the maximum T, of the fully cured
samples was lower with ENB (120°C) than with DCPD (160°C), showing a linear
decrease with increasing ENB content.

9.2.1.3 Siloxane-Based Healing System

Despite the improvements on the self-healing mechanism first proposed by White
[1], the Grubbs’ catalyst is always required, leading to problems with chemical
efficiency due to side reactions between the catalyst and air, which limits the use
of this approach for long-term applications. Various attempts have been made in
order to find new, cost-effective self-healing chemical approaches. Cho et al. [28].
proposed a new self-healing mechanism based on the polycondensation of hydroxy
end-functionalized polydimethylsiloxane (HOPDMS) and polydiethoxysiloxane
(PDES) in the presence of a tin catalyst (di-n-butyltindilaurate (DBTL)). In this
system, HOPDMS and PDES are present as phase-separated droplets in a vinyl
ester matrix, while the DBTL is encapsulated in PU microcapsules that are also
embebbed in the vinyl ester matrix. This direct blended mixture of the siloxane-
based polymers in the matrix is possible because of its low solubility in the matrix.
Upon damage, the DBTL-containing microcapsules break, initiating the poly-
condensation between the two siloxane-based polymers. This system allowed use
of a simple blend mixture of the healing agent with the matrix, while the previous
approaches always required the encapsulation of the monomeric healing agent.
Besides this process simplification, the authors stated other advantages such as (i)
a stable chemistry at high temperatures (>100°C) enabling healing in thermoset
systems, (ii) the stability of the healing chemistry in humid or wet environments,
and (iii) a large accessibility of the siloxane-based polymers and tin catalyst that
can make the system economically feasible. The concept was later extended to
prevent corrosion in self-healing polymer coatings [29]. However, the direct contact
of the siloxane-based healing agent with an epoxy-amine matrix also caused some
matrix-initiated reactions. To overcome this issue, the authors encapsulated the
PDMS healing agent and catalyst in PUF microcapsules, proposing a dual micro-
capsule system approach. The results demonstrated that the dual capsule PDMS
healing system approach can provide healing and corrosion protection under
ambient temperatures. Nevertheless, in both studies, lower healing efficiencies
(ca. 24%) were obtained when compared to the DCPD and Grubbs’ catalyst system.
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Recently, Mangun et al. reported the self-healing of an epoxy matrix at high
temperatures (177 °C) using the same dual capsule PDMS healing system [27]. The
healing efficiencies were low, ranging from 11 to 35%, and increasing with a
higher PDMS resin molecular weight. To further improve the healing efficiency,
two sets of silane-based adhesion promoters were used. The first, called “amino
silane”, contained two primary amine groups to bond with the epoxy matrix and
three methoxy groups on both sides with the ability to react with the silanol-
terminated PDMS. The second was a mixture of two coupling agents (called
“mixed silane”), one containing equal amounts of amine/methoxy groups and the
other with no amine functional groups (only the three methoxy groups on each
end). The use of both adhesion promoters had a positive impact on the healing
efficiency that improved up to 45 and 52% for the “amino silane” and “mixed
silane” promoters, respectively. Besides these improvements, the described work
was stated to be the first presentation of a microcapsule-based healing system able
to repair at such high cure temperature (177°C).

Sottos and collaborators studied the self-healing behavior of a PDMS healing
agent in an elastomeric PDMS matrix [30]. PUF microcapsules containing high
molecular weight vinyl functionalized PDMS and the platinum catalyst on the one
hand and PUF microcapsules with a PDMS copolymer that serves as a crosslinker
to the functional PDMS on the other hand were used. The trigger for the healing
reaction is analogous to the previous examples (rupture of the capsules), and
healing efficiencies between 70 and 100% were obtained after recovery of the
original tear strength, measured under quasi-static conditions. The healing per-
formance was later tested under dynamic fatigue loading, also with substantial
recovery effects [31]. This PDMS self-healing approach has the benefit of having
the same polymeric nature in both the crack region and the host matrix.

Beiermann et al. reported a self-healing system capable of healing puncture
damage based on tin-catalyzed PDMS chemistry [32]. A liquid silanol-terminated
PDMS resin, 25% of PUF microcapsules containing silanol-terminated PDMS
resin, a liquid poly(diethoxysilane) crosslinker and 0-6 wt% of tin catalyst contain-
ing microcapsules were sandwiched between two layers of polyurethane coated
nylon. Samples were damaged using a hypodermic needle or a razor blade and
the healing process was defined as the ability to reseal the damage. Recorded
healing efficiencies were up to 100%, depending on the microcapsule size and
puncture diameter.

9.2.1.4 Epoxy + Latent Hardener/Catalyst Healing System

The use of ring-opening polymerization of epoxide prepolymers with a latent cata-
lyst for self-healing was introduced by Yin et al. in 2007 [33]. In this system, the
epoxy resin was encapsulated in PUF microcapsules and the complex of CuBr,
with four 2-methylimidazole units, serving as the latent hardener, was dispersed
in an epoxy matrix. Upon fracture, the epoxy comes into contact with the hardener,
but the curing reaction (Scheme 9.2) only takes place when the imidazole is
released from the latent hardener complex by heating to 130-180°C. Healing at
130°C for 1h was evaluated for both the epoxy thermoset matrix and its glass fabric
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Scheme 9.2 Curing of epoxy with imidazole [33, 116].

composite counterpart, yielding a fracture toughness healing efficiency of 111 and
68% respectively.

Further work fully analyzed this system [34-36] and extended the mechanical
characterization to impact damage [37]. When the durability of the self-healing
laminates at room temperature was checked, a decrease in healing efficiency
was noted at first, but then leveled out and remained the same for over two
months [38].

Later, Xiao et al. devised a strategy using BF;.OFEt, as a strong Lewis-acid catalyst
for cationic ring-opening polymerization of an epoxy monomer [39]. The epoxy
healing agent in this concept is encapsulated using a new methodology with epoxy
diacrylates and a polymerizable emulsifier as shell formers [117]. The latent BF;.
OEt, hardener on the other hand, would lose its activity when encapsulated in a
conventional approach due to being highly hygroscopic. This resulted in the use
of porous plant fibers to absorb the hardener, followed by coating the fibers with
polystyrene to protect the content. When the fibers were inserted in the epoxy
material, the hardener gradually spread out into the matrix, providing easy contact
with the epoxy healing agent. Immediate mixing into the matrix resulted in
processing issues due to fast curing of the epoxy material. In spite of the moisture
sensitivity of the hardener, the activity is retained within the epoxy composite for
at least 12 months. An additional advantage of this latent hardener system is that
a stoichiometric epoxy/hardener ratio and even distribution of both compounds is
not required, since cationic polymerization proceeds as long as contact with the
latent hardener is maintained. The fast healing rate (76% impact strength recovery
after 30min at 20°C) is indicative of the high speed of the reaction. After 2h at
20°C, amaximum healing efficiency of 85% is reached. Increasing the temperature
slightly to 30°C further raised the efficiency to 89%. Meanwhile, hollow microcap-
sules infiltrated with BF;.OEt, were synthesized to further improve the system [96].

Coope et al. published another system with Sc(OTf); as the Lewis-acid catalyst
and epoxy co-encapsulated with ethyl phenylacetate in PUF microcapsules [40]. In
this case, the catalyst particles were inserted in the epoxy matrix without problems
of deactivation. With manual injection of the healing agent mixture, a healing
efficiency of 78% could be obtained after healing at 45°C for 2 days. Using the
same healing temperature and time with microcapsule-catalyst loaded epoxy
samples rendered a decrease in fracture toughness recovery to 49%. When the
temperature was elevated to 80°C, the efficiency improved again to 86%. Finally,
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tests at ambient temperature were performed, but limited self-healing (recovery
<20%) was observed due to the increased viscosity of the epoxy healing agent in
comparison to the higher temperature range.

9.2.1.5 Thiol-Epoxy Healing System

A second possibility for the use of an epoxy healing agent is by combining it with a
hardener. Both amines and thiols are an option since they can react with epoxides
through addition polymerization. Because the amine hardeners do not require a
catalyst, this chemistry is further discussed in Section 9.2.2. The thiols however,
have to be deprotonated by a tertiary amine catalyst in order to increase their nucle-
ophilicity. Therefore, Yuan et al. infiltrated a tetrafunctional thiol-containing PMF
microcapsule with a tertiary amine [52-58, 94]. As a thiol pentaerythritol tetrakis(3-
mercaptopropionate) (PMP) was used, while benzyl dimethylamine (BDMA) or
2,4,6-tris(dimethylaminomethyl)phenol (DMP-30) was chosen as an amine base.
Triphenylphosphine (TPP) was also tested, but due to immiscibility with the PMP,
infiltration into the capsule was not possible and the base had to be mixed straight
into the epoxy matrix. Epoxy was encapsulated using the same procedure. Reaction
rates appeared to be highest with the amine DMP-30 and lowest with the phosphine
TPP, resulting in the highest and lowest healing efficiency, respectively. Typically,
samples were healed for 1 day at room temperature, reaching up to 105% of fracture
toughness recovery. Healing atlower (down to —10°C) and higher temperatures (up
to 110°C) was also checked and followed over time. After 36h, the lowest tempera-
ture still yields a recovery of 86-88%. The highest healing efficiency obtained with
thermal healing was 171% at 55 °C, which could be explained by the close proximity
to the curing temperature of the thiol-epoxy system (57 °C). Below 200°C, no loss
of performance due to thermal degradation or leakage of the microcapsules is
noticed. Research on impact [55] and fatigue damage [57] revealed that also in these
situations, healing to the extent of full recovery can be achieved.

9.2.1.6 Thiol-Ene Healing System

Van den Dungen et al. turned to the use of thiol-ene chemistry in order to avoid
the amine infiltration step of microcapsules [80, 81]. In this strategy, both a dia-
crylate (1,6-hexanediol diacrylate) and a dinorbornene reagent (1,6-hexanediol
di(norborn-2-ene-5-carboxylate)) were combined with the tetrafunctional PMP
mentioned above. Although this reaction does not require an activator or a catalyst,
the network formation is accelerated by using UV irradiation for 1h and
2,2-dimethoxy-2-phenylacetophenone (DMPA) as a radical photoinitiator. The dia-
crylate and PMP were incorporated in PUF micro- or nanocapsules, while the
dinorbornene was encapsulated with a polystyrene shell for the use in poly(methyl
acrylate), polystyrene-acrylate or pure acrylic coatings. DMPA is dispersed as such
in the acrylate matrix. With scanning electron microscopy, only partial recovery of
the cut in the coating is noted due to aggregation of the diacrylate capsules, thus
leading to a lower healing efficiency. Incomplete healing is also registered with
dinorbornene microcapsules. This observation is even more pronounced with
nanocapsules, leading to the conclusion that the amount of healing agent delivered
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to the rather large cut is not sufficient for full healing to occur. Unfortunately, no
degree of healing efficiency has been mentioned in this study.

9.2.1.7 Thiol-Maleimide Healing System

The combination of thiols with maleimides for self-healing was recently intro-
duced in our research group by Billiet et al., though so far only manual injection
has been used to heal epoxy materials [77]. In this concept, the tertiary amines
present in the epoxy matrix are sufficient to catalyze the fast thiol-maleimide
Michael addition, thus no additional tertiary amines had to be added to the reac-
tion mixture. The maleimides also react with residual amines at the crack surface,
thus covalently linking the healed network to the surrounding matrix. The reaction
kinetics are shown to be faster than the amine-epoxy and amine-acrylate chemis-
try. For healing, PMP is utilized as a multifunctional thiol and combined with
solid, aromatic bismaleimides dissolved in m-cresol. This solvent was chosen
because of the lack of solubility of the bismaleimides in other media, and addition-
ally prevented homopolymerization of the double bonds. Epoxy matrices with a
stoichiometric ratio of epoxy resin and amine hardener were healed with different
thiol-maleimide combinations. After 3 days of healing at room temperature, up to
92% recovery is obtained. If the healing time was increased, the healing efficiency
went up to 121%. Amine-maleimide reactions with DETA were also investigated,
but rendered lower efficiencies (up to 70%), even after 5 days.

9.2.1.8 Azide-Alkyne Healing System

The Cu(l)-catalyzed azide-alkyne cycloaddition reaction was applied by Gragert
et al. in poly(isobutylene) matrices [82, 83]. Both a trivalent polymeric azide and
alkyne were encapsulated in separate PUF microcapsules, due to immiscibility.
The CuBr(PPh;); catalyst was dispersed as such in the polymer matrix. Healing
was performed for 5 days at 25 or 60°C, yielding a recovery of 91 and 107%, respec-
tively. In a further investigation, both acrylate copolymers containing multiple
alkyne functions and three-arm-star alkyne-telechelic poly(isobuylene)s have been
reacted with three-arm-star azido-telechelic poly(isbutylene)s to form low-T, net-
works suitable for self-healing. This system works at room temperature due to the
autocatalytic effect of the 1,3-triazole rings on subsequent “click” reactions [118].

9.2.2
Non-Catalytic Systems

9.2.2.1 Amine-Epoxy Healing System

As stated before, epoxy-containing chemicals can be used as healing agents to form
networks with themselves or with thiols. The very first attempts however, were
made by Dry in 1996 using amines as hardeners for the epoxy resin [61]. Both
reagents were delivered to the crack by hollow glass fibers embedded in an epoxy
matrix material. Mixing of the compounds was assured by pairing the resin and
hardener containing glass fibers together in the same fiber layer. After allowing
time to heal (up to 8 months), broken composites containing these healing agents
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had greater strength, and showed the ability to deflect the crack from the original
crack path in contrast to the ones without added adhesives. Two patents were filed
for this system [62, 63]. Bleay and coworkers studied the vacuum filling of smaller
hollow glass fibers through capillary action in epoxy composites, which indicated
that heating to 60°C and a solvent (acetone) were needed to fill the tubes with the
viscous epoxy resin [64]. This research mainly focused on lowering the hollow glass
fiber dimensions to reinforcing fiber size. The hardener and accelerator also had
to be diluted with acetone for successful filling of the secondary fibers. Both Dry
and Bleay also used cyanoacrylates as healing agents, but this was not further
elaborated due to issues with the glass tube filling. Pang et al. continued work on
this system, adding a fluorescent dye to visualize the flow of healing agents in the
epoxy sample [65, 66]. Four-point bend flexural testing followed by healing for 24h
at room temperature yielded a healing efficiency up to 97%, indicating that the
amine-epoxy reaction proceeds rapidly and can fully restore the strength of the
broken epoxy composite. The research was further extended by Trask [67, 68] and
G. Williams [69, 70], making use of different epoxy resins, other mechanical
analysis techniques, and additional carbon fiber reinforcement. Full recovery
(100%) of the self-healing laminates was obtained after heating for 2h at 100°C,
a temperature chosen to simulate the application’s conditions.

In a next stage, the amine-epoxy chemistry was inserted into microvascular
networks similar to the DCPD system. Toohey et al. could achieve over 60%
healing efficiency for up to 16 healing cycles with this chemistry, where in each
cycle the sample was healed for 2 days at 30°C [71]. The temperature was slightly
increased above room temperature to lower the time of healing between cycles.
Further investigation increased the recovery up to almost 100% in some cycles,
although single cycle healing did not exceed 86%, as indicated in Table 9.1 [72,
73]. Eventually, more than 50% healing efficiency could be retained over 30 cycles.

H. R. Williams et al. investigated the use of microvascular networks in sandwich
panels, comprising a polymethacrylimide core with epoxy skin material [74, 75].
In the core material, horizontal PVC tubes and vertically drilled channels con-
nected to these tubes were added to deliver the healing agents to any damage area.
The tubing again was paired and contained the epoxy resin and the amine hard-
ener separately. Impact damage and flexural testing revealed a healing efficiency
of 82% after 2 days of healing at room temperature. If the sample tubing was
pressurized, the recovery went up to 114% due to increased mixing of the healing
agents and delivery to the crack.

Due to problems with the encapsulation of amine hardeners, the first microcap-
sule amine-epoxy system was not published until 2009, when Kirk et al. made
nanoporous silica capsules infiltrated with both amines and epoxy [59]. Unfortu-
nately, due to the low volume of healing agent delivered to the damage area, only
partial self-healing was observed in most cases. Later, Jin et al. devised a method
to encapsulate amine hardeners in PUF microcapsules using vacuum infiltration
of a hollow polymeric capsule [60]. In this work, the healing efficiencies (77-91%)
obtained for the first healing cycle were in the same range as those of the fibers
and microvascular networks, when the sample was again allowed to heal for 2 days
at ambient temperature.
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Instead of incorporating additional amine hardeners in microcapsules, fibers or
vascular networks, the residual unreacted amines present in the epoxy matrix can
also be used for self-healing, as demonstrated by Caruso et al. [41]. By wetting the
damage area with a whole range of solvents, molecular mobility in the crack is
increased, promoting further curing of unreacted functionalities. Although
nitrobenzene, NMP, DMA, DMF and DMSO gave the best results in manual
healing of epoxy, chlorobenzene was the most suitable solvent for encapsulation,
still rendering proper healing results. One day of room temperature healing
yielded a fracture toughness recovery of 82%. In order to optimize this system, a
mixture of chlorobenzene and additional epoxy resin was incorporated in the
microcapsules [42, 91]. This epoxy resin allowed additional crosslinking with the
residual amine functionalities and led to an increase up to 100% of fracture tough-
ness healing. Evidence for the amine-epoxy reaction was given by changing the
ratio of the amine hardener in the matrix, leading to increased covalent linking
and thus healing efficiency. Phenyl- and ethyl phenylacetate were also successfully
tested as solvents, being less toxic than chlorobenzene.

Meng et al. also made use of this residual amine concept in combination with
glycidyl methacrylate (GMA), a monomer with an epoxide and an acrylate func-
tional group susceptible to nucleophilic attack [76]. GMA was encapsulated in PMF
microcapsules and inserted in the epoxy material. Since this monomer is miscible
with epoxy, it is stated that a small solvent effect is present when released in the
crack. However, the main part of healing is related to hydrogen bonding and cova-
lent bonding with amines. This is again evidenced by adding an excess of amine
hardener to the epoxy matrix, leading to increased healing efficiencies. Recovery up
to 75% was obtained after 3 days at 25 °C with a stoichiometric matrix composition
of 12:100 wt% DETA /epoxy, but over 90% healing was observed with 20:100 wt%
DETA/epoxy. Healing at 160°C, a temperature above the T, of the matrix, was also
tested with stoichiometric matrices and in this case the healing efficiency increased
to 120% for manual injection and up to 90% for the microcapsule system, most
likely due to further increased mobility and infiltration at the crack interface.

9.2.2.2 Epoxy-Based Healing System
In 1999, Zako and Takano published a healing concept based on the use of melt-
able epoxy resin particles [44], whereby a volume fraction of 40% in meltable epoxy
resin was added to a cold-curing epoxy matrix. The epoxy material was mechani-
cally tested for static fracturing and fatigue. Full recovery of the fracture toughness
was obtained when the samples were heated to 100°C for 10min, allowing the
epoxy additive to melt and react at the damage site. This concept was taken up by
Zhang et al. and combined with resistive heating of multi-walled carbon nanotubes
(MWCNT) [45]. At the interface, the melting temperature of the epoxy particles
(150°C) was reached within 15s when a current was applied, due to local resistive
heating. In this way, adding 25 wt% of the meltable, heat-curing resin yielded a
healing efficiency of 55%, while with 30 wt% of epoxy particles a recovery of 70%
was achieved.

In order to avoid heating the matrix, ultraviolet light (UV) has been explored by
Carlson et al. to start the polymerization of a UV-curable epoxy reagent [43]. A
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self-healing sensor skin was made with a solid epoxy core and a polyimide surface,
encasing a liquid epoxy chamber network. When the surface is punctured, the
liquid healing agent is exposed to sunlight and cured at the site of the damage.
No healing efficiencies were mentioned in this study, but it is stated that successful
healing is attained after 1min.

9.2.2.3 Isocyanates-Based Healing System

Isocyanates are very reactive compounds that can react with water or simply with
air moisture. Yang and Huang developed a catalyst-free self-healing system by
preparing PU microcapsules containing hexamethylenediisocyanate (HDI) in the
core, via an interfacial polymerization technique between methylene diphenyldi-
isocyanate (MDI) prepolymer and 1,4-butanediol in an oil-in-water emulsion [78].
The PU microcapsules with HDI in the core were mixed into an epoxy resin to
create a self-healing coating on a steel panel surface. The surfaces were scratched,
then the panels were immersed in a salt solution. After 48h, the steel panel coated
with self-healing epoxy was practically free of corrosion, while in the blank experi-
ments corrosion was clearly visible.

Patrick et al. reported a catalyst-free self-healing chemistry to repair a rigid
polyisocyanurate (PIR) foam [79]. A microvascular network was used to load the
matrix with two commercially available PU foam formulations. Upon fracture, the
vascular network released the polyurethane-based healing agents, creating a new
foam in the cracked region. Due to the heat generation and the presence of the
liquid blowing agents that start to evaporate, gas bubbles were formed, expanding
the mixture towards foam production and subsequent healing of the PIR foam.
This allowed self-repair of macro-scale damages.

9.2.2.4 Vinyl Ester Healing System

Motuku and coworkers showed that healing of epoxy or vinyl ester matrix materials
with vinyl ester resins inserted in hollow glass fibers also has great potential [84].
Release of the healing agent in the damaged area was visualized and several deter-
mining factors, such as the spatial distribution of the fibers, were investigated.
The system can heal impact damage to a certain extent, but neither healing condi-
tions nor efficiencies are mentioned in this publication.

9.2.2.5 Molecular Interdiffusion

In this subsection, the main mechanism of healing is molecular interdiffusion of
thermoplastics, which is also described in Section 9.3.1 under intrinsic self-healing
materials. However, the systems mentioned below use additives to obtain self-
healing, de facto generating an extrinsic self-healing material.

Meure and coworkers blended thermoplastic polyethylene-co-methacrylic acid
(PEMAA) additives into an epoxy thermosetting material [85]. When damage has
occurred, heating to 150°C for 30 min was applied to liquefy the thermoplastic,
allowing the PEMAA to fill the cracks via a pressure-driven delivery mechanism.
This was explained by the expansion of bubbles in the PEMAA particles, most
likely containing volatile products of reactions between the thermoplastic and the
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surrounding epoxy [87, 119]. After cooling, over 100% recovery of the peak load
was obtained, which was mainly attributed to hydrogen bonding between both
polymer materials. Carbon fiber laminates could also be healed completely by
inserting a PEMAA mesh into the material [86]. Additionally, this could be main-
tained over 10 damage-healing cycles.

Nji and coworkers combined meltable copolyester particles with a Veriflex poly-
styrene shape-memory polymer (SMP) matrix to provide a two-step self-healing
mechanism [88]. When a fractured sample was gradually heated to 150°C, it first
passed the T, of the shape-memory matrix, thereby lowering the crack volume. At
114°C, the copolyester particles start to melt and fill the remaining crack, bonding
both surfaces back together at temperatures higher than 125°C, due to diffusion
of the copolyester into the surrounding network. When retested after being kept
at 150°C for 20min and subsequently allowed to set, the material revealed a
healing efficiency of 65%.

Increasing the temperature above the T, in thermoplastics, as further high-
lighted in Section 9.3.1, is sufficient to restore damage. For thermoset materials,
this is of course not a straightforward approach, since the crosslinked nature of
the material prevents healing when brought above the T,. In 2007, the group
of Hayes et al. came up with the idea to use the interesting capabilities of the
thermoplastic materials in combination with an epoxy thermoset [49, 50]. A
poly(bisphenol-A-co-epichlorohydrin) thermoplastic was dissolved into the ther-
mosetting network. When brought above the T,, the thermoplastic additive will
provide the healing when damage occurs. Other groups improved the epoxy
system to reach healing efficiencies up to 75% [46, 47, 51].

9.3
Intrinsic Self-Healing Materials

This section will focus on the chemistries that have been used in intrinsic self-
healing materials. These materials contain chemical bonds that have the ability to
re-form after having sustained damage. This re-formation can be triggered by an
external stimulus, such as heat, light and oxygen. A division of these materials will
be made based on the healing mechanism used. First the systems based on molecu-
lar diffusion will be addressed, followed by the largest group of materials, making
use of reversible bonds in the crosslinking of the matrix. Finally, other systems
that do not fit in the already mentioned categories will be discussed. An overview
of all the discussed intrinsic self-healing materials can be found in Table 9.2.

9.3.1
Molecular Interdiffusion

The easiest polymers to heal are thermoplastic materials. Wool and McGarrel
came up with a theory to describe healing at different stages [177]. In this case,
bringing the polymer above its T, will suffice to restore damage contracted during
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the lifetime of the material. This was already recognized as early as 1981 by Wil-
liams et al. for the healing of polymethylmethacrylate (PMMA) [120]. This will of
course consume a lot of energy in the case of high-T, materials. For this reason,
research was conducted to lower the effective T, with the aid of solvents. Thanks
to the plasticizing effect of methanol [121, 124, 125], ethanol [122] or a combination
of both [123], the effective T, of PMMA was lowered to a more easy accessible
range (40—-60°C). The same effect was reached for polycarbonate [127]. Here the
effective T, was lowered from 147°C to 40-60°C with the aid of CCl,. Sibener
et al. synthesized a block copolymer of PMMA and polystyrene, which had the
ability to heal itself when brought above the T, of PMMA [126].

Yamaguchi et al. were able to incorporate a self-healing mechanism in a weak
polyurethane gel with the aid of dangling chains [128-130]. The weak gel was
obtained by eliminating the sol-fraction of the gel just beyond the sol-gel transition
point. This gel reached healing efficiencies up to 80% within a significantly short
time at room temperature, due to the strong topological interactions of the dan-
gling chains.

9.3.2
Reversible Bond Formation

9.3.2.1 Diels—Alder/Retro-Diels—Alder

Probably the most well known chemical reaction used for intrinsic self-healing
materials is the Diels—Alder (and retro-Diels—Alder) reaction [178]. The reaction
allows control of bond formation and breaking by making use of temperature (see
Scheme 9.3). The first study on thermally reversible polymeric networks contain-
ing Diels—Alder functionalities was reported by Craven in 1969 [179], but it took
more than 30 years before Chen et al. reported the use of furan-maleimide systems
as an efficient self-healing material [131, 132, 180]. The system was formed at 75°C
(for 3 h) and, when cooled, had nice thermosetting properties. Damage that was
inflicted to the material could be healed with a thermal treatment at 145 °C for 25
min. Other groups have investigated and improved this same furan-maleimide
chemistry [133-138].

o
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Scheme 9.3 Diels—Alder reaction between a furan component and a maleimide component.

This concept was also used in more well-known thermoset materials such as
epoxy [139-144, 181], polyketones [145, 146], polystyrene [147], polyethylene [148—
150], polyamides [151, 152] and PMMA [153-155].

In an attempt to shift the healing temperature range of furan-maleimide (100
150°C), other chemistries were investigated. Already in 1999 Schiraldi et al. were
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able to crosslink a polyethylene derivative containing antracene moieties with
bismaleimides at higher temperatures (125 °C) [182]. This knowledge was used by
different groups to make a self-healing polymer based on anthracene-maleimide
crosslinks [156, 157]. This chemistry made it possible to make thermoset materials
at a higher temperature (>100°C) and heal sustained damage at even higher tem-
perature (>200°C).

For self-healing purposes, mostly cyclic dienes are used because the diene is
always locked in the desired s-cis conformation. Besides furan, there are a lot of
different dienes that could be useful for this reaction [159]. For example, Murphy
et al. described the self-healing behavior of dicyclopentadiene polymers [158].
Here, cyclic monomers containing two cyclopentadiene moieties were used. Upon
heating (120°C), the cycles opened and were able to react with a cyclopentadiene
unit of another molecule to form a polymer. It was also found that dicyclopenta-
diene can undergo a second Diels—Alder reaction, leading to the formation of
trimers and resulting in crosslinked networks. Upon damage the healing cycle
could be repeated to re-form the orginal network.

9.3.2.2 Photochemical Trigger

In 2004, Chung et al. came up with a completely new idea for self-healing: light-
induced crack healing [160]. Although photoreactions are generally fast, simple
and environmentally friendly, this was never used before in self-healing. Chung
et al. described the first polymeric sample that could be healed with the aid of a
light source. For this, the photochemical [2+2] cycloaddition of cinnamoyl groups
was chosen, because the photocycloaddition to form cyclobutane structures and
the conversion of cyclobutane to C=C bonds readily occurs in the solid state (see
Scheme 9.4). A crosslinker with three cinnamoyl groups was synthesized by react-
ing 1,1,1-tris(hydroxymethyl)methane with cinnamoyl chloride. This crosslinker
was then polymerized by irradiating with UV (>280nm) for 120s (99% conver-
sion). The obtained film was hard, transparent, and insoluble in organic solvents
such as chloroform. When damage was inflicted to this film, the weakest links
(cyclobutane bonds) were broken, resulting in free cinnamoyl groups. Irradiation
for 2min with UV light (>280nm) allowed recovery of the crosslinked network.
Additional heating (100°C) helped to obtain a higher healing efficiency.

Z hv(>280 nm)
11‘1“0 0

Scheme 9.4 UV-based healing system based on [2+2] cycloaddition of cinnamoyl groups.

This pioneering work was quickly followed by the research of Bowman et al. in
2005 [167]. A rubbery network with a T, of about —25°C was formed from a stoi-
chiometric mixture of pentaerythritol tetrakis(3-mercaptopropionate) and triethyl-
eneglycol divinylether. This thiol-ene crosslinking resulted in a residual amount
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of photoinitiator being present, which played an important role in the healing
process. During irradiation (15 min at 320 to 500nm, 30mW cm™), homolytic
photolysis of the photoinitiator produced radicals in the specimens. Diffusion of
these radicals occurred via addition—fragmentation chain transfer through the allyl
sulfide functionalities. As a result, the polymer backbone was repeatedly cleaved,
stress was alleviated, and the backbone was re-formed in a less stressed conforma-
tion. In 2009, Ghosh and Urban reported the development of a polyurethane
network that exhibited self-repairing characteristics upon exposure to UV light
[162]. The network consisted of an oxetane-substituted chitosan precursor incor-
porated into a two-component polyurethane. Upon mechanical damage of the
network, the four-member oxetane rings opened to create two reactive ends. When
exposed to ultraviolet light (120 W fluorescent UV lamp at 302 nm), chitosan chain
scission occurred, forming crosslinks with the reactive oxetane ends and thus
repairing the network. These materials were capable of repairing themselves in
less than 1h. Further investigation was conducted on the precise role of every
component, temperature and pH [163].

Matyjaszewski et al. reported in 2010 the self-healing reactions of polymer gels
based on reshuffling reactions of trithiocarbonate (TTC) units through chemical
stimulation procedures [165]. The TTC units have the potential to undergo photo-
stimulated reshuffling reactions because they can act as photoinitiators in RAFT
polymerizations. It was shown that the covalently crosslinked gels could achieve
repeatable self-healing and macroscopic fusion of separate pieces simultanesously
[166]. A polymer crosslinked with TTC units was synthesized by a RAFT copoly-
merization of n-butyl acrylate (BA) and a TTC crosslinker. Poly(n-butyl acrylate)
(PBA), a polymer with a low T, value (-50°C), was selected as the matrix polymer
because of its high chain mobility at room temperature. This sample was first
healed with the aid of acetonitrile as a solvent, because it does not absorb UV light
and it does not excessively swell the crosslinked polymers. After cutting into pieces
and irradiating with UV for 4h, the network was fused into a single sample again.
The experiment was repeated for reaction in the bulk state. Considering the lower
chain mobility in the bulk state than that in solution, or solvent swollen state, the
reaction was performed for 48h, and under pressure of a 10g weight. Again the
macroscopic crack almost completely disappeared after UV irradiation.

Froimowicz et al. reported the first use of a dendritic polymer as a scaffold for
reversible photo-dimerizable chromophores toward the generation of building
blocks and its application in self-healing materials [164]. Building blocks were
designed from hyperbranched polyglycerols with incorporated anthracenes. An-
thracene has the ability for a reversible dimerization, where an irradiation with
366nm light induces a forward [4 + 4] dimerization (or crosslinking in the case of
anthracene-containing polymers), while an irradiation with 254 nm light produces
the backward decomposition of the dimer (or de-crosslinking). The self-healing
ability of the system was tested by introducing an artificial scratch in a previously
crosslinked film of anthracene containing polyglycerol. This film was then irradi-
ated for 15min with 254 nm light to regenerate the building block. Afterwards, the
sample was kept overnight in the darkness and at room temperature. The low T,
value (—46°C) allowed the material to reorganize itself covering the entire area.
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Finally, the bulk film was irradiated with 366nm light in order to restore the
crosslinked film.

In 2012, Ling et al. [161]. described a self-mending polyurethane network based
on isophoronediisocyanate, polyethyleneglycol and the photo-reversible moiety
5,7-bis(2-hydroxyethoxy)-4-methylcoumarin. By taking advantage of the reversible
photodimerization and photocleavage property of coumarin, the polyurethane can
be repeatedly crosslinked and de-crosslinked under successive UV irradiations at
350 and 254nm. More importantly, damage in a crosslinked version of the poly-
urethane can be partially re-bonded (65%) through chain reconnection on the
fracture surfaces, resulting from the photochemical reactions.

9.3.2.3 Disulfide Bridges

Klumperman et al. came up with a new self-healing concept that is based on the
use of disulfide links incorporated in a rubber network, which is able to fully
restore its mechanical properties at moderate temperatures [168]. The exchange
reaction of disulfide groups at moderate temperatures can lead to a renewal of
crosslinks across damaged surfaces. An epoxy resin containing disulfide groups
in its structure was crosslinked with a tetrafunctional thiol. When a sample of this
network was damaged and the fracture surfaces were immediately put into close
contact and heated at 60°C, the mechanical properties were fully restored in just
1h. As expected, longer healing times led to better healing, but even when the
contact time between the two broken parts was as short as 15min, healing was
observed. The results indicated that the healed samples had elastic properties
similar to the original material, even after multiple healing cycles.

Around the same period, Matyjaszewski et al. reported a self-healing star-shaped
polymer containing disulfide connections [169]. Again, a redox reaction is the basis
of the healing strategy. While it can be accelerated by the presence of catalysts, it
can, in principle, also proceed under ambient conditions without the need for any
external triggers. Since bond formation/re-formation essentially needs intimate
contact of materials, the flow properties of materials should be seriously consid-
ered, so that the surfaces of the damaged materials can easily approach each other
for bond re-formation. Because of that, polymers with a branched architecture that
are characterized by a low intrinsic viscosity, were selected in this study, eventually
resulting in the development of a self-healing polyurethane system based on the
reshuffling of thiuram disulfide groups in visible light and without solvent [170].
Both a radical transfer reaction in which the generated radical reacts with a
thiuram disulfide group and a simple radical crossover reaction can lead to reshuf-
fling. To heal this material, the broken surfaces were firmly held together for 1 min
and then kept under visible light for 12h. After this treatment, the material
regained its original properties.

9.3.2.4 Radical Fission/Recombination

In 2006, Takahara et al. reported the use of alkoxyamines as a reversible crosslinker
for poly(methacrylic esters) [183]. This lead Yuan et al. to develop a crosslinked
polystyrene with alkoxyamines as crosslinker (see Scheme 9.5) [171]. Upon heating
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Scheme 9.5 Representation of the alkoxyamine system of Yuan et al. [171].
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(120-200°C), covalent bond fission and radical recombination synchronously
occurred among the alkoxyamine moieties. The radical concentration can be
increased by working at higher temperature but this is not unlimited due to
thermal degradation of the polymer itself. Healing efficiencies up to 75% could
be reached with these materials. In 2012, Otsuka et al. made an improvement to
this system by developing a dynamic material that had the ability to autonomously
self-heal under mild conditions, such as under air at room temperature, using a
novel dynamic covalent bond unit, diarylbibenzofuranone, which is a dimer of
arylbenzofuranone, a known antioxidant [170]. The nice feature of this dynamic
bond is the fact that it reaches an equilibrium without special stimuli and the
formed radicals can tolerate the presence of oxygen. For healing, the fresh surfaces
were first wetted with a small amount of DMF (to ensure close contact between
the surfaces) and were then immediately placed together without applying any
excessive pressure. The samples were kept at room temperature under air. After
24h, self-healing of the contacted samples could be observed and the scars had
almost disappeared (healing efficiency up to 98%).

9.3.2.5 Anionic Reactions

In 2004, Zhang et al. came up with the development of a self-healing polycarbonate
[173]. This polymer obtained its self-healing properties with the addition of Na,CO:;.
Polycarbonate can be hydrolyzed when heated (130°C). This resulted in polymer
chains with phenyl and phenolic ends with the release of CO,. The phenolic end,
generated by the hydrolysis, reacted with a phenyl end with the aid of a sodium
carbonate group. Sodium phenoxide is probably eliminated from the chain because
the observation of a slight smell of phenol. The hydrolysis was simultaneously
accelerated with sodium carbonate. Due to these reactions polycarbonate can heal
and restore it original properties up to 98%. In 2012, McCarthy et al. also used
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anionic species to heal their system [174]. The work presented the re-discovery of
the anionic equilibration of crosslinked poly(dimethylsiloxane), which had already
been known for more than 60 years. Tetramethylammonium silanolate-initiated
ring-opening copolymerization of octamethylcyclotetrasiloxane and bis(heptamet
hylcyclotetrasiloxanyl)ethane resulted in a cross-linked network that contains eth-
ylene bridges and active silanolate end groups. These living reactive anionic
species are stable to water, oxygen, CO, and promote thermally activated equilibra-
tion among different network isomers and cyclic oligomers. When a sample of
this material is damaged, it can be healed by wrapping it in tape (to keep the
surfaces together) and putting in an oven at 90°C for 24 h. The obtained properties
of the material were exactly the same as the original.

9.3.2.6 pH-Responsive Systems

Deng et al. constructed a novel reversible polymer gel based on dynamic covalent
chemistry[175]. By condensation of acylhydrazines at the two ends of a poly(ethylene
oxide) chain with aldehyde groups in tris[(4-ormylphenoxy)methyllethane, a
network with acylhydrazone bonds as cross-links is generated. Acylhydrazone
bonds are covalent in nature and, therefore, the polymer network should be stable
under normal conditions. But more importantly, acylhydrazone formation dis-
plays reversibility under mild conditions with acid catalysis, breaking down the
network and regenerating the starting reagents. By adjusting the acidity of the
system, this chemical gel revealed reversible sol-gel phase transitions. Moreover,
the chemical gel possessed a self-healing property based on the reversible breaking
and regenerating of acylhydrazone bonds. For this, the gel had to be put in a
solvent containing an acidic catalyst. When the gel was broken into two pieces, it
could be healed again by simply putting them together and keeping them in
contact for 7h without any external intervention.

9.3.3
Other Systems

Guo et al. [176]. developed a homogeneous self-repairing copolymer system
that exhibited self-healing characteristics upon exposure to a moisture holding
environment. The copolymer consisted of two components: a monomer contain-
ing isocyanate groups (the repairing component) and a fluorinated monomer,
2,2,3,4,4,4-hexafluorobutyl methacrylate (the protective component). In this sys-
tem, the fluorine-containing segments are prone to gather on the solid/air inter-
face, to form a good water barrier during the coating preparation and application
process while the isocyanate-containing segments, due to their strong polarity,
are prone to settle on the solid substrate interface, forming a repairable layer.
Upon mechanical damage of the copolymer, the isocyanate groups will resurface
to generate reactive ends (that can react with environmental water), thus forming
new (urea) crosslinks and repairing the material. For this healing to take place,
an ideal environment is required (65% water humidity and a temperature
of 30°C).
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Concluding Remarks and Future Outlook

Polymeric materials are susceptible to mechanical damage, such as degradation
or crack damage, resulting in loss of functionality and reduction of mechanical
properties. To overcome these limitations, a new class of materials has emerged,
with the ability to (autonomously) repair themselves. These materials are classified
as extrinsic or intrinsic self-healing materials, whether or not an additional healing
agent is added.

This chapter aimed to give an overview of the cross-linking chemistries used in
both approaches. Most work has been done for the extrinsic materials, more spe-
cifically for the microencapsulation approach. This approach, pioneered by White
et al. [1]., demonstrated that epoxy materials can be repaired via the ring-opening
metathesis polymerization (ROMP) of dicyclopentadiene (DCPD) in the presence
of Grubbs’ catalyst. The system was then optimized toward a higher healing effi-
ciency. However, problems with the Grubbs’ catalyst stability and reactivity, and
the autopolymerization of the DCPD monomer has driven researchers towards
alternative cross-linking chemistries for the microencapsulation approach, such
as poly(dimethylsiloxane) (PDMS), epoxy, thiol-ene or azide-alkyne-based healing
systems. Lately, a new type of extrinsic self-healing system, where the use of a
catalyst is not required, has attracted attention. In these types of systems, unre-
acted monomers, air humidity or meltable particles are the healing precursors.

The search for intrinsic self-healing materials is an increasing area of research,
where the presence of a catalyst is not a requisite and the healing is a result of
molecular interactions after exposure to an external stimulus. The most well-
known intrinsic self-healing system is the one based on the Diels—Alder (and
retro-Diels—Alder) reaction. The reaction allows control of bond formation and
breaking by making use of temperature. Chen et al. [131, 132, 180]. demonstrated
this by making use of the furan-maleimide reaction as an efficient self-healing
approach. The material is formed at 75°C and, when cooled, has nice thermoset-
ting properties. Other intrinsic self-healing approaches have been reported, such
as UV-based healing systems, disulfide bridge formation healing systems, radical
fission/recombination healing systems or anionic reactions.

Nevertheless, despite the fast and encouraging improvements, there are still
unsolved technical issues for an accelerated industrial breakthrough, such as
repair of macro-scratches, healing by sunlight or contact with air, healing at low
temperatures, and the use of cost effective chemistries. Many of these require
multidisciplinary studies, covering the molecular level up to the final material
characterization. This is of course challenging as it requires numerous refined
preparative and analytical methods. This multifaceted approach is expected to
result in a rapidly expanding class of new materials that have the ability to repair
more than one functionality and even better mimic biologic systems. This will
eventually lead to the tailor-made development of self-healing polymeric systems
that can be used for a wide range of applications, including in fields such as (bio)
medical materials and electronics.
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Preparation of Nanocapsules and Core-Shell Nanofibers for
Extrinsic Self-Healing Materials

Daniel Crespy and Yi Zhao

Since the pioneering publication of White et al. [1], the preparation of containers
encapsulating chemicals suitable for self-healing (SH) reactions has been exten-
sively investigated for the restoration of materials mechanical properties, electrical
conductivity, or for the inhibition of corrosion.

Capsules, that is, core—shell structures with a liquid core, are still widely used
to load SH agents due to the simple preparative procedure and their potential for
up-scaling. One of the most interesting features compared to intrinsic SH materi-
als remains that already existing and commercial materials can be employed as
matrixes to embed the capsules, enabling possible use in current industrial pro-
cesses. A second decisive advantage is the possibility to implement a stimulus-
responsive release of the SH agents from the capsules [2]. This feature allows the
release to be activated on demand and avoids unnecessary and non-environmentally
friendly release of the SH agent into the surrounding environment. Fibers encap-
sulating SH agents, as high aspect ratio pendants for the capsules, are also cur-
rently investigated in extrinsic SH materials.

Since some of the failures in materials start at the nanoscale level and then are
amplified to micro- and macro- levels, nanocontainers such as nanocapsules or
nanofibers allowing the encapsualtion of SH agents are interesting for healing
cracks or delaminations at their very initial stages [3-5].

The present chapter discusses in a non-comprehensive manner the current and
possible future use of nanocapsules and nanofibers for self-healing materials.

10.1
Selected Preparation Methods for the Encapsulation of Self-Healing Agents

10.1.1
Emulsion Droplets as Templates

Suspension polymerization is the method employed to synthesize most of the
microcapsules reported so far in the literature. The polymerization, usually a
radical polymerization, a polyaddition, or a polycondensation, is carried out in

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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micro- or milli-droplets created by shearing a liquid phase in another immiscible
liquid phase in the presence of a stabilizer. In the case of microcapsules transport-
ing apolar SH agents, the apolar liquid droplets are usually surrounded by an
aqueous solution. Because there is no major diffusion of the apolar liquid through
the continuous phase, as is the case for emulsion polymerization [6], suspension
polymerization allows the encapsulation of large quantities of liquid in a straight-
forward process.

The pendant of suspension polymerization for preparing submicron particles is
miniemulsion polymerization [7, 8]. Miniemulsions are created by dispersing a
liquid phase in another immiscible liquid phase in the presence of a surface-active
molecule and an additional substance that hinders Ostwald ripening. Direct and
inverse miniemulsions are usually oil-in-water and water-in-oil miniemulsions,
respectively. However, many other possibilities are available to prepare non-
aqueous miniemulsions [9], which can be useful if the SH agents to be encapsu-
lated are water-sensitive. The miniemulsions are efficiently stabilized against
coalescence with an appropriate surfactant while the introduction of a hydrophobe
for direct miniemulsions or a lipophobe for inverse miniemulsions prevents
Ostwald ripening [10].

Nanocapsule morphology, that is, a core—shell structure with a liquid core, can
be formed by different methods from submicron droplets [11, 12]. We discuss
here only the methods that are relevant for self-healing materials. Interfacial reac-
tions to create nanocapsules rely on the reaction between molecules mainly
present in the dispersed phase and molecules mainly present in the continuous
phase. Both molecules react then at the interface of the droplets to build an
organic or an inorganic capsule wall. In miniemulsions, interfacial step-growth
polymerizations have been performed in direct [13, 14] and inverse systems for
the encapsulation of apolar and polar substances in polymer nanocontainers,
respectively [15]. With this method, the shell thickness can be conveniently con-
trolled by the concentration of the monomers in the miniemulsion (Figure
10.1a,b), whereas the size of the nanocapsules is controlled by the amount of
surfactant employed to emulsify the dispersed phase. Inorganic containers can

(© (@

Figure 10.1  (a,b) TEM micrographs of Society. (c,d) SEM micrographs of internal

capsules with different shell thickness
prepared by interfacial polyaddition.
Reprinted with permission from reference
[15]. Copyright (2007) American Chemical

phase separation driven by radical polymeri-
zation of divinylbenzene [16]. With kind
permission from Springer Science and
Business Media.
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be formed by the same method. For instance, the hydrolysis and condensation of
alkoxysilanes in direct [17-19] and inverse [20] miniemulsion yielded also silica
nanocontainers with a liquid core.

The layer-by-layer method proposed by Decher [21] was found to be also
applicable to curved materials such as spherical particles and droplets [22]. The
method is based on the alternate deposition of polyelectrolytes of opposite charges
on a solid or liquid substrate. The concept is general and can be derived to mac-
romolecules or colloids possessing interactions strong enough to allow the for-
mation of a shell. The same method was also applied to fabricate functional
nanocapsules [23].

Internal phase separation induced by a reaction performed in the dispersed
phase and/or the evaporation of a solvent from the dispersed phase can also lead
to the formation of nanocapsules. For instance, it was shown that free-radical
polymerizations in miniemulsion droplets in the presence of a high amount of
alkanes allowed their encapsulation in polymer shells (Figure 10.1c,d) [16, 24, 25].
Phase separation within emulsion droplets can also be triggered by the evaporation
of a solvent from the dispersed phase. The principle was shown by Loxley and
Vincent for PMMA microcapsules containing a poor solvent for PMMA [26]. The
dispersed phase of the emulsion contained the polymer, a good low-boiling solvent,
and a poor solvent for the polymer. When the good solvent is removed by evapora-
tion, phase separation of the polymer occurs within the droplets.

The success for the formation of the capsules is guided by the values of the
spreading coefficients defined by:

Si = gik — (g + i)
Sw ="Yor —(Yow *+ Yrw)
Sp =Yow —(Yor + ¥rw)

with g1, > gy and 1,2,3 the symbols for the three different phases. According to the
theory developed by Torza and Mason [27], several morphologies can be obtained,
as described in Figure 10.2, among which only the core—shell with liquid core is
of interest for the encapsulation of self-healing agents. As shown in the subse-
quent part of this chapter, the fabrication of core-shell structures can be imple-
mented to lower length scales to prepare nanocapsules. Compared to the internal

O e o

core-shell doublet separated
§;<0 S$;<0 §;<0
S, <0 S, <0 S, >0
S; >0 S; <0 S; <0

Figure 10.2  Predicted morphology of the colloids according to the sign of the spreading
coefficients.
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phase separation induced by a reaction (e.g., polymerization), solvent evaporation-
induced phase separation has the advantage of being free of non-reacted species
because the polymer can be purified before the emulsification.

10.1.2
Electrospinning

Nanofibers can be conveniently prepared by the electrospinning technique [28].
The method is very versatile and can be applied to synthesize inorganic, organic,
or composites meshes [29, 30] not only from solutions, but also from emulsions
and dispersions [31]. A typical set-up for electrospinning is schematized in Figure
10.3. It is usually composed of a spinneret, a high voltage power supply, and an
electrically conductive collector placed opposite to the spinneret. The electrospin-
ning solution or dispersion is fed through the spinneret with the help of a syringe
pump or by gravity. In the presence of a strong electrical field, the droplet formed
at the end of the spinneret undergoes a conical deformation called Taylor cone.
The cone deforms further and the electrified liquid is ejected toward the collector.
Because of evaporation of the solvent and strong electrostatic repulsion forces, the
jet is stretched and thinned to yield fibers that are deposited on the collector.
Core—shell nanofibers are ideal candidates for the encapsulation of self-healing
materials and can be produced either by coaxial or emulsion-electrospinning
[32]. Coaxial electrospinning relies on the simultaneous electrospinning of two
different jets from two spinnerets arranged in a coaxial manner. The electrospin-

Figure 10.3 Schematics of an electrospinning set-up with an enlargement of the Taylor cone
and a typical SEM micrograph of polymer fibers deposited on the collector [29].
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ning of emulsions can lead to core-shell structures when the concentration of
droplets in the spinning feed is sufficiently high. The droplets can be deformed
during the electrospinning process and coalesce in the jet to form a continuous
domain in the core of the fibers.

10.2
Mechanically Induced Self-Healing

10.2.1
Nanocapsules

Mechanical damage was the first investigated trigger for the release of SH agents.
According to the composition of the shells, nanocapsules for SH materials can be
divided into polymer nanocapsules, inorganic nanocapsules, or hybrid nanoc-
pasules. Table 10.1 summarizes the characteristics of capsules for SH materials.

Blaiszik et al. reported the first application of nanocapsules for SH materials
[33, 34]. Dicyclopentadiene (DCPD) was encapsulated in poly(urea-formaldehyde)
(PUF) nanocapsules by interfacial polycondensation. With the help of ultrasonica-
tion, 1.65um PUF capsules were prepared. The capsule size could be further
decreased to 220nm by introducing hexadecane (HD) in DCPD droplets to prevent
Ostwald ripening. The PUF were subsequently embedded in an epoxy matrix and
its fracture toughness was found to be increased by ~59% when the capsules
volume fraction was ~15%. In this case, no Grubbs’ catalyst was employed during
the material fabrication. The enhancements of mechanical properties were mainly
due to the active crack pinning by DCPD when the capsules were broken. A similar
approach was developed to encapsulate triethylene glycol dimethacrylate
(TEGDMA) in polyurethane (PU) nanocapsules for self-healing in dentistry [35].
The bond strength of the dental adhesive was significantly increased when 9 wt.%
TEGDMA nanocapsules were incorporated in the matrix.

Klumperman et al. successfully encapsulated tetrathiol in PUF nanocapsules
with styrene-maleic anhydride copolymer (PSMA) or poly(styrene-maleic
anhydride)-block-polystyrene (PSMA-b-PS) as surfactants [37]. The nanocapsules
had a size range of 150 ~500nm. It was found that the nanocapsules had better
stability when block copolymers were used as surfactants instead of random
copolymers. The authors also reported the encapsulation of dinorbornene in PS
nanocapsules by miniemulsion radical polymerization of styrene. The encapsu-
lated substances, tetrathiol and dinorbornene, are candidates for self-healing reac-
tions based on thiol-ene click chemistry and ROMP, respectively. Fickert et al.
encapsulated DCPD in copolymers of styrene and hydrophilic monomers by min-
iemulsion polymerization [36]. The surface chemistry and charge of the capsules
could be easily controlled by varying the nature of the hydrophilic comonomer,
which included methacrylic acid (MAA), the potassium salt of 3-sulfopropyl meth-
acrylate (SMA), 2-aminoethylmethacrylate hydrochloride (AEMA), and poly
(ethylene glycol) methyl ether methacrylate (PEGMA) (see Figure 10.4a). Holes
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Table 10.1 Characteristics of the capsules, types of SH agents and reactions. The abbreviations are
summarized at the end of the chapter.

Capsules Self-healing compounds Ref.
Materials Size Materials Healing method
PUF 1.65+0.79um  DCPD ROMP 33]
220 £ 110nm
300nm [34]
PU 260~340nm TEGDMA Radical polymerization  [35]
PS 290 £ 100nm DCPD ROMP [36]
P(S-co-SMA) 310 + 90nm
P(S-co-MAA) 260 + 80nm
P(S-co-AEMA) 440 £ 170nm
P(S-co-SMA-co-PEGMA) 240 = 30nm
P(S-co-AEMA-co-PEGMA) 490 £ 170nm
PDVB 340 £ 90nm
P(S-co-PEGMA) 280 + 80nm
P(S-co-MAA-co-PEGMA) 270 £ 80nm
P(DVB-co-SMA) 320 £ 60nm
P(S-co-DVB-co-SMA-co-PEGMA) 300 = 30nm
PUF/PSMA 150~500nm Tetrathiol Click chemistry [37]
PS 60~150nm Dinorbornene ROMP
PLLA 320 £ 140nm HD Solvent induced [38]
PMMA 335+ 80nm
PVAc 250 £ 90nm
PVF 250 = 50nm
PPO 320 £ 110nm
PVCi 240 £ 70nm
PLLA 360 £ 200nm 1-Bromododecane
240 £ 60nm Cyclohexane
320 £ 180nm Perfluorodecane
PVF 240 + 110nm D4 Ionic polymerization
260 £ 120nm LMA Radical polymerization
230 + 70nm PDMS-DE Polycondensation
Silica/PUF 1.5um DCPD ROMP 39]
Silica/PS 1.5um Grubbs’ catalyst
Silica/PS/PMMA 0.4pm
Silica(TEOS) 140 £ 60nm DCPD [19]
Silica(TEOS/MPTMS 9:1) 120 £ 60nm
Silica(TEOS/MPTMS 8:2) 110 £ 60nm
Silica(TEOS/MPTMS 5:5) 130 + 50nm
Silica(TEOS/APTES 95:5) 120 + 60nm
silica 180 + 90nm Grubbs’ 1st/TOL

190 = 100nm Grubbs’ 2nd/TOL
320 £ 130nm Grubbs’ 1st/XYL
300 £ 150nm Grubbs’ 2nd/XYL

170 £ 90nm Grubbs’ 2nd/CHCl,
210 + 80nm Grubbs’ 1st/CHCL,
100~150nm MBT

Corrosion inhibitor

[40]
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(a) (b)

Figure 10.4 (a) Encapsulation of DCPD could be achieved by radical polymerization of styrene in miniemulsion droplets, and the functionality of the capsules’
surfaces could be modified by copolymerizing with different hydrophilic monomers. Reprinted with permission from reference [36]. Copyright (2012) American
Chemical Society. (b) various SH agents (chemical structures in the yellow inset) could be encapsulated by different pre-synthesized polymers via a solvent

evaporation-miniemulsion technique [38].
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were observed in scanning electron micrographs and were attributed to the
evaporation of the liquid core in the vacuum during coating of the substrates or/
and during the observation in the scanning electron microscope. To prove that the
holes were not present on the surface of particles in the dispersion, and thus that
the SH agent was successfully encapsulated, atomic force microscopy (AFM) was
carried out in the absence or presence of water. Some holes were also observed
with AFM when the dispersion of nanocapsules was measured without surround-
ing water. On the contrary, the shells of the nanocapsules were found to remain
intact when they were surrounded by water. This finding has important implica-
tions for the applications of nanocapsules in self-healing materials. Indeed, it
means that encapsulated substances should be processed as a dispersion or that
substances with lower vapor pressure should be encapsulated when the drying
occurs at room temperature.

Besides the formation of nanocapsules involving reactions, SH agents can be
encapsulated in pre-synthesized polymers via the mild miniemulsion-solvent
evaporation technique [38]. This method was found to be general and a large
variety of polymers with completely different chemical structures and physical
properties could be used as shells, such as poly(r-lactide) (PLLA), poly(methyl
methacrylate) (PMMA), poly(vinyl formal) (PVF), poly(vinyl acetate) (PVAc),
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), and poly(vinyl cinnamate) (PVCi)
(see Figure 10.4b). Differenthydrophobicoils, suchashexadecane, 1-bromododecane,
cyclohexane and perfluorodecaline, were successfully encapsulated in PLLA nano-
capsules which could be used in solvent-induced self-healing. Furthermore,
octamethylcyclotetrasiloxane (D4), lauryl methacrylate (LMA) and diglycidyl ether
terminated poly(dimethylsiloxane) (PDMS-DE) were also encapsulated in PVF
nanocapsules for self-healing reactions based on ionic, radical, and condensation
polymerizations, respectively.

Although polymer capsules are widely used in SH materials, they are usually
less mechanically and thermally stable than inorganic capsules. During the
processing, the polymer shells may collapse or the polymer capsules form large
aggregates above their glass transition temperature. These problems can be
addressed either by coating a thin inorganic layer on the polymer capsules, or by
directly encapsulating SH agents in inorganic nanocontainers. Jackson et al.
encapsulated DCPD in PUF nanocapsules and entrapped Grubbs’ catalysts in PS
or PS/PMMA nanoparticles by an emulsion—solvent evaporation technique [39].
These solid nanoparticles were further coated with a thin silica layer (20 ~ 40nm)
by hydrolysis and condensation of tetraethylorthosilicate (TEOS). These silica-
protected containers showed high stability and less aggregation when mixing with
epoxy matrix, which could make the containers disperse in the matrix at high
concentration only with little loss of reactivity. Another approach is to carry out
interfacial reaction between TEOS present in the dispersed phase and the sur-
rounding aqueous medium at the surface of miniemulsion droplets containing
either DCPD or Grubbs’ catalysts (Figure 10.5a) [19]. The surfaces were functional-
ized with thiol or amine groups by copolymerizing TEOS with 3-mercaptopropyl
trimethoxysilane (MPTMS) and 3-aminopropyltriethoxysilane (APTES), respec-
tively. In order to increase the solubility and mobility of Grubbs’ catalysts during
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(b)
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ultrasonication, and drying the mixture, the
polymer poly(DCPD) could be recovered as
shown by C CP-MAS NMR spectroscopy
(b). The experiments could be carried out
under air (SH2) or argon (SH3) without
significant difference between both cases.
Reproduced from reference [19] with
permission from The Royal Society of
Chemistry.

Figure 10.5 (a) TEM micrographs of silica
nanocapsules prepared by the hydrolysis and
condensation of alkoxysilanes at the interface
of miniemulsion droplets. The Grubbs’
catalyst and the monomer dicyclopentadiene
(DCPD) for ring-opening metathesis
polymerization were separately encapsulated
in silica nanocontainers. After mixing the two
dispersions, breaking the capsules walls by

a possible self-healing reaction, different hydrophobic organic solvents were used
to dissolve the catalysts, including toluene, xylene, chloroform and dichlorometh-
ane. The self-healing reaction was carried out via an in vitro method. The nano-
capsules containing DCPD and Grubbs’ catalysts were mixed and sonicated to
open the capsules mechanically. Poly(DCPD) was formed, as revealed by solid-
state NMR (Figure 10.5b) and TGA measurements. Besides monomers and cata-
lysts for self-healing reactions based on polymerizations, corrosion inhibitors were
also encapsulated in silica nanocontainers. For instance, Zheludkevich et al. encap-
sulated 2-mercaptobenzothiazole (MBT) in silica nanocapsules for active corrosion
protection [40]. A self-healing effect was detected when defects were intentionally
created in the modified coatings. The self-healing and self-repairing approach is
described in more detail in Sections 10.3.2 and 10.3.3.

10.2.2
Nanofibers and Nanotubes

Incorporating containers encapsulating SH agents without deteriorating the prop-
erties of the matrix is an important prerequisite for their application. A suitable
container should keep or even enhance the properties of the matrix. Fibers are
routinely used to improve the toughness of polymer materials for many years.
Among the different fibers morphologies, core—sheath (or core-shell) fibers
allow the entrapping of large amount of SH agents in their core. Once they are
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Table 10.2 Characteristics of the fibers employed to encapsulate SH agents in nanofibers.

Fibers/tubes Self-healing agents Ref.
Materials Diameter” Materials Healing method
Glass 60um (ext) Ciba MY750 epoxy resin  Polyaddition [41]
30~100pum (ext) Cycom 823 epoxy resin [42]
60 % 3um (ex) [43]
60 + 3um (ex)/40um (int) [44]
Sisal 150~200 um (ext) (C;Hs),0- BF, Cationic polymerization  [45]
Glass Sum (int)/15um (ext) Ciba LY5120 epoxy resin ~ Polyaddition [46]
S5um (int)/15um (ext) Ciba MY750 epoxy resin
5um (int)/15um (ext) cynoacrylate Anionic polymerization
Halloysite ~ 15nm (int)/50nm (ext) BTA Anti-corrosion [47)
15nm (int)/50nm (ext) 8HQ [47]
15nm (int)/50nm (ext) BTA (48]
CNT 50~100nm (ext) DCPD ROMP [49]
50~100nm (ext) IPDI Polycondensation
PAN 0.4~1.5um (int)/1.5~3um (ext) ~ DCPD ROMP
0.4~1.5um (int)/1.5~3 um (ext) IPDI Polycondensation

a) ext = external diameter, int = internal diameter.

embedded in the matrix to be healed, reinforcement and self-healing abilities can
be simultaneously achieved. The different strategies and materials reported in the
literature are summarized in Table 10.2.

Various hollow fibers have been used for SH materials, including glass fibers
[41-46, 50, 51], halloysite nanotubes [47, 48, 52], carbon nanotubes [53] and
polymer fibers [49]. Bond et al. filled different uncured epoxy resins in glass fibers
[41-44]. The filled glass fibers were further incorporated in an epoxy matrix for
reinforcement and self-healing. The results of mechanical tests showed that the
fraction strength of the matrix was restored by the self-healing effect. To avoid the
deactivation of the catalysts during materials fabrication, Xiao et al. loaded boron
trifluoride diethyl etherate ((C,Hs),O-BF;) in sisal fibers [45]. After mixing the
fibers with the epoxy matrix, the catalysts diffused in the whole system and healing
occurred when epoxy resin-filled capsules were broken upon mechanical damage.
Since glass fibers and sisal fibers are usually in the micrometer range or above,
they are not suitable for healing cracks in a smaller length scale. Halloysites nano-
tubes are much smaller, cheap, durable, biocompatible and display high mechani-
cal strength [52]. Fix et al. successfully encapsulated corrosion inhibitors, such as
benzotriazole and 8-hydroxyquinoline, in halloysite nanotubes [47]. The filled hal-
loysites were dispersed in a sol-gel coating to protect the aluminum alloy. A self-
healing effect was successfully demonstrated by an in situ scanning vibrating
electrode technique, showing a rapid decrease in the maximal anodic activity
within 1~2h after corrosion.
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Figure 10.6 Scheme illustrating the concept of the self-healing process using carbon
nanotubes as reservoirs for SH agents. Copyright Institute of Physics and IOP Publishing
2010.

Others promising nanocontainers for SH materials are carbon nanotubes
(CNTs) because they have extremely large interfacial area and very good mechani-
cal properties. Therefore, CNTs are considered as ideal filler materials for mechan-
ical reinforcement and as nanocontainers for SH agents at the same time. The
challenges for their applications are whether the cracks can form on the sidewall
of CNTs and if the healing agents will release from CNTs when cracks happen.
To answer these questions, Lanzara et al. investigated the application of CNTSs as
nanocontainers for SH materials through a molecular dynamics (MD) study [53].
The concept of proposed self-healing with CNTs is illustrated schematically in
Figure 10.6. CNTs loaded with SH agents were embedded in a hosting matrix.
Crack healing was achieved through chemical reactions between the healing mol-
ecules and triggered catalysts. The simulation results showed that the number of
molecules released depends on the size of the cracks that formed on the CNT wall.
Moreover, the release was temperature-dependent and exhibited saturation. This
study showed that CNTs were not only able to load SH agents for repairing the
matrix but could also be used as filler materials for mechanical reinforcement
before and after delivery of the active compounds.

Although CNTs are theoretically suitable as multifunctional nanocontainers,
they have not yet been used for SH application due to the experimental difficulties
inloading the SH agents and sealing the two ends of the CNTs. Polymer nanofibers
produced by electrospinning are good alternatives since they possess a much
higher aspect ratio and the surface of the non-closed cross-section of the fibers
(extremities) is negligible compared to the total surface of the fibers. Sinha-Ray
et al. recently reported the encapsulation of SH agents in core-shell polymer
nanofibers by the electrospinning method [49]. Two types of healing agents, DCPD
and isophorone diisocyanate were successfully loaded in polyacrylonitrile (PAN)
fibers. As shown in Figure 10.7, the fibers had an average internal diameter
0.4~1.5um and an average external diameter 1.5~3 um. The presence of the healing
materials in the fiber core was proved by polymerization of the monomers under
squeezing, energy dispersive X-ray spectroscopy, and preferential imprinting of a
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Figure 10.7 Optical microscopy images of core—shell fibers: (a,b) PAN fibers loaded with
DCPD; (c,d) PAN fibers loaded with IPDI. The scale bar in all images is 10mm. Reproduced
from reference [49] with permission from The Royal Society of Chemistry.

fluorescent dye. Hybrid polymer composites reinforced with healant-loaded PAN
nanofibers have been fabricated, and the toughening mechanisms and delivery of
self-healing agents examined and validated. This study provided a simple way for
encapsulation of SH agents to be used in the production of smart composites.

10.3
Stimuli-Responsive Self-Healing Materials

Nanocontainers with the ability to release the SH or so-called self-repairing agents
in a controlled way have already been used to prepare active SH materials [54-56].
These nanocontainers not only have a passive functionality but also rapid feedback
activity upon external stimuli.

10.3.1
Light-Responsive Capsules

Light is becoming an appealing external stimulus to release substances encapsu-
lated in polymer capsules because it has a broad range of tunable parameters
(intensity, irradiation time and location) and it does not require additional chemical
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substances [57]. To the best of our knowledge, there is, however, no report about
the application of photoresponsive capsules in SH materials until now. As pho-
toresponsive capsules have already been widely studied for controlled release, they
could also be applied in SH materials. Usually photoresponsive capsules are made
with photoresponsive polymers [58-61] and dyes [62], or by incorporating metal
nanoparticles [63—-67] and carbon nanotubes [68] in polymer shells. A straightfor-
ward method would be to prepare photoresponsive capsules from photoresponsive
polymers. Photodegradable polymers are a good choice when burst release of the
encapsulated compounds is needed because it can be achieved upon photoirradia-
tion. Kitano et al. prepared photodegradable polymer microcapsules by a coupling
reaction of disuccinimido 4,4"-azobis(4-cynovalerate), 1-lysine and polyallylamine
[58]. Due to the decomposition of polymer chains under photoirradiation, encap-
sulated succinylated bovine serum albumin was observed to be released. Following
the same strategy, Almutairi et al. prepared UV and near-IR responsive polymer
nanoparticles encapsulating the dye Nile Red [61]. The polymer was composed of
a self-immolative quinone-methide backbone and photocleavable nitrobenzyl
alcohol groups as trigger. Controlled release of payload upon irradiation at 365 or
700nm and subsequent degradation of polymers were observed. Compared with
burst release of compounds, releasing the encapsulated compounds in a controlled
manner allows a prolonged delivery of the encapsulated substance. Kono et al.
prepared crosslinked poly(acrylic acid)-poly(ethyleimide) capsules containing a
copolymer of acrylic acid and bis[4-(dimethlamino)phenyl](4-vinylphenyl)methyl
leucohydroxide [59]. In weak alkaline conditions, the triphenylmethane derivative
could dissociate into an ion pair under UV irradiation. The permeation of p-toluene
sulfonate through the membrane was then enhanced significantly. The permeation
of the substance could be controlled simply by switching on/off the UV light.
Another important type of photoresponsive capsules is prepared from polymers
and inorganic particles which have optothermal or photocatalytic properties. Gold
and silver nanoparticles are commonly used in capsule shells to convert light to
heat. By generating sufficient heat, the capsule can be collapsed and burst release
occurs, as shown in Figure 10.8. An alternative is generating heat to increase the
temperature above the glass transition temperature of the polymer shell, thereby
accelerating the permeation rate of the payload. Caruso et al. prepared photore-
sponsive capsules built from PSS/PAH multilayers and gold nanoparticles [63].
The encapsulated fluorescein isothiocyanate-labeled dextran could be released on
demand from the capsules by irradiating with a 10ns pulse of laser light at
1064 nm. Pastine et al. prepared toluene-filled polyamide microcapsules contain-
ing 1% carbon nanotubes and 5% Grubbs’ catalyst (II) [68]. These microcapsules
were dispersed in neat DCPD (1:100 by weight) for weeks without noticeable
increase in viscosity. However, a laser irradiation at 785 nm was found to open the
capsule shell, resulting in the gelation of the dispersion in several minutes. This
phenomenon was explained by the optothermal effect of CNTs, which absorbed
and converted the light to heat to break the capsule shell, inducing a release of
the Grubbs’ catalyst. Besides the optothermal effect, a photocatalyst effect could
also be applied to prepare photoresponsive capsules. Katagiri et al. prepared
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Figure 10.8 Scheme illustrating two possible  the glass transition temperature of the
release routes due to the optothermal effect: polymer shell and accordingly increase the
1) large amount of heat can break the permeability. Reprinted from reference [57],
capsule wall; 2) lower amount of heat allows ~ Copyright (2010), with permission from
the local temperature of the shell to exceed Elsevier.

UV-responsive microcapsules based on poly(sodium 4-styrenesulfonate) (PSS) and
poly(diallyldimethylammonium chloride) (PDDA) multilayers, which were sub-
squently coated with a cationic bilayer of dioctadecyldimethylammonium bromide
and SiO,-TiO, prepared by sol-gel chemistry [66]. The encapsulated Phenol Red
was released by irradiating at 550nm. As a control test, the capsules without TiO,
were unaffected by UV irradiation. This was explained by the photocatalytic activity
of the TiO, component decomposing polyelectrolytes, which causes the capsules
to rupture.

10.3.2
pH-Responsive Systems

In some cases, for instance when metal corrosion occurs, the generation of cracks
in a material is accompanied by local pH changes. Therefore, pH-responsive cap-
sules active nanocontainers have been investigated for anticorrosion applications
[69-83]. Mesoporous SiO, [69-76] and ZnO [77] were used as nanocontainers to
load corrosion inhibitors. The surface was then decorated via the layer-by-layer
technique, with pH-responsive polymers such as poly(ethyleneimine) (PEI),
poly(styrene sulfonate) (PSS), poly(acrylic acid) (PAA), poly(methacylic acid)
(PMA), and poly(allylamine hydrochloride) (PAH). As shown in Table 10.3, various
organic and inorganic corrosion inhibitors were successfully encapsulated, includ-
ing benzotriazole (BTA), cerium cation, 2-mercaptobenzothiazole (MBT), ben-
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Table 10.3 Characteristics of pH responsive nanocontainers for self-healing materials.

Containers Self-healing compounds Ref.
Materials Diameter Materials Healing method
SiO,/PEI/(PSS/BTA), 150nm BTA Corrosion inhibitor [69]
Si0,/PAH/(PSS/BTA), 60~140nm [70]
Si0,/PAH/(PMA/BTA), 60~140nm
Si0,/PAH/(PSS+PMA/BTA), 60~140nm
Si0,/PEI/(PSS/BTA), 70nm [71]
70~100nm 73]
Zeolite <2um Cerium cation [74]
Si0,/CBJ[6]/bisammonium stalks 0.5~0.8 um BTA [75]
Si0, 60~80nm MBT [76]
ZnO/PANI/BTA/PAA 950nm BTA [77]
Zn-Al LDH 50~100nm Benzoate anion [78]
200~400nm MBT [79]
200~400nm Vanadate
200~400nm Phosphate
Cerium molydbate 140 £ 10nm 8-HQ [80]
140 £ 10nm 1-BSA
Zn-Al LDH - MBT [81]
Mg-Al LDH -

zoate anion, vanadate, phosphate, 1-H-benzotriazole-4-sulfonic acid (1-BSA), and
8-hydroxyquinoline (8-HQ).

Grigoriev et al. loaded benzotriazole (BTA) as a corrosion inhibitor into mesopo-
rous SiO, nanoparticles [68]. The particles were further coated with PEI/PSS/
(BTA/PSS)n multilayers. Then the decorated SiO, nanocontainers were combined
with zirconia and organosiloxane sols to form a sol-gel anticorrosion coating on
an aluminum alloy substrate. When corrosion occurred, the local pH changed,
becoming either acidic or alkaline, depending on the corrosion mechanism, and
on impurities and surface properties of the metals. The change in pH induced a
loosening of the shell structure and, as a result, the inhibitor located in the shell
or mesoporous SiO, was released into the corrosion sites and stopped the corro-
sion. After healing, the capsule shells closed again due to the recovery of the initial
pH and the release of inhibitor was stopped. The evolution of the corrosion process
and self-healing efficiency of protected aluminum dipped in 0.1 M NaCl solution
was analyzed by the scanning vibrating electrode technique (SVET). As shown in
Figure 10.9, no corrosion current was observed during the experiment. After 42h
of immersion of the metal, anodic activity was detected (Figure 10.9b) due to cor-
rosion. After another 18h, the corrosion was suppressed because of the release of
inhibitors (Figure 10.9c). Following the same strategy, polyelectrolytes-modified
nanocarriers based on halloysite nanotubes and SiO, nanoparticles were prepared
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Figure 10.9 SVET curves of the anticorrosion  the local current density due to the
coating on aluminum substrate doped with development of the corrosion process.
SiO,/PEI/PSS/(BTA/PSS), particles dipped in  Reproduced from reference [69] with
0.1M NaCl solution for (a) Oh, (b) 42h, and permission from The Royal Society of
(c) 60h. z-coordinates in all figures represent ~ Chemistry.

[70]. Benzotriazole (BTA) was chosen as corrosion inhibitor and loaded in these
carriers that were further used to protect copper from corrosion. Electrochemical
measurements were carried out to analyze the anticorrosion effect by using a
copper specimen as the working electrode. The corrosion medium was 0.5M NaCl
aqueous solution and BTA-loaded nanoparticles were added before the measure-
ment. It was discovered that lower pH, stronger stirring, and higher temperature
could accelerate the release of BTA, and consequently increase the efficiency of
the nanocontainers against corrosion. Instead of polyelectrolyte layers, CB[6] and
bisammonium stalks were used as pH-responsive nanovalves in SiO, shells [75].
The release rate of corrosion inhibitors increased above pH?7 because of the
detachment of CB[6] rings from bisammonium stalks. ZnO particles could be
sequentially modified with PANI, BTA and PAA layers [77]. The corrosion testing
results showed that 5 wt.% nanoparticles in the matrix would be enough for sus-
tained release of inhibitors in applications. Other inorganic particles such as, SiO,
[76], zeolite particles [74], cerium molybdate particles [80], Zn—Al LDHs [78, 79,
81] and Mg—Al LDH [81] could also be used for encapsulation of different corro-
sion inhibitors without surface decoration. Zeolite particles loaded with Ce(III) as
corrosion inhibitor were embedded into silica-zirconia sol-gel film to protect an
aluminum substrate [74]. When corrosion happened, the local pH decreased due
to the hydrolysis of metal cations and Ce** was released and precipitated in the
cathodic areas to heal the corrosion. Lower pH value increased the amount of Ce**
released from the zeolite. In another approach, Kartsonakis et al. loaded 8-HQ and
1-BSA in cerium molybdate nanocontainers [80]. The loaded amount was found
to be ~5 wt.% for 8-HQ and ~16 wt.% for 1-BSA. These nanocontainers were
further applied to protect aluminum alloy and carbon steel from corrosion. The
releases of the inhibitors were studied in a corrosion environment by potentiody-
namic measurement and spectrophotometer. The results showed that the release
of inhibitors suppressed the corrosion activity.



10.3 Stimuli-Responsive Self-Healing Materials

An important kind of containers are layered double hydroxides (LDHs) [78, 79,
81], including Zn-Al LDHs and Mg—Al LDHs. Ferreira et al. synthesized Zn-Al
LDHs loaded with different corrosion inhibitors, such as vanadate, phosphate and
MBT [79]. The nanocontainers were incorporated into commercial coatings to test
the anti-corrosion effect. The study showed that the combination of LDH contain-
ers loaded with vanadate and phosphate anions, or vanadate and MBT showed a
synergistic anticorrosion effect on aluminum alloy. The best anti-corrosion per-
formance was found for a sol-gel coating doped with LDH-MBT and a primer
doped with LDH-vanadate.

10.3.3
Temperature-Responsive Systems

Temperature is another possible stimulus to trigger the release of SH agents from
nanocapsules. As already mentioned, the release of payload from capsules is
influenced by the glass transition temperature (T,) of the capsule’s shell. Increas-
ing temperature above the T, accelerates the releasing rate. Most of the temperature-
responsive capsules have been studied in aqueous solution and used for controlled
drug delivery study [84-90]. Thermally responsive capsules usually have sharp
changes of morphologies in response to a small change in temperature around
the lower critical solution temperatures (LCSTs) or upper critical solution
temperatures (UCSTs) of the polymers. Figure 10.10 shows an example of ther-
moresponsive core—shell microcapsules with a porous membrane and poly(N-
isopropylacrylamide) gates [84]. The polyamide microcapsules were prepared by
interfacial polymerization, and grafting of PNIPAM in the pores was achieved by
plasma-graft pore-filling polymerization. The microcapsules showed positive and
negative thermo-responsive controlled release by changing the PNIPAM grafting
yield. When the grafting yield was low, the release rate was higher at T > LCST
than T < LCST due the opening and closing of the pores. When the graft yield was
high, the release rate was lower at T> LCST than T < LCST due to the hydrophilic/
hydrophobic phase transitions of the PNIPAM gates. However, temperature has
not yet been used in SH materials as a stimulus to open nanocapsules.

10.3.4
Redox-Responsive Systems

Capsules with permeability sensitive to the redox of the shell have also been
reported. The layer-by-layer technique was employed on colloidal templates with
polyanions and polycations based on poly(ferrocenylsilane) [91]. The microcapsule
wall permeability could be controlled by the redox states of the ferrocene units in
the shell. Chemical oxidation yielded swelling of the capsule and a drastic change
in the permeability of the capsule wall. Another approach was investigated by
Staff et al. and is based on the design of polymer nanocapsules with redox-
responsive nanopatches [92]. The nanopatches were formed by poly(vinylferrocene)
blocks of poly(methyl methacrylate)-block-poly(vinylferrocene). The selective
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Figure 10.10 Schematic illustration of the thermo-responsive release in core—shell microcap-
sules with a porous membrane and thermoresponsive polymer gates having different grafting
density. Reprinted from reference [87], Copyright (2001), with permission from Elsevier.

oxidation of the patches led to the release of substances encapsulated in the
nanocontainers.

10.4
Novel Approaches and Perspectives

Core—shell particles and fibers with encapsulated self-healing agents are suitable
components for thin extrinsic self-healing materials. While mechanical- and
pH-induced opening of the nanocapsules are predominant in the literature, light-,
temperature-, and redox-triggered delivery of encapsulating self-healing agents are
promising alternatives.

Elongated nanocapsules, as a bridge between spherical nanocapsules and core—
sheath nanofibers are also interesting fillers for self-healing materials. Indeed,
simulations carried out by Mookhoek et al. have shown that a combination of high
aspect ratio of capsules and preferential orientation of such capsules was advanta-
geous for self-healing applications [93]. Recently, it was shown that nanocapsules
could be elongated by embedding them in a film and subsequently heating and
drawing the film [94], or during the electrospinning process [95]. However, there
are up to now no reports about applications of elongated nanocapsules for self-
healing materials.
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Remarkably, metallic nanoparticles dispersed in a polymer matrix were found
to migrate at the interface between the matrix and a silica layer [96]. The optimal
size for the diffusion of the nanoparticles was related to the gyration radius of the
polymer of the matrix, and therefore to its molecular weight. Indeed, larger parti-
cles induce an increase in entropic penalty for the incorporation of the nanopar-
ticles in the matrix. This phenomenon favored the migration of the nanoparticles
from the matrix to the crack area. On the other hand, particles that were too large
diffused much shorter distances in the same time and did not reach the crack.
Such a feature could be advantageously used for very small nanocontainers to
deliver preferentially the payload to the crack.

Some of the challenges and limits for self-healing materials based on nanocap-
sules and nanofibers are common with other extrinsic self-healing materials. The
main problem is the fact that the encapsulated self-healing agents are consumed
once the capsule’s shell is opened. Several solutions with different levels of com-
plexity could overcome this major issue. The nanocontainers could be re-filled
after use. Although it is probably very delicate in the case of nanocapsules, it might
be possible for nanofibers if the extremities of the fibers are available to feed again
their core with self-healing agents after use, similarly to the approach followed for
self-healing materials based on a vascular network [97]. A second possibility would
be to create multicompartment materials with compartments that are locally or
selectively opened and, therefore, would allow a repeated release of self-healing
agents. The methods to produce multicompartment nanoparticles [98] or fibers
[31] are available and, hence, could be used for self-healing materials. Another
option is to follow a long-lasting dream for many chemists, which is the synthesis
of self-reproducing, self-healing materials. Since the amount of self-healing agent
is limited by the volume of the core in core—shell structures, artificial self-replicators
[99] would be needed to allow a repeated self-healing of the matrix.

Abbreviations

1-BSA: 1-H-benzotriazole-4-sulfonic acid

8HQ: 8-hydroxyquinoline

AEMA: 2-aminoethylmethacrylate hydrochloride
AFM: atomic force microscopy

APTES: 3-aminopropyltriethoxysilane

BTA: benzotriazole

CBJ[6]: cucurbit[6]uril

D4: octamethylcyclotetrasiloxane

DCPD: dicyclopentadiene

Dinorbornene: 1,6-hexanediol di(endo, exo-norborn-2-ene-5-carboxylate)
DVB: 1,2-divinylbenzene and 1,4-divinylbenzene
LDH: layered double hydroxide

IPDI: isophorone diisocyanate

LMA: lauryl methacrylate
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MAA: methacrylic acid

MBT: 2-mercaptobenzothiazole

MPTMS: 3-mercaptopropyltrimethoxysilane

PAH: poly(allylamine hydrochloride)

PAN: polyacrylonitrile

PDDA: poly(diallyldimethylammonium chloride)
PDMS-DE: poly(dimethylsiloxane) diglycidyl ether terminated
PEG-MA: poly(ethylene glycol) methyl ether methacrylate
PEIL: polyethyleneimine

PLLA: poly(r-lactide)

PMA: poly(methacrylic acid)

PMMA: poly(methyl methacrylate)

PPO: poly(2,6-dimethyl-1,4-phenylene oxide)

PSMA: poly(styrene-co-maleic anhydride)

PSS: poly(sodium 4-styrenesulfonate)

PU: poly(urethane)

PUF: poly(urea-formaldehyde)

PVAc: poly(vinyl acetate)

PVCi: poly(vinyl cinnamate)

PVF: poly(vinylformal)

ROMP: ring-opening metathesis polymerization

S: styrene

SH: self-healing

SMA: potassium salt of 3-sulfopropyl methacrylate
TEGDMA: triethylene glycol dimethacrylate

TEOS: tetraethylorthosilicate

Tetrathiol: pentaerythritol tetrakis(3-mercaptopropionate)
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Self-Healing Polymers via Supramolecular,
Hydrogen-Bonded Networks”

Florian Herbst and Wolfgang H. Binder

11.1
Introduction

The technological design of self-healing polymers also demands the possibility to
achieve multiple healing cycles, thus requesting more complex strategies than
those just relying on covalent bonding. This chapter deals with concepts and reali-
zations to generate polymeric materials capable of executing multiple self-healing
cycles due to the supramolecular nature of the interactions between their chains.

The concept of supramolecular self-healing materials relies on the use of noncova-
lent, transient bonds to generate networks, which are able to heal the damaged site.
Thus, the aspect of reversibility and dynamics of a network [1, 2] and its underlying
supramolecular bonds is crucial for the understanding and design of self-healing
polymers via this concept. Supramolecular interactions [3-8] can affect material
properties, such as the polymers’ strength (moduli), viscosity and flow, as well as
the intrinsic ordering of polymer chains. The additional dynamic behavior in turn
adds new features of stimuli-responsiveness towards external damage to the materi-
als properties, thus making them ideal candidates for self-healing materials.

A general process of self-healing is depicted in Figure 11.1, demonstrating the
basic steps of self-healing in supramolecular polymers. First (see Figure 11.1a) the
undamaged material, consisting of polymer chains with attached supramolecular
bonds, forms a network by bonds able to connect and reconnect via reversible
“sticker-like” behavior. Thus, in contrast to “conventional” polymeric materials,
the strength of the material is generated by the “stickiness” of the supramolecular
bonds, and is not a consequence of covalent bonds or chain entanglement. Crucial
for the network formation is a specific interaction between the two different
supramolecular bonds linking the different polymer chains. After damage has
occurred via external forces, leading to a crack (Figure 11.1b), the generated
new interface contains a multitude of now unbound supramolecular bonds,
which remain “sticky” at the fractured surface for a certain period of time. Thus,

*) This chapter is partially based on thoughts published in Macromol. Rapid Commun. (2013), 34 (3),
203-220, written and designed by the very same authors.

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 11.1  Self-healing mechanism for a on the fractured surface for a certain period
supramolecular polymer: (a) When the of time, but can rearrange as well; (c) after
material is cut into two halves the weak being brought into contact again the
supramolecular bonds (top) or clusters supramolecular bonds or clusters are
(bottom) are broken preferentially; (b) the re-formed, thus the crack is healed.

hydrogen-bonding motifs stay unassociated

recombination of the two fragments leads to reformation of the supramolecular
bonds, closing the gap and healing the damaged site (Figure 11.1c).

The possibility of repeatedly conducting the healing event even after multiple
damages have occurred is a central advantage of supramolecular self-healing
materials, putting them on the frontline for application in industry.

One can imagine that the possibility and time to heal the damaged site depends
at least on two factors, the first being the time by which the supramolecular “stick-
ers” recombine, the second being sufficient chain dynamics of the individual
polymer chains, necessary to enable mobility of the supramolecular groups. Thus,
controllable dynamics of the supramolecular interactions within or attached to a
polymer with sufficient chain mobility and overall good mechanical properties are
required for the design of such self-healing polymers [9, 10]. Particularly, rubbery
behavior can be a direct consequence of either supramolecular association [11-13],
or concomitant phase separation processes active within the polymeric materials
[14-17]. Both principles can contribute to a successful design of the self-healing
supramolecular material and are, therefore, considered in this chapter.

The dynamics of the attached polymer chains and the dynamic behavior of
supramolecular networks in gels [18, 19] and in bulk are discussed separately. The
underlying models [20-22] to understand the dynamics and strength of polymeric
supramolecular networks (sticky-Rouse- [20, 23-26], sticky-reptation- [21] or
“living”-reptation-model [27]) have been referred to already. In this chapter exam-
ples of self-healing polymers are desribed, focusing on hydrogen-bonds and n—r
interactions as supramolecular interactions.



11.1 Introduction

Hydrogen bonds [29] have emerged as one of the most important supramolecu-
lar bonds in chemistry and polymer science [3-5], since their binding strength
(“stickiness”) as well as their association dynamics can be tuned over a large range
of orders of magnitude. Additionally, due to their high structural variability hydro-
gen bonds have attracted many scientists in the past. A special feature of hydrogen
bonds is their ability to assemble in a directional and specific mode of association,
which is most brilliantly demonstrated in biomimetic polymers [30] where their
self-aggregation generates hydrogen-bonded networks [11, 31].

In order to apply supramolecular interactions, for example, for the formation of
networks, one main challenge is to deal with the weak binding energy of a supramo-
lecular interaction 0.5-40k] Mol for a hydrogen bond (an ordinary C-C-bond has
a binding energy of ~345k] Mol ™) [29]. Therefore, the main parameters to control
self-healing in supramolecular polymers are the strength and number of the
involved hydrogen bonds. For relevant hydrogen-bonding motifs (see Figure 11.2),
as a rule of the thumb, an additional hydrogen bond implies a stronger interaction
with a value of about 7.4k] Mol ™" per bond [3]. This challenge has led to the develop-
ment of different hydrogen-bonding motifs which exhibit a strong directed associa-
tion (several hydrogen bonds involved). Due to their dynamic feature materials
containing these groups were often called “dynamers”, a term introduced by Nobel
prize winner Jean-Marie Lehn [32, 33]. Some prominent examples of supramolecu-
lar bonds used for self-healing materials are shown in Figure 11.2, including
Meijer’s 2-ureido-4[1H]-pyrimidinone dimers [34] (self-complementary) (a), the
thymine (b, left)/2,6-diaminotriazine (b, right) interaction [11, 16, 17, 35], the
Hamilton wedge (c, right)/barbituric acid system (c, left) [18, 36], Zimmerman’s
2,7-diamido-1,8-naphthyridine (d, right)/guanosine motif (d, left) [37], the associa-
tion of Bouteiller’s [38] 2,4-bis(2-ethylhexyl-ureido)toluene (e, EHUT) and a strong
quadruple hydrogen bonding motif (g) invented by Blight et al. [39]. The stacking
of electron-poor naphthalene-diimide (g, top and bottom) and electron-rich pyrene
groups (g, middle), as published by Greenland et al. [40], is shown as an example
utilizing m-m-interactions.

Even the strongest of the above-mentioned interactions (Figure 11.2f) with a
binding free energy (AG) of —71k] Mol reaches only ~20% of the thermodynamic
stability of a carbon—carbon covalent bond [39]. Hence, when both covalent bonds
and supramolecular bonds are present in a material and mechanical stress is
applied, it will be the weaker supramolecular bond which fails. Due to the inherent
dynamic reversible character of the supramolecular bond its re-formation is pos-
sible, thus enabling recovery of the pristine properties. The extent of “healing” can
be expressed by the healing efficiency:

Mechanical value,,z.q

Healing efficiency = %100
g efficiency Mechanical value yigine

and must be determined separately for each mechanical property.

To create a supramolecular network from smaller building blocks different con-
cepts can be applied (see Figure 11.3). Linear chain extension of unentangled poly-
mers bearing associative groups can lead to the formation of significantly longer
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Figure 11.2  Different supramolecular binding motifs utilizing hydrogen bonds (a—f) and
n-n-stacking (g). Values for K., are provided in an inert solvent (CHCly).

entangled supramolecular chains (expressed by a virtual degree of polymerization)
(Figure 11.3a) [41], thus creating a network due to effective entanglements.

In the case of association of more than two functional groups, network forma-
tion occurs due to the formation of tie-points (crosslinks) connecting several
polymer strands (Figure 11.3b) [11, 42]. Furthermore, polymer chains where
several functional groups are distributed along the polymer chain form supramo-



11.2 Dynamics of Hydrogen Bonds in Solution

Figure 11.3  Different modes of association leading to the formation of a supramolecular
network.

lecular networks (Figure 11.3c) [43]. These graft-polymers can also be intercon-
nected via low molecular weight bifunctional spacers [44].

Not only the binding energy, which dictates the extent of network formation,
but also the dynamics of each binding system, the influence of temperature, con-
centration, and, most importantly, the effect of the surrounding polymer matrix,
which by itself can act as a “solvent” for the supramolecular bonding motif in
polymeric melts and in the bulk, can influence the “stickiness” of a hydrogen bond.
We will discuss these influences in the following sections, first shedding light on
the dynamics of hydrogen bonds in polymer solutions.

11.2
Dynamics of Hydrogen Bonds in Solution

For a specific set of supramolecular associating groups A and B the possible modes
of aggregation are as simple as displayed in (Figure 11.4). Besides the desired A-B
formation the dimerization of each group, A-A and B-B, is possible. Each species
is in a permanent dynamic equilibrium, which is expressed by the association
constant K, (for the formation of A-B) or the dimerization constant Ky, (A-A
or B-B). Since K, is often large (see Figure 11.2) in comparison to Ky, (usually
in the range of Ky, < 100M™) the dimerization can be neglected in solution.
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Figure 11.4 Modes of aggregation in solution for complementary groups A and B.

According to this model the association constant K, is defined by the ratio of
the rate of association (k,) and rate of dissociation (kq), k./kq (see Figure 11.4). It
was shown by Hammes et al. [45] that the rate of association in solution is often a
diffusion-controlled process, thus expressing the rate of dissociation (k) as a direct
measure of the strength of the hydrogen bond, also expressed by the bond lifetime
74 (T3 =1/ky). This observation holds true for many binding motifs, except for a few
systems where, for example, tautomers [46], or an energetic conformation bias [47]
are significant, where the rate of association (k,) is not diffusion controlled.

For bifunctional monomers (Figure 11.3a) the formation of supramolecular
chains consisting of numerous initial building blocks takes place. The extent of
aggregation can be described by a virtual degree of polymerization (DP), which is
dependent on K., the concentration (c) of the monomer, the solvent and the
temperature. To calculate the relation between DP, K., and c it is necessary to
control the monomer concentration independently from the DP. This was accom-
plished by the use of chain-stoppers [6], revealing the following correlation:

DP = [Kassn. : C]O-S

Thus, the attachment of a hydrogen-bonding motif onto both chains ends of a
polymer will cause a remarkable change in the viscoelastic properties in compari-
son to the blank polymer, for example, an increase in the solution viscosity [48, 49].

In order to create a strong and dynamic supramolecular network (as a basic
requirement for a self-healing material), the DP must be sufficiently high to form
effective entanglements. For an arbitrary binding motif (fixed K., and solvent)
this can be achieved by an increase in the concentration, by a decrease in the
temperature (DP ~ T™) or by using multivalent monomers (acting as crosslinkers).
Under certain critical conditions (c.i. or T.:) one will observe a transition from
the solution or sol-phase to a gel-phase. Supramolecular self-healing gels will be
discussed in the next section.

11.3
Supramolecular Gels

Important for determining the strength of a supramolecular network is the
timescale of opening/closing (7,) of the supramolecular crosslinks, the statistical
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chain length between two crosslinking points (M,), and the temperature depend-
ence of the supramolecular interaction. Control of the relation between the strength
of the network and the dynamics of the supramolecular bonds is thus crucial
[50]. The plateau modulus (Gy) resulting from reversible (e.g., supramolecular)
crosslinks and those crosslinks resulting from entanglements can be used to
estimate the number of permanent and transient crosslinks (1) within a supramo-
lecular (rubbery) network. An expansion of this concept was reported [51-54],
which allows to calculate bond-lifetimes in metallo-supramolecular gels by moni-
toring the plateau modulus in oscillatory, frequency-dependent measurements.
This concept can further be extended to hydrogen-bonded graft-polymers in the
melt state, so that both, the network strand density (v,) and the segment length
between two supramolecular crosslinking points (M,), [50] can be determined.

As stated above, a supramolecular network can be formed by the formation of
either effective entanglements [55] or crosslinks (or both) [56]. For given conditions
(temperature, concentration and binding motif) the existence of the network is
dictated by the lifetime of the hydrogen bond. A suitable tool to investigate the time-
dependent mechanical properties in the solvent free state is available by frequency-
dependent rheology measurements. A typical frequency sweep measurement for a
supramolecular gel is sketched in Figure 11.5. At high frequencies (short times) the
bond lifetime 7, is long in comparison to the applied frequency (7; > 7). As a result,
the supramolecular bonds are monitored in the closed state and the material
behaves similar to a permanently crosslinked network. At lower frequencies (long
times), the supramolecular bonds are monitored in the open state (7; < 7, slope of
G’ =2, slope of G” = 1), thus the materials properties are dictated by the middle
segments (between the hydrogen-bonding motifs). The transition between these
two states (73 = 7) is called the gel point.

However, it is the density of the network, and thus the mobility of the polymer
chains, which influences the lifetime of the reversible bonds. To break a tie-point,
first the supramolecular bond must be in the open state, and secondly both groups
must depart from each other. Since the chain mobility is limited by the network

<~ .
G/G” flow network, no flow

[Pa] T> T, T< Ty

G
G

T=1, o[1/s]

Figure 11.5 Typical frequency sweep measurement for a dynamic supramolecular gel.
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Figure 11.6 Formation of a supramolecular gel, reported by Noro et al. [44]. Reproduced with
permission from RSC Publishing.

density (or the limited mobility of surrounding chains due to supramolecular
bonding) an individual bond can open and close several times before the two
groups finally depart from each other. As a result, it is rather the effective bond
lifetime 7 than the “ordinary” bond lifetime 7, (7] > 7,) that is crucial for under-
standing the network-dynamics. Therefore, it is not necessary to use strong
hydrogen-bonding motifs (with high K., and slow 17,), since even weak systems
are reasonably applicable as soon as their effective bond lifetime is in the range
of 1us < 73 > 1min [57]. As a result, for creation of a self-healing supramolecular
material one has to find a compromise between a sufficiently high number of
tie-points and sufficient mobility of the polymer chains. While tie-points give
mechanical strength to the material (in terms of a high Gy, tensile strength, etc.),
the mobility of the polymer chains is constricted, thus slowing the self-healing
dynamics [58].

It was shown Dby Noro et al. [44], that carboxyl-terminated telechelic
poly(ethylacrylate) (PEA) (Figure 11.6a) and poly(ethyleneimine) (PEI) (Figure
11.6b) form a supramolecular network in THF/methanol (v:v = 1:1) (Figure
11.6¢), although only one hydrogen bond is formed between both groups. PEA
and PEI are immiscible under these conditions, leading to the formation of PEI
cores surrounded by the PEA matrix (swollen with the solvent). Therefore, it is the
connection of the PEI cores via hydrogen bonding which leads to the formation
of the supramolecular network. As a result one has to refrain from using the
simple association model in solution, since in polymeric gels additional effects
emerge, including microphase separation [44], stacking [59-61], or fiber formation
62, 63].

Vidyasagar et al. reported on self-healing gels made from mannitol-based diols
flanked by two ketal moieties (Figure 11.7a) [62]. Although only weak hydrogen
bonds are involved these low molecular weight molecules form gels in different
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Figure 11.7 (a) Mannitol-based diols. (b) made from the upper diol in pump oil at 1
Aggregation of diols into a fibrous network. wt% concentration. Figure reproduced

(c) Self-healing experiment of a pyrene-doped  according to Vidyasagar et al. [62]. With
gel fused to an undoped gel. Both gels are permission from John Wiley & Sons, Inc.

solvents, due to the aggregation into long fibers which can entangle to form a
fibrous network (Figure 11.7b). Figure 11.7c shows a self-healing experiment
of the diol (Figure 11.7a top) in pump oil (at 1 wt% concentration). A pyrene-
doped part (left side) was fused to an undoped part and left for several days,
showing the blue glowing color migrating into the undoped part. The dynamic
equilibrium between free dissolved and assembled molecules leads to a continu-
ous formation and dissociation of fibers, allowing the pyrene molecules to move
into the undoped part. It is noteworthy that these gels, although dynamic in nature,
exhibit a permanent shape. However, no mechanical analysis of these gels was
reported.

A reasonable improvement for the use of gels would be the use of water as a
non-toxic, inexpensive and easy accessible “green” solvent, to form hydrogels [64].
However, a main disadvantage of water is its ability to form hydrogen bonds with
the hydrogen-bonding motifs, reducing the association constant K., by orders of
magnitude. One attempt to solve this problem was reported by the company
SupraPolix BV utilizing Meijer’s quadruple hydrogen bond (UPy), producing and
merchandising this concept already on an industrial scale [65]. The UPy motif
was attached to hydrophilic poly(ethylene glycol) (PEG) which can accommodate
water, whereby the UPy motifs can assemble into hydrogen-bonded arrays, giving
the gel elasticity and strength (Figure 11.8a). In this way, UPy groups were shielded
from the water-swollen PEG chains by apolar isophorone spacers [66]. A heart
made of the hydrogel (Figure 11.8b), consisting of 15wt% UPy-polymer (and a
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Figure 11.8 (a) UPy-containing polymer. (b) Supramolecular hydrogel made of PEG-UPy
polymer 15 wt% in water. Reproduced according to van Gemert et al. [66]. With permission
from John Wiley & Sons, Inc.

small amount of purple dye) in water, shows self-healing behavior at ambient
temperatures. After being cut in half the broken heart heals when the parts are
slightly pressed together, recovering almost immediately its ability to be stretched
without breaking.

Although these examples show spontaneous self-healing behavior, there are
several limitations for the technical application of supramolecular gels. As men-
tioned above, the use of organic solvents and the sensitivity towards water (if not
designed specifically) might be critical. Furthermore, the self-healing dynamics
(chain mobility) are strongly dependent on the polymer/solvent ratio, which can
change (e.g., by evaporation of the solvent) in long-term applications. For this kind
of application an increased thermal stability and long-term shape persistence are
desirable. While the thermal stability is limited to the thermal properties of the
solvent, shape persistence is not necessarily given.

As a logical consequence one has to seek supramolecular methods capable of
self-healing without the presence of a solvent. A crucial aspect, thus, is to guaran-
tee sufficient chain mobility, which in supramolecular gels is introduced by an
excess of solvent, making supramolecular gels inherently self-healing. As a con-
sequence, for bulk materials sufficient chain mobility can only be introduced by
using polymers or oligomers with low glass transition temperatures (or a compos-
ite of at least one low-T, material).

11.4
Self-Healing Bulk Materials

In a polymeric bulk material the hydrogen-bonding groups are surrounded by
either the polymer matrix or by other hydrogen-bonding groups. Therefore, a vast
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Figure 11.9  (a) Telechelic poly(THF) with assembly of poly(THF) with adenine end
nucleobase end groups, (b) adenine, groups. Figure reproduced according to
(c) cytosine, (d) film of poly(THF) with Sivakova et al. [42]. With permission from
adenine end groups, (e) film of poly(THF) ACS Publications.

with cytosine end group, (f) model of the

variety of different effects can additionally influence the supramolecular aggrega-
tion, including stacking [42, 67-70], fiber formation [59, 63, 67-69, 71], microphase
separation/cluster formation [1, 9, 11, 12, 14, 15, 42, 72, 73], crystallization effects
of the supramolecular group or the polymer chain [74-76], as well as secondary
effects [42, 70, 72] (such as dipole—dipole interactions or secondary hydrogen
bonds).

Sivakova et al. reported on telechelic low molecular weight poly(THF) polymers
(M, < 2000gMol™) bearing different nucleobases on both chain ends (Figure
11.9a—c) [42, 68]. Although the interaction of these derivates is weak in solution,
(K < 50M™) materials with film and fiber-forming capability (Figure 11.9d,e)
were obtained, demonstrating that a combination of phase segregation between
the poly(THF) matrix and the nucleobase chain ends yielded highly thermo-
sensitive flexible supramolecular films. In the case of an adenine-capped
poly(THF) (Figure 11.9¢) a transition from a linear system (fibers of the adenine
stacks by m—m-interaction) to a gel-like cross-linked system at ~90°C consisting
of smaller disorded stacks connected via hydrogen bonding (Figure 11.9f) was
observed.

Herbst et al. reported on a similar system consisting of low- T, poly(isobutylene)s
(PIBs) (T, ~ =70°C) bearing either thymine (Thy) or 2,6-diaminotriazine (DAT)
groups at both chain ends (Figure 11.10a—c) [11]. The aggregation of the end
groups in the melt is strongly different from the association in solution. While
the Thy-Thy and DAT-DAT interactions are weak (3.8 and 1.7 M™) in comparison
to the Thy-DAT interaction (~10°M™"; see Figure 11.2b) in solution, the bifunc-
tional PIB-Thy, shows the strongest effect in the melt. Figure 11.10e shows the
frequency-dependent measurements at 20°C, revealing that all samples are strong
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Figure 11.10 (a) Structure of supramolecular  measurements for bifunctional supramolecu-

polyisobutylene (PIB); (b) PIB bearing lar PIBs. Figure reproduced according to
2,6-diaminotriazine groups; (c) PIB bearing Herbst et al. [11]. With permission from ACS
thymine groups; (d) equimolar mixture of Publications.

PIB-Thy and PIB-DAT; (e) frequency sweep
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Figure 11.11  (a) 4-Phenyl-1,2,4-triazolidine- urazoylbenzoic acid groups due to additional
3,5-dione group (urazole), (b) 4-urazoylben- hydrogen bonding between carboxylic acid
zoic acid group, (c) hydrogen bonding groups. Figure reproduced according to
between two urazol groups attached to Hilger et al. With permission from Elsevier

a PBD, (d) phase separation of 4- Ltd.

rubbers at room temperature. It was confirmed by SAXS measurements, that
microphase separation of the end groups (cluster formation) leads to the formation
of a thermoreversible, supramolecular crosslinked network. At high temperatures
(T>100°C) the materials are low viscous polymer melts due to the deaggregation
of these clusters.

In an early work Stadler and coworkers investigated the influence of different
functional groups attached to linear poly(butadiene)s (PBDs) [1, 77-79]. Although
4-phenyl-1,2 4-triazolidine-3,5-dione (urazole) (Figure 11.11a) and 4-urazoylbenzoic
acid (Figure 11.11b) are quite similar in their chemical structure, the effect when
distributed along the PBD chains is strikingly different. PBDs with urazole groups
show for example, a broadening of the rubbery plateau zone and an increase in
the zero-shear viscosity due to the formation of two hydrogen bonds between a
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Figure 11.12  (a) Thymine (Thy) functional- DAT and Thy-PPO-Thy. Figure reproduced
ized PPO; (b) 2,6-diaminotriazine (DAT) according to Cortese et al. [72]. With
functionalized PPO; (c) DAT-PPO-DAT; (d) permission from ACS Publications.

Thy-PPO-Thy; () 1:1 mixture of DAT-PPO-

pair of urazole groups (Figure 11.11c) [1, 77]. For these materials a thermorheo-
logically simple behavior is observed and their temperature dependence of
logar (shift factor) can be described by the Williams—Landel-Ferry [80] (WLF)
equation. In contrast, PBDs with urazoylbenzoic acid groups, which only differ
from the urazole group by the presence of the carboxyl group, show a considerably
more complex behavior due to cooperative aggregation. For these polymers the
time-temperature superposition fails [78, 79]. The secondary forces introduced
by the carboxyl groups (Figure 11.11d) lead to the formation of extended aggre-
gates of the 4-urazoylbenzoic acid groups, which phase separate from the polymer
matrix, while the urazole groups are homogenously distributed within the polymer
matrix.

Cortese et al. studied the influence of the Thy-DAT motif (see Figure 11.2b)
attached to the chain ends of unentangled low molecular weight (M, = 2200 g Mol ™)
poly(propylene oxide) (PPO) (Figure 11.12) [72, 81]. A PPO bearing two
2,6-diaminotriazine groups (DAT; Figure 11.12b) was observed as a low viscous
liquid (Figure 11.12¢), since only weak hydrogen bonds were formed between two
DAT groups. Surprisingly, a PPO bearing two Thy-groups (Figure 11.12a) was
obtained as a solid (Figure 11.12d) due to the crystallization of the Thy-groups, as
confirmed by SAXS and DSC measurements. It is claimed, that the crystallization
was promoted by weak hydrogen bonding (secondary forces) of the amide groups
in close vicinity to the Thy-group. An equimolar mixture of both polymers was
again obtained as a liquid (Figure 11.12d), since the strong hydrogen bonding
between Thy and DAT prevents the Thy-groups from crystallization. The viscosity
of an equimolar mixture is significantly higher than for pure 2,6-diaminotriazine-
capped PPO because the stronger hydrogen bonds lead to the formation of longer
supramolecular chains (higher virtual DP). However, this behavior is in contrast
to the association in solution, where the Thy-Thy interaction is weak, and in
contrast to the results of Herbst et al. [11].
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Figure 11.13  (a) Poly(n-butyl acrylate) lifetime (7) increases with UPy content.
(PnBA) containing different amounts of UPy Figure reproduced according to Feldman
groups. (b) Storage modulus (G’) versus et al. [43]. With permission from ACS
reduced frequency (w-ar) for PnBA with Publications.

increasing UPy content. (c) Effective bond

Feldman et al. investigated random copolymers consisting of a poly(n-butyl
acrylate) (PnBA) backbone bearing UPy side chains (Figure 11.13a) [15, 43, 82].
SAXS and DSC measurements revealed that there is no phase separation of the
UPy groups. Therefore, the supramolecular groups are homogenously distributed
within the polymer matrix, a crucial requirement for investigating the dynamics
of a “simple” aggregation of two functional groups per supramolecular tie-point.
The bond lifetime 7; was calculated from the frequency at which the storage
modulus dropped to 90% of its plateau modulus. These effective bond lifetimes
were significantly larger than the bare bond lifetimes 7, measured in solution [46].
Therefore, each supramolecular bond can open and close several times before the
two involved groups can finally diffuse away from each other [21]. The process is
limited by the mobility of the polymer chains and, thus, by the presence of further
tie-points (which reduce chain mobility), making the release of a tie-point depend-
ent on other binding events. Increasing the amount of UPy per chain (keeping M,
constant) increases the effective bond lifetimes 7} (see Figure 11.13c) since concur-
rent unbinding of more tie-points becomes less likely. As a result, the onset of the
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terminal flow region (drop in the storage modulus) is shifted towards lower fre-
quencies (longer timescales) (see Figure 11.13b).

In the above-mentioned examples it is obvious that different factors are respon-
sible when constructing a supramolecular self-healing material. On the one hand
several systems show “simple” and expected aggregation behavior, but on the other
hand even similar systems show strikingly different properties, thus making it
almost impossible to forecast the materials properties, and making experimental
proof always necessary. Although different models have been developed for
describing supramolecular gels and melts [83], a generally valid model is still not
available.

Summarizing supramolecular bulk materials with self-healing potential, one
has to distinguish between autonomous self-healing materials and “healable” or
“mendable” materials, which display self-healing ability, but need an external force
in order to recover or regain their initial properties. This stimulus can be triggered
by, for instance, thermal energy (heat), irradiation (UV or visible light), or ultra-
sound. In contrast, autonomous self-healing materials show spontaneous self-
healing at ambient conditions without an external stimulus. Often fractured
surfaces just have to be brought into contact again and slightly pressed together
(which we do not judge as an external “force”) to recover their pristine properties.
Since such a macroscopic failure of a material is preceded by the formation of
microcracks, an autonomous self-healing material would spontaneously heal such
defects, thus reducing the threat of macrocracks and extending the materials life-
time significantly.

One of the most impressive examples of a self-healing material based on hydro-
gen bonding was shown by Cordier et al. who reported on the self-healing behavior
of functionalized fatty di- and triacids [9]. In a simple two-step synthesis fatty dimer
acids, made from natural renewable resources, were condensed with diethylene
triamine and then reacted with urea. The resulting compound was plasticized with
11 wt% dodecane in order to decrease the T, from 28 to 8°C. Three types of
hydrogen bonding motifs were formed, namely the amidoethyl imidazolidone,
di(amido ethl)ureas, and diamido tetraethyl triureas (Figure 11.14). The resulting
rubbery material was not crystalline, easily synthesized on a 100 g scale and capable
of being molded or extruded at high temperatures. It reveals rheological and
mechanical properties typical for ordinary rubbers. Figure 11.15a shows the fre-
quency dependence of storage (G) and loss (G”) moduli, revealing a rubber
plateau at low frequencies, and the close proximity to the glass transition at high
frequencies. Stress—strain experiments show a strain at break exceeding 500%
and after creep-recovery experiments the residual strain is less than 5-1072% (see
Figure 11.15b). Although similar to an ordinary rubber with respect to its mechani-
cal properties, the material behaves strikingly differently after being cut into
two pieces and the fractured surfaces were brought in contact again. While
this event causes permanent rupture of covalent bonds in ordinary rubbers,
weak supramolecular bonds were ruptured in this particular rubber. Due to the
dynamic reversible character of the hydrogen bonds these bonds can be re-formed
when the functional groups are brought into close vicinity together again while
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Figure 11.14 Low molecular weight building blocks, based on multivalent fatty acids, form a
supramolecular network due to hydrogen bonding. Figure reproduced according to Cordier
et al. [9]. With permission from Nature Publishing Group.

Figure 11.15  Different mechanical measure-
ments of a supramolecular rubber reported
by Cordier et al.: (a) frequency sweep
measurements; (b) creep-recovery experi-
ments for an applied stress of 5000 Pa

(green) and 20000 Pa (purple); (c) stress—
strain experiments after different healing
times. Figure reproduced according to
Cordier et al. [9]. With permission from
Nature Publishing Group.
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autonomically healing and recovering the mechanical properties. Figure 11.15¢
shows the stress—strain behavior after different healing times. Longer healing
times lead to better healing and all healing curves superpose, showing only
changes in the strain at break. This stretching-breaking-healing cycle can be
repeated many times, again confirming dynamic reversible hydrogen bonds being
involved. One has to mention that the healing efficiency is strongly dependent on
the waiting time between cut and mending. While the material recovers its initial
properties if the waiting time is less than 5min, the healing efficiency decreases
with increasing waiting time. Sufficient efficiency was still observed after 18h
waiting time (at ambient temperature), but after a maximum waiting time of more
than one week (at 23°C) no healing was observed anymore, as the free hydrogen
bonds can rearrange and associate with other free hydrogen bonds in the fractured
surface, thus reducing the available amount of free bonds for subsequent healing
with the corresponding surface. An elevated temperature increases the dynamics
of the molecules and the equilibrium is reached faster, the maximal healing time
is, for instance, decreased to 5Min at 120°C.

Self-healing materials based on aromatic n—n-stacking interactions were first
reported by Burattini et al. who took advantage of combining m-electron-rich and
m-electron-poor moieties [40, 84-86], obtaining supramolecular complexes with
chain-folded secondary structures, and thus with a maximum amount of possible
interactions. As a result, low molecular weight precursors can be converted into
medium molecular weight species in a highly dynamic manner. Moreover, the
so-obtained responsive products show physical properties, like high tensile
strength, which are more commonly related to covalent bonds but tunable for
various self-healing applications [70]. Burattini et al. synthesized a polyimide
bearing m-electron-deficient naphthalene-diimide units (Figure 11.16a) and a
pyrenyl end-capped polyamide bearing m-electron-rich pyrene groups (Figure
11.16b). Complementary m—n stacking of the naphthalene-diimide and pyrene
groups leads to chain folding of the polyimide (in solution and melt), confirmed
by spectroscopic and crystallographic methods (Figure 11.16¢), and thus, to the
formation of a supramolecular network. The interaction was easily confirmed by

(@ ()

Figure 11.16  (a) Polyimide copolymer groups; (c) folding of the two polymers due

containing m-electron-deficient naphthalene-

diimide units; (b) pyrenyl end-capped
polyamide bearing m-electron-rich pyrene

to attractive m—m stacking. Figure reproduced
according to Burattini et al. [84]. With
permission from RSC Publishing.
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mixing a pale yellow solution of the polyimide and a colorless solution of the
polyamide. Upon mixing, a deep red color immediately arises, indicating charge
transfer between the two groups. The complex exhibits a binding constant (Kin)
of 130M™ and is strongly thermosensitive, for example, fading of the deep red
color was observed upon heating, but the deep red color recovered on cooling
again. This simple experiment reveals the dynamic, reversible character of the
complex formation, typical for supramolecular interactions.

When films of the polyimide copolymer (tan powder; T, = 190°C) and the
polyamide (pale yellow oil; T, = —7°C) were prepared by solution casting, a flexi-

Figure 11.17  Self-healing experiment of a (b) no attractive m—m stacking (no healing/
mixture of polyimide and polyamide control experiment). Figure reproduced
polymers according to Burattini et al. With according to Burattini et al. [84]. With

(a) attractive m—m stacking (healing), and permission from RSC Publishing.
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ble, homogenous, self-supporting film with a deep red color was obtained. A
broken film could be re-healed by simple pressing the broken parts gently
together and heating briefly to 80°C (see Figure 11.17a). Although self-healing
was triggered by heat, healing occurs almost immediately (at 80°C). One hundred
percent recovery of the tensile modulus was achieved and the healing after
damage could be repeated several times. In comparison, a similar polymer
mixture without complementary n-m-interactions (the pyrene moiety was
exchanged by a benzyl group) was obtained as a phase-separated material (control
experiment) with no self-healing ability (see Figure 11.17b). Therefore, the
supramolecular interaction does not only enable self-healing, it further promotes
the miscibility of otherwise immiscible polymers as well.

Another temperature-triggered approach toward self-healing materials is com-
mercially available under the brand name SupraB® (by Suprapolix BV [41, 65]),
based on Meijer’s quadruple hydrogen bond (see Figure 11.2a). Due to the thermo-
reversible hydrogen bonding of UPy groups the material combines strong elastic
behavior at room temperature (hydrogen bonds closed) and low viscous melt
behavior at elevated temperatures (bonds open) (Figure 11.18b). Therefore, these
polymers can be dissolved in an adequate solvent and sprayed or cast to form
flexible films of different thickness with outstanding mechanical properties (upon
evaporation of the solvent) (Figure 11.18b). After a film is damaged by scratching
(Figure 11.18a) it spontaneously self-heals by heating briefly to 140°C. Further-
more, unlimited cycles of healing illustrate the advantages in terms of for example,
material lifetime and recyclability.

We have reported on a related system utilizing hydrogen bonding, but revealing
spontaneous self-healing at ambient temperatures [12]. Bivalent poly(isobutylene)s
(T, ~ =70°C) with different molecular weights (3k, 8k, 14k and 30k gMol ™) were
functionalized with barbituric acid groups (see Figure 11.19b) via the azide-alkyne
“click” reaction [87, 88]. Rheology experiments in the melt state (20°C; Figure
11.19a) show a pronounced rubbery plateau at high frequencies and a terminal flow
region in the low-frequency range. Although the polymers consist of unentangled
chains (M, <M, for 3k, 8k and 14k) a rubbery plateau even higher than for linear
high molecular weight PIBs was observed, easily explained by the formation of
dynamic supramolecular tie-points, consisting of several barbituric acid groups,
within the polymer matrix. These tie-points are closed at short timescales (high
frequencies) and partially open at long timescales (low frequencies), combining
both elastic and viscous behavior. Surprisingly, the rheological behavior (plateau
modulus GY, zero-shear viscosity and crossover of G’/G”) was found to be almost
independent of the molecular weight of the polymer, although varied from 3k to
30k Da. Using the frequency at the crossover of G’/ G” one can calculate the lifetime
of the supramolecular aggregates, which is in the range of 31-51s for the four
samples. This lifetime depends on the strength of the supramolecular interaction,
the mobility of the polymer chains and the size of the aggregate. While the strength
of the supramolecular interaction is the same for all four samples, the chain mobility
decreases with increasing molecular weight. Therefore, the size of the aggregates
must decrease with increasing molecular weight. In this very special case the two
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Figure 11.18  (a) Self-healing of SupraB® at elevated temperatures; (b) unique behavior of
SupraB® upon heating/cooling or dissolving/drying. Figure reproduced with permission from
Suprapolix BV [65].

opposing effects (decrease in chain mobility and decrease in aggregate size) seem
to balance each other, so the resulting lifetime is virtually unaffected by the molecu-
lar weight. Small discs prepared from the barbituric acid-telechelic PIBs show
autonomous self-healing within several hours atambient temperatures after the two
halves are brought in contact again (see Figure 11.19c). While the association of
barbituric acid groups is weak in solution (K., = 12M™), they reveal a complex
aggregation in the melt state, drastically influencing the polymer properties,
although only two groups per chain are present.

Another approach toward novel self-healing materials was reported by Guan
and coworkers [73], combining both the classical TPE (thermoplastic elastomer)
approach and the supramolecular concept. They synthesized a hydrogen-bonding
brush copolymer (HBP; Figure 11.20a) consisting of a poly(styrene) (PS) backbone
grafted with PA-amide (PAA) chains. The immiscibility of the two domains led to
phase-separation into hard PS nanospheres (high T,) surrounded by a soft PAA



11.4 Self-Healing Bulk Materials

Figure 11.19 (a) Frequency sweep measure- self-healing experiment of a barbituric acid
ment of a PIB bearing two barbituric acid functionalized PIB with M, = 28000gmol™".
groups; (b) formation of a dynamic, Figure reproduced according to Herbst et al.
reversible supramolecular network of a [12]. With permission from RSC Publishing.

barbituric acid functionalized PIB; (c)

marix (low T,) (see Figure 11.20a). Therefore, the material combines both good
mechanical stiffness (hard PS cores) and dynamic, elastomeric behavior (soft
supramolecular PPA matrix). Due to the presence of amide groups, reversible
hydrogen bonding between the PPA-grafts is possible (see Figure 11.20b), bestow-
ing the material self-healing properties.

When the HBP is damaged the weak hydrogen bonds are preferentially ruptured
(Figure 11.20b), but due to the low glass transition of the PAA matrix (T, = 2-5°C)
the PPA chains can easily rearrange and thus re-form the amide hydrogen bonds.
Long healing times (24h, see Figure 11.21) lead to a maximum healing recovery
of 92% related to the extensibility of the pristine sample. Although the healing
efficiency is markedly below the ideal value of 100%, the system is doubtless
noteworthy, since the HBP were made from cheap, commercially available chemi-
cals, using simple effective polymerization methods (free radical polymerization
and ATRP) and improving the mechanical properties due to the presence of hard
and soft domains (TPE attempt).

Thus, this attempt is an excellent example for the improvement of the material
properties due to the combination of different chemical concepts (hydrogen
bonding and phase separation). It is, therefore, of course possible to combine two
different supramolecular approaches to create new self-healing materials. Very
recently they extended this work by using a similar approach, applying and the
UPy-groups (see Figure 11.2a) as the supramolecular binding motif [89].
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(@)

Figure 11.20 (a) Aydrogen-bonding brush
copolymer (HBP), consisting of a
poly(styrene) (PS) backbone and PA-amide
(PAA) side-chains, shows microphase
separation into hard PS cores and a soft PAA
matrix. (b) PAA chains can rearrange after

Figure 11.21

rupture due to the dynamic character of the
amide hydrogen bonds and sufficient chain
mobility (low T,). Figure reproduced
according to Chen et al. [73]. With permis-
sion from Nature Publishing Group.

Stress—strain experiments on a hydrogen-bonding brush copolymer (HBP)

reported by Chen et al. after different healing times. Figure reproduced according to Chen
et al. [73]. With permission from Nature Publishing Group.
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Figure 11.22  (a) polyimide copolymer containing m-electron-deficient naphthalene-diimide
units; (b) pyrenyl end-capped polyamide bearing m-electron-rich pyrene groups and urea
groups in close vicinity for additional hydrogen bonding.

Burattini et al. have extended their work by combining n—n-interactions, between
polyimide copolymer bearing m-electron-deficient naphthalene-diimide units
(Figure 11.22a) and a pyrenyl end-capped polyamide bearing pyrene groups, and
hydrogen bonding between urea groups in the vicinity of the pyrene groups (Figure
11.22Db) [70]. Upon mixing these two polymers, the resulting material revealed
hydrogen bonding which complements the n—n-stacking interactions (shown by
different methods). The resulting material (with a deep red color of the charge-
transfer complex) reveals again triggered self-healing at elevated temperatures,
with healing efficiencies of 77% (elongation at break) up to 95% (tensile modulus).

11.5
Conclusions

The presented examples of supramolecular polymers based on either hydrogen
bonding or m-m-interactions convincingly show the advantages and versatility
of these reversible dynamic forces for the generation of self-healing polymers,
enabling multiple healing cycles. Although the interplay is simple to describe in
solution, it becomes increasingly complex with decreasing amounts of solvent
(from solution to the gel-state, and finally the bulk-state). Several excellent models
and theories have been developed to describe and predict the properties of such
supramolecular materials, but none of them was found to be generally valid. There-
fore, it is the scientist’s task to invent and characterize novel self-healing systems
by utilizing known and developing new ideas, always keeping in mind the main
challenge: To combine sufficient structural integrity with sufficient dynamics [58].
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12
Metal-Complex-Based Self-Healing Polymers
Stefan Bode, Benedict Sandmann, Martin D. Hager, and Ulrich S. Schubert

In 1987 the fundamental work of J.-M. Lehn, C. J. Pedersen and D. J. Cram was
honored with the Nobel Prize in chemistry “for their development and use of
molecules with structure-specific interactions of high selectivity” —namely the
investigations in the field of crown ethers and host-guest interactions [1]. It was
the beginning of supramolecular chemistry as a new research field in chemistry.
Lehn defined supramolecular chemistry as the chemistry “beyond the molecule”
[2]. Structures of higher complexity are constructed and held together by a wide
range of interactions, like hydrophobic interactions [3], n—n stacking interactions
[4], hydrogen bonding [5], and metal-ligand interactions [6]. Thereby nature acts
as a role model by providing many inspiring examples of supramolecular struc-
tures, like the DNA structure (double helix), metallo-proteins, and so on.

In recent years, an area of special interest has been identified in metallo
(supramolecular) polymers. These materials have been utilized also for the fabrica-
tion of stimuli-responsive structures resulting in reversible polymeric materials
with a high dependence on the environment [7]. Due to this fact, metallopolymers
have also been discussed in the context of self-healing materials. Their structural
elements can feature also reversible interactions, like those known from hydrogen-
bonding polymers (see Chapter 11) [8] or reversible covalently-linked polymers
(see Chapter 6) [9, 10].

The afore-mentioned properties, that s, reversibility and stimuli-responsiveness,
are directly related to the metal-ligand binding strength. By changing the ligand
and the metal ion, respectively, the intrinsic properties of the final material can
be adjusted within a certain range.

First, Ciardelli classified the architecture of metallopolymers into three types
(Figure 12.1) [11, 12]. In Type I, the metal-ligand pairs are attached to the
polymer side-chain or as an end group of the backbone by electrostatic interac-
tions, covalent bonds or metal-ligand coordination (Type I a—c, Figure 12.1). In
Type 11, the metal ions/complexes are embedded into the main chain by coordi-
native or covalent associations. Type III depicts the assembling of metal ions into
the polymeric arrangement (i.e., the matrix) by physical interactions [13]. In parti-
cular, polymers of Types I and II are interesting candidates for self-healing
polymers.

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Type I: Metal ions/complexes linked to a chain or surface of a polymer molecule

E™ Lo
@
(a) metal ions attached to the polymer (b) metal complex linked to the (c) metal complex linked to the
by localized electrostatic attraction polymer by coordination polymer as pendant group

Type lI: Metal complexes as a part of the polymer chain

(a) metal complexes form part of the polymer  (b) metal ligand coordination forms part of the
main chain by covalent linkage polymer main chain

Type lll: Metal ions/complexes interact with polymer physically

Figure 12.1 Various approaches in preparing metal-containing polymers (the counter ions are
omitted for clarity) (Copyright 2012 The Royal Society of Chemistry) [11].

The application of metallopolymers gained significant importance as redox-
active materials to create, highly efficiently, redox conductivity for chemo- and
biosensors [14], catalytic, and electroluminescent applications [15]. The magnetic
properties of coordination polymers play an important role in the construction
of multifunctional magnetic materials, such as nanoporous magnets and chiral
magnets for advanced functions [16]. In addition, the alignment of the magnetic
moments, as well as providing ferromagnetic-, ferrimagnetic- or superparamag-
netic properties (solid state), make metallopolymers interesting materials for a
wide range of applications [17].

For metal-ligand interactions, the conjunction of both a high binding constant
and sufficient reversibility, represents a complicated task. The stability of a certain
complex, a thermodynamic property, is represented by the individual binding
constant K. In the case of a very high binding constant between the ligand(s) and
the corresponding metal ion, thermodynamically stable polymers are formed.
Their polymer physics and the properties of these polymers are comparable to
classical covalent polymers. For a low binding constant, polymeric assemblies only
form in the solid state, not in solution (classical inorganic coordination polymers).
On the contrary, medium binding constants enable the formation of macromo-
lecular assemblies also in solution. The binding constant K depends on several
external parameters, such as pH, temperature, solvent, as well as on the ligand
design and the corresponding metal ion. K can be increased by multiple interact-
ing binding sites, such as chelating ligands or multivalent metal ions. Thus, for
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Table 12.1 Binding constants for Zn*-complexed pyridine-based ligands [16].

Ligand type K, (M7) Bn(M™) Solvent/counterion
Pyridine/ZnTPP (510,1520-  41x10°  41x10°(n—1)  CHClL/-
tetraphenylporphyrin) 3.3 x10° 33%x10° (n—1) CHCly/-

3.8 x10° 3.8%x10° (n—1) Benzene/—

2.0 x 10* 2.0x10* (n—1) CCly/-
bpy/Zn** 2.5x10° 2% 10" (n - 3) Aqueous KNO;

2.0 x 10° 42 x 10" (n - 3) 0.1 M aqueous NaNO,
phen/Zn* 2.7 x 10° 1% 107 (n—3) Aqueous KNO;

3.5 x 10° 2.5 x 10" (n — 3) 0.1 M aqueous NaNO,
tpy/Zn** 27%x10°  >10° CH,CN/ClO;

35%10° 8x10° (n-2) CH,CN/ClO;

2.5 x 10° 2x 10" (n-2) CH,CN/ClO; /TBAPF

every metal-ligand pair, a detailed investigation of the thermodynamic and kinetic
properties is required when a suitable metal-ligand combination is chosen.

Itis possible to investigate soluble metallo-supramolecular polymers in a defined
manner by choosing the exact boundary conditions of the self-assembly process.
A variety of polymers relying on kinetically inert transition-metal complexes were
simply characterized in solution by prevalent analytical methods. In contrast, the
successful characterization of polymers formed by kinetically labile transition-
metal complexes in solution has only become possible in recent years [18, 19].
Wiirthner et al. investigated, for example, the increase in the binding constant of
different pyridine-based chelate ligands complexed with Zn*" ions (Table 12.1) [18].
Kinetic labile metal-ligand interactions open a field for materials with remarkable
properties by assembling, disassembling, and reconstructing in a dynamic way.
These weak interactions are utilized in materials which have the ability to self-
repair [20], self-anneal and self-correct under certain conditions [21]. In 1996 Lehn
et al. delivered the proof of the dynamic reversibility of labile metal-ligand interac-
tions in their work on metallohelicates [22].

The structural moieties of metal complexes within polymers can be distin-
guished into main-chain and side-chain attached systems (Figure 12.2). There are
some more structural units which will not be discussed in detail in this chapter.
The review of Whittell et al. provides a good overview of the structural diversities
of metal complexes in polymers [9]. Usually the focus is placed on the metal ion
when developing a desired property into a main-chain organometallic polymer.
However, the matrix of the organic moieties, linking metal centers along the
polymer backbone, has to be chosen accurately. These bridging units are primary
components of the polymer backbone and influence the intrinsic properties of the
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M
Side-Group M =metal

; n
Orgljjaor;}cl)m:::mc —C = metal-binding group

(SGOPs) Q «—> = organic linker
n
M
Main-Chain
Organometallic M
Polymers n

(MCOPs)

Figure 12.2 Design of side-chain (a) and main-chain (b) metallo-polymers (Copyright 2012
The Royal Society of Chemistry) [23].

particular metallopolymer in an essential manner. It is important that the ligands
exhibit high binding affinities toward the metal ions, so that a sufficient thermo-
dynamic driving force exists to support polymerization, and to achieve polymers
with high molar masses. For the respective polymers it has to be taken into account
that every intrinsic property (interacting among each other), often ends up impact-
ing others. Therefore, it is necessary to adjust both transition metal and monomer
to design a new organometallic polymer. Several examples have been published
in the last 20 years. In 1992 Constable et al. introduced terpyridyl-functionalized
telechelic moieties into polymeric block structures [24]. Rehahn and coworkers
described the synthesis and characteristic properties of well-defined tetrapyrido-
phenanzin-, and bipyridine-based Ru(II) metallo-polymers [25].

Metal incorporation in side-group metallo-polymers is achieved by attaching a
ligand moiety to a polymeric backbone. The features of the metal center and the
polymer main-chain can generally be tuned independently. For instance, organic
monomers containing an appropriate ligand can be polymerized by using standard
polymerization techniques (e.g., ionic, radical, ring-opening, or various types of
condensation polymerization reactions) [26]. Once the resulting polymer is pre-
pared, the addition of a transition metal precursor leads to the linked ligand and
completes the synthesis of the side-group organometallic polymer. Moreover,
complexation of these polymers with metal ions yields crosslinked networks. The
groups of Schubert [27] and Tew [28] intensively studied grafting copolymers
containing terpyridine moieties in the side chain.

Most metallopolymers contain ionic metal complexes. The combination of these
positively charged moieties and the corresponding counter ions can lead to inter-
esting properties. The melt morphology of diblock copolymers with central metal
complexes as the linking unit depends strongly on the type and size of the coun-
terions. The groups of Schubert and Gohy investigated the self-assembly of
systems which have ruthenium ions as the metal, complexed with terpyridine
ligands attached to PS and PEO [29]. In bulk, the electrostatic interactions between



12.1 Stimuli-Responsive Metallopolymers

the metal-ligand complex ions and their counter ions drive them to form aggre-
gates [30]. This leads to morphologies that are different to their covalent counter-
part. Al-Hussein et al. reported highly ordered lamellar structures in the melt of
a PS,-[Ru]-PEOy, diblock copolymer when bulky counterions are used. Thereby
the metal-ligand complex acting as ionomer is responsible for triggering the
microphase separation. This observation can be used to tune the morphology of
the metallo-supramolecular copolymers [31]. The electrostatic interaction between
the metal-ligand ions and their associated counterions drives them to form aggre-
gates. The described morphology features for metallopolymers show some paral-
lels with the situation in common ionomers, in which the ionic clusters contribute
strongly to the healing process. This finding has also to be considered for self-
healing metallopolymers.

121
Stimuli-Responsive Metallopolymers

The introduction of metal complexes into polymeric materials can lead to interest-
ing properties and, particularly, the structural properties of these complexes are
of importance concerning self-healing materials [9]. It is important for the self-
healing process that special properties can be changed upon application of an
external stimulus, for example, light, heat or pH. These stimuli-responsive metal-
lopolymers can be affected in many different ways. Therefore, they are not only
interesting candidates for self-healing polymers but also several other application
fields have been discussed [32].

Suzuki et al. showed, for example, that the different oxidation states of ruthe-
nium ions influence other properties of the metallopolymer, for example, hy-
drophilic properties [33]. For this purpose, (4-vinyl-4"-methyl-2,2"-bipyridine)bis
(2,2"-bipyridine) ruthenium(II) bis(hexafluorophosphate) was copolymerized with
N-ispropylacrylamide and a crosslinker. The resulting metallopolymer was used
as a catalyst for the Belousov—Zhabotinsky reaction, which leads to rhythmical
redox change. As result, the hydrophilic properties of the polymer change with the
different oxidation states of the ruthenium ion, furthermore, it could be shown
that the chemical oscillation of the metal oxidation state leads to a mechanical
oscillation (swelling/deswelling). The amplitude and the period of the Belousov—
Zhabotinsky reaction, which is catalyzed by the ruthenium metallopolymer, can
be controlled by visible light [34]. As a consequence, a second stimulus which can
influence the metallopolymer, is introduced.

Eloi and coworkers described a polystyrene-block-polyferrocenylsilane copoly-
mer, which changes its three-dimensional structure [35]. In dichloromethane the
formation of spherical micelles could be observed, if the iron center is oxidized
(Figure 12.3).

This change in the three-dimensional structure represents an interesting feature
for self-healing processes, because an external stimulus leads to a kind of mobility
of the polymeric material which could promote a self-healing process. Moreover,
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Figure 12.3 Changes in the three-dimensional structure by reversible redox processes
(Copyright 2012 American Chemical Society) [35].

Figure 12.4 Schematic reprensentation of the helical spring (Copyright 2012 American
Chemical Society) [39].

mechanical damage (e.g., cracks, scratches) could be closed by movement or
volume changes.

Beside the stimulation by redox processes, the properties of a metallopolymer
can also be influenced by other stimuli. An interesting change in metallopolymers
was shown by Peng et al. [36]. The authors used the external stimulus light in
order to influence the properties of an iron metallopolymer; a redox process from
iron(III) to iron(II) could be induced by light and this process changes the consist-
ency of the polymer. In this case, a metallopolymer gel, which contains iron(III)
ions, was converted into a liquid polymer by simply reducing the iron ions. The
following reoxidation by air leads to the original “solid” state system.

Furthermore, the supply of thermal energy could also be used to influence the
properties of a metallopolymer and to yield the desired effects. For this purpose,
Zhou and coworkers utilized ruthenium-containing polymers with two glass transi-
tion temperatures and a phase separation could be observed [37]. These transitions
induce the kind of mobility which is required for the self-healing process [38].

Kim et al. described another fascinating example [39]. In this case, a ligand based
on pyridine and phenanthrene was mixed with a silver salt, forming helical struc-
tures in aqueous solution. The distance between the windings increased if the
solution was heated (Figure 12.4). The observed mobility could also be used for
self-healing processes if it could also be applied in the solid state.
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Beside the mentioned external stimuli there are also several other possibilities
which can influence the polymer properties and structures, leading to changes on
the molecular scale and to other properties of the metallopolymer. Beck and
Rowan showed, for example, that mechanical energy is adequate (e.g., simple
shaking) to generate a change in the properties of the polymer [40]. The authors
used an oligo-ethylenegylcol, which was functionalized with two 2,6-bis(1’-
methylbenzimidazolyl)pyridine units at the termini. In a second step a metallo-
polymer was formed by the addition of a lanthanoid (lanthanum or europium) and
a transition metal ion (cobalt or zinc). In further studies it was shown that these
metallopolymers could also be influenced by other external stimuli [41, 42], for
example, by changes in the pH. The influence of light and temperature have also
been reported.

This all-embracing example shows that many different stimuli can affect a met-
allopolymer, resulting in the desired property. In particular, the reversibility of the
metal-ligand interaction and the mobility of a metallopolymer are the key factors
for the implementation of self-healing properties [43]. Additionally, the address-
ability by other stimuli features the possibility to trigger healing processes in
metallopolymers.

12.2
Self-Healing Metallopolymers

The afore-mentioned properties of metallopolymers are the basic requirements for
the generation of self-healing behavior. It is possible to generate a reversible
system and to imply self-healing mechanisms, which is the principle of intrinsic
self-healing systems [44].

The self-healing possibilities based on metal-ligand interactions were first
described in natural systems in 2001 when Vaccaro and Waite reported the ability
of mussels to repair their mussel threads after an inflicted damage [45]. In the
following decade more insights into the mechanism and the parameters influenc-
ing this natural system with external stimuli were collected. It was shown that
the self-healing is based on an interaction between iron(III)-ions and 3,4-
dihydroxyphenylalanine (dopa) [46]. The iron center can bind one, two or three
catechol-based ligands, which are connected to a polymer backbone. The number
of bonded ligands depends on the pH (Figure 12.5) [47, 48]. At low pH (below 5)
the mono-dopa iron(III) complex is formed, which leads to no crosslinking of the
polymer chains. The result is an extensible material. Increasing the pH leads to a
more crosslinked polymer network wth increased hardness [46, 49].

This principle, which can be found in nature, could be mimicked by synthetic
polymers. For this purpose polyethylene glycol was functionalized with catechol
units and Holten-Andersen et al. were able to show the reversibility of the metal—
ligand interaction [47].

It was shown that the zinc histidine system also leads to a self-healing behavior
of mussel byssus threads [50, 51]; a fiber containing a middle block of collagen,

307



308 | 12 Metal-Complex-Based Self-Healing Polymers

O \Fe -0

QST

T,

Figure 12.5 Schematic representation of the pH-dependent stoichiometry of iron(l11)-catechol
complexes [47].
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Figure 12.6 Schematic representation of a mussel fiber, which consists of a collagen part
flanked by histidine-rich parts (Copyright 2012 American Chemical Society) [51].

which is flanked by histidine-rich parts, in an environment with a high content of
zinc leads to reversible crosslinking (Figure 12.6) [51, 52].

Furthermore, several synthetic metallopolymers have been synthesized to obtain
self-healing behavior based on metal-ligand interactions. Already in 2005 Varghese
et al. showed that a gel, based on acryloyl-6-amino caproic acid (AGACA), could heal
scratches, if the polymer is dipped into an aqueous copper(II) chloride solution
[53]. However, the performed study does not answer the question of the influence
of the hydrogen bonds on the self-healing effect, of particular importance because
a medium was selected in which hydrogen bonds exist. Beside that the mobility of
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Figure 12.7 Schematic representation of the synthesis of a polymer with a ligand function in
the main chain [54].

the gel itself could also affect the self-healing behavior, therefore the particular
influence of the metal-ligand interaction on the self-healing process is unclear.

Beside the incorporation of the ligand function in the side chain, it is also pos-
sible to install the ligand in the main chain of the polymer. Yuan et al. showed
that self-healing behavior can be generated by polymers which feature ligands
within the main chain [54]. The authors used polyurethane analog polymers as the
backbone, in which bis(1,2,3-trizol-4-yl) pyridine was incorporated as ligand (Figure
12.7). These polymers were then complexed with zinc(II) and europium(III) ions,
respectively, which led to self-healing properties. In this case there is also a ques-
tion as to whether the metal-ligand interaction is the reason for the self-healing
process. There is also the possibility of hydrogen bond formation, which could
also contribute to the self-healing properties. In addition, the self-healing effi-
ciency was not quantified.

In 2011 Rowan, Weder et al. described the self-healing properties of a linear
metallopolymer using UV-light [20]. For this purpose, poly(ethylene-co-butylene)
was functionalized with two 2,6-bis(1-methylbenzimidazolyl)pyridine at the
termini and the following addition of zinc di[bis(trifluoromethylsulfonyl)imide] or
the lanthan tri[bis(trifluoromethylsulfonyl)imide] led to a linear metallopolymer.
This metallopolymer showed self-healing behavior when irradiated with UV-light
with a wavelength situated in the absorption band of the polymer. In this case,
energy transfer could be followed by the heating curve (see Figure 12.8). A pro-
posed mechanism for the self-healing process is based on the reversibility of
the metal-ligand interaction (Figure 12.9). The cleavage of the metal complexes
increases the mobility of the polymer, which leads to self-healing of inflicted
damage. Subsequently, the complexes will be re-formed upon cooling, resulting
in an immobilization of the mobile phase and a (complete) healing of the scratch.
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Figure 12.8 Surface temperature of the polymer on irradiation for 60 [20].

Figure 12.9 Purposed healing mechanism of a linear metallopolymer.

123
Summary and Outlook

The fascinating material class of metallopolymers features interesting properties
due to the combination of polymeric properties with the distinct properties of
metal complexes. The combination of a wide variation of different metal ions with
the corresponding ligands allows tuning of the desired properties. In the field of
stimuli-responsive polymers metallopolymers have been frequently applied. These
properties would allow the utilization of interesting triggers (e.g., light) for a self-
healing process. However, in contrast to other non-covalent interactions, in par-
ticular in comparison to the prime example of hydrogen bonds, metal complexes
have been applied less frequently in self-healing materials. First examples confirm
the great potential of these materials and significant improvement can be expected
in the future. Nature, which utilizes successfully these interactions (e.g., mussel
byssus threads), reveals another important issue: the order and arrangement of
the metal complexes.

Currently, the healing of some synthetic materials (see examples described
above) can be described on the molecular as well as the macroscopic level.

Starting on the macroscopic level, the deformation of the metallopolymer has
to be mainly elastic (in particular, when coatings and thin films are considered).
However, plastic deformation will not provide a restoring force. The elastic recov-
ery is important for self-healing, representing the first step in the self-healing
process [55].
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The healing mechanism on a molecular scale within metallopolymers can be
based on the ionic structure of the complexes and/or on the reversiblility of the
metal complexes.

Most metal-ligand complexes are positively charged and this could lead to an
ionic structure and to the formation of ionic clusters. Comparable to “classic”
ionomers, a healing process within metallopolymers could be supported by the
ionic interactions of positively charged metal complexes and the corresponding
counter ions [56].

Furthermore, the strength of the metal-ligand bonding can be tuned and,
thereby, it is possible to identify a system where the metal-ligand bonding is
weaker then the bonds of the polymer backbone. After mechanical damage it is
possible to break the metal-ligand interaction and induce flexibility and mobility.
This change leads to a healing of the mechanical damage; however, the breaking
of the bonds requires energy. The phenomenon is known from metal-ligand
bonds in solution, but the study of the behavior of the metal-ligand interaction in
the solid state is difficult [57].

Metallopolymers, as one of the youngest members of the self-healing polymer
family, are a rather new research field. Many possibilities for the design of self-
healing polymers are imaginable. Moreover, further intense research is required
to clarify the detailed mechanisms of the healing within these materials.
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13.1
Introduction

Non-covalent ionic bindings play an important role in nature’s self-healing proce-
dures. One example is the role of cations in the coagulation of natural latex. These
cations are needed to dimerize two protein molecules and in this way enable the
proteins to attach to latex particles, initiating the coagulation-based wound repair
process (Figure 13.1) [1, 2]. A possibility to transfer this concept to synthetic poly-
mers is to equip polymer chains with ionic groups and to add an adequate counter
ion to the polymer matrix. These ionic groups aggregate to larger complexes,
which contribute strongly to the intermolecular binding capacity. When such a
complex is destroyed due to a crack, it can be reformed after a short relaxation
period. For this concept to be successful, it is necessary that the polymer matrix
provides enough mobility on a molecular level, so that the polymer chains can
rearrange and interpenetrate. The properties of a self-healing ionomeric polymer
can be easily varied by adapting the ionic content and by using different counter-
ions. In contrast to other self-healing concepts, that are based on a chemical
healing-reaction, the ionomeric healing process is reproducible and provides the
material with a persistent and repeated self-healing functionality.

13.2
Basic Principles of lonomers

Ionomers are polymers with organic or inorganic main chains, composed of
repeating units that are partially decorated with ionic groups and their counter-
ions. According to Eisenberg and Rinaudo, they are defined as “polymers in
which the bulk properties are governed by ionic interactions in discrete regions of
the material” [3]. As such, the ionic content is generally between 1 and 15%, and
hence ionomers represent an interim position between neutral polymers and
polyelectrolytes. Even though inorganic ionomers are also known, for self-healing
purposes mainly ionomers with an organic backbone are proposed.

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 13.1 Coagulation of caoutchouc from Hevea brasiliensis. Reprinted with permission
from [1]. Copyright 1995, Elsevier.

Tonic groups, as a consequence of their charged nature, are generally of dipolar
character, while the main component of organic ionomers is often constituted of
chain segments with a low polarity and dielectric constant. The resulting strong
interaction between ionic moieties leads to the separation of polar and nonpolar
phases, comparable to the well-investigated microphase separation observed in
block copolymers [4-7]. Consequently, every ionic pair is part of a supramolecular
network of physical crosslinks, resulting in unique structural, mechanical and
dynamic properties. As the phase separation can be overcome thermally in most
ionomers, the network formation is thermally reversible.

Various anionic and cationic functional groups have been considered for the
purpose of ionic crosslinks. Carboxylates and sulfonates are commonly used and
have a huge importance for today’s industrial ionomer production [8, 9]. These
anionomers are typically neutralized with alkaline, alkaline earth or transition
metal cations. Other ionic groups employed are based on thioglycolate or phos-
phonate, and cationomers, e. g. containing quaternary ammonium groups are also
known [9-11].

From a structural point of view, the ionic groups can be distributed either ran-
domly along the main chain or systematically arranged in block copolymers.
Principally they can be attached directly to the backbone, in the side chains or at
the end of the polymer chains, as shown in Figure 13.2.
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Figure 13.2 Examples of different ionomer architectures: (a) random, (b) block-like, (c) side
chain and (d) telechelic distribution of ionic groups.

The morphology of polymers that combine ionic and non-ionic regions in the
same macromolecule raised the interest of many scientists in the late 1960s. Initi-
ated by the experimental and theoretical studies on ionic aggregation of Wilson,
Longworth and Vaughn [12, 13], several model systems were developed to elucidate
the structure—property correlations [14-17]. In 1989, Tadano et al. proposed the
concept for an order—disorder transition of ionic clusters in ionomers that is based
on differential scanning calorimetry (DSC) and thermal expansion studies of
methacrylate-based ionomers [18]. Based on this idea, the theoretical model of
Eisenberg—Hird—-Moore (EHM) was developed in 1990, and is an established
concept today [15]. Their comprehensive theory describes the formation of ionic
aggregates from the molecular to the micro- and macro-size level, thus implement-
ing the morphology as well as the mechanical and dynamic properties. Referring
to this theory, several important factors govern the structural formation, such as
the ionic content, the coordination of counter-ions, the flexibility of the polymer
backbone, and the dielectric constant of the polar and nonpolar segments. Accord-
ing to the model, multiplets are the smallest ionic aggregates, consisting of up to
ten ion pairs (Figure 13.3). The ionic association causes a restriction of mobility of
the surrounding polymer backbone on a scale of about 10-50 A. The average size
of multiplets is determined by the number and size of the involved ionic groups,
and by the elastic properties of the polymer backbone. In the very low ion content
regime, the multiplet size increases with ion concentration along the main chain,
as more and more ion pairs are included in the aggregate [14]. Experimental results
show that these multiplets have a sharp interface, and that their structure is almost
insensitive to the addition of organic nonpolar solvents [19].

For a given system, the size of the multiplets is usually limited due to the steric
demand of the polymeric “substituents”. Thus, simultaneously with increasing ion
concentration, the number of multiplets increases and, finally, clusters are formed
by overlapping of the restricted chain segments and electrostatic interaction be-
tween different multiplets [20]. Figure 13.4 illustrates the development of multiplet
clusters in the course of increasing multiplet density [15, 21]. The formation of
multiplets and clusters is supported by the observation of a second distinctive glass
transition temperature T.. The ionic crosslinking and the region of reduced mobil-
ity from uncharged chain segments results in a higher glass transition of clusters
compared to the matrix. Several studies have been performed on the correlation
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Figure 13.3 Scheme of a multiplet in poly(styrene-co-sodium-methacrylate) ionomer encircled
by a region of restricted polymer mobility. Reprinted with permission from [15]. Copyright
1990, American Chemical Society.

Figure 13.4 Cluster formation by multiplet overlap as observed with increasing ion concentra-
tion (a to c). Adapted with permission from [15]. Copyright 1990, American Chemical Society.
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Figure 13.5 SAXS data for partially hydrolyzed ionomers with alkyl side chains, neutralized

with Cs*. () Cyy-; (O) Ce; (A) Cp-side chains. Reprinted with permission from [24]. Copyright

1991, American Chemical Society.

of transition temperature and the nature of the counter-ion, or the distance
between cation and anion. Eisenberg observed a sigmoidal increase of the ionic
cluster transition temperature T; with rising ion content of ethyl-acrylic acid iono-
mers, and similar results were obtained from other materials [22, 23]. According
to several studies it can be generalized that sulfonated systems show a higher
cluster transition temperature T; compared to carboxylated ones, possibly due to
stronger interactions of ion and counter-ion [21].

Today, the concept of EHM is strongly supported by experimental results. Small-
angle X-ray scattering (SAXS) measurements show the appearance of discrete
regions of high electron density within the otherwise more transparent bulk phase
[24]. The angular variation of the scattered intensity can be attributed to ion groups,
and can be used to extract detailed information on the cluster (Figure 13.5). The
occurrence of an ionic peak is an evidence of clusters, and can be observed for a
wide range of ionic groups, counter-ions, and matrix materials. Another method
to directly image the ionic clusters is based on transmission electron microscopy
(TEM) [8]. By staining the organic, nonpolar phase with osmium tetroxide, the
phase structure of the ionomer can be imaged with the ionic phase imaged
unstained. The unstained phase can be observed to change its size and quantity

with neutralization degree and ionic content.

13.2.1
Properties

The presence of ionic aggregates, like multiplets and clusters, leads to a number
of unique structural and dynamic properties. The basic common feature of all
ionomeric polymers is the formation of a thermally reversible crosslinked system
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where the microstructure governs the properties. The understanding of the micro-
phase separation processes is thus fundamental to controlling the mechanical and
dynamic performance of the material. Depending on the composition of the
ionomer, transparency or an improved adhesion can also be achieved.

In general, ionomers show an improved tensile strength, toughness and flexibil-
ity compared to conventional copolymers. Many factors have influence on the
properties of ionomers, including the nature of ionic groups and counter-ions, the
neutralization degree, the elastic behavior of the main chain, the dielectric con-
stant, and the presence of polar impurities, to name a few. From melt rheology
experiments it is known that a higher content of acid groups as well as a higher
neutralization degree can lead to higher stiffness and increasing melt viscosity and
relaxation time by several orders of magnitude, resulting from enhanced network
integrity. The association strength and the content of ionic groups also play a
significant role. Methods like rheology or dynamic mechanical spectroscopy are
suitable to measure the complex dynamic modulus of the material as a function
of temperature and frequency. The loss angle (tan ) exhibits a maximum at the
temperature of relaxation (Figure 13.6). Often two relaxations ozand ffare observed,
with the orrelaxation being characteristic for the nature of the ionic groups.
Young’s and torsion modulus measurements are likewise sensitive to crosslinks
at higher temperatures. For highly crosslinked materials, a plateau is observed,
accompanied by a second drop in modulus at higher temperatures, well known
from rubber-like materials (Figure 13.6). Under certain circumstances, the
crosslink density can be calculated from the mechanical response using relation-
ships from elasticity theory [26]. When the temperature increases, the crosslinks
weaken, resulting in a flow of the material and a drop after the rubber plateau.

An extended study was presented by Otocka and Eirich on polybutadiene-
methacrylic acid lithium polymers [26]. They observed that the material shows
glassy properties at low temperatures, while behaving like a rubber with elastic
deformation well above the glass transition temperature of the matrix. At tempera-
tures above the cluster glass transition, the material was processible like a viscous
fluid. Furthermore, it has been evidenced that the addition of plasticizers extends
the rubbery plateau and thus increases the range of material properties.

Solutions of ionomers reveal remarkably dynamic mechanical properties. More
specifically, they show extensive viscoelasticity, thixotropy, and shear thickening
[27]. A linear thickening effect was observed in the form of a dramatic increase in
the viscosity of ionomer solutions in the range of a critical ion concentration [27].
Shearing induces the appearance of a reversible network, leading to a shift of the
gelation point. Higher shear rates break the network mechanically, resulting in a
drop in viscosity [6]. For more concentrated systems a shear-thinning and thixo-
tropic behavior is usual [28].

13.2.2
Applications and Availability

The long lifetime of the ionic association shows parallels to properties of per-
manently crosslinked material. On the other hand, the thermal reversibility of
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Figure 13.6 Storage modulus (log E’) and given in the legend give the ion content.
loss angle (tangent) of poly(ethylene acrylate) ~ Reprinted with permission from [25].
homopolymer and ionomers with different Copyright 2001 with permission from
degrees of neutralization as a function of Elsevier.

temperature, measured at 1Hz. The numbers

ionically crosslinked polymers makes them suitable for processes via compression-
molding. The versatility in the composition of ionomer polymers, such as the
matrix, the molecular weight, the ionic content, the nature of counter-ions, and
the neutralization degree, results in multiple applications. This requires under-
standing of the structure—property relationship to gain the desired material per-
formance. In addition, several studies show that the method of preparation can
affect the properties of ionomers to a great extent. The use of additives in melt
processes or residual molecules from solution processes have influence on the
formation of ionic aggregates and the related viscoelastic properties [6, 29].

In general, ionomers are used in electrochemical, petrochemical, mechanical,
and biotechnological and medical fields. The most significant applications are in
packaging films for consumable goods, in molded coatings, and as membranes
in fuel cells, but ionomers are also used as adhesives, additives, and as polymer
modifiers or catalysts.

In packaging and other non-durable products in the food and cosmetic industry,
the stiffness and transparency of ionomers are especially important. For these
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purposes, they are processed as blow films and extrusion coatings. Commercially
available ionomers include Surlyn® from DuPont, and Iotek® from Exxon, and
are mostly based on thermoplastics with carboxylate side groups, with sodium
(Na*) or zinc (Zn*) as counter-ions. They combine useful properties such as
impact strength, abbreviation durability, and chemical resistance, and are useful
for a wide range of sport equipment, like bowling pin covers, golf ball covers, or
athletic dresses and shoes [30-33].

In several composites and blends, ionomers are used as additives to modify the
properties of coatings. Synergistically blending often leads to properties that are
superior to those of the individual components. Sandwiched by two layers of glass,
bullet-proof composites based on ionomers were developed [34]. In the last decade,
the potential of ionomer-based materials and composites as intrinsically self-
healing materials was addressed with increasing activity.

13.3
lonomers in Self-Healing Systems

It was early speculated that the ionic interaction in poly(ethylene-co-methacrylic
acid)/Na" ionomers (EMAA) is involved in the observed self-healing ability of this
material class under certain conditions [35]. In particular, the ability of specific
EMAA-based ionizable polymers to reseal damages was first observed when the
puncture was caused by ballistic bombardment [35]. The sealing of the fresh bullet
hole happens immediately after discharge of the penetrating projectile [35, 36],
and only a slight scar remains, that appears solid and withdraws pressure treat-
ment [36, 37]. Immediately, the potential of this behavior to be applied in aerospace
applications, especially to self-seal destructive micrometeorite impacts at space
stations or space shuttles, was envisaged.

Shortly after this discovery, initial studies were performed in order to better
understand the underlying healing mechanism, investigating the influence of the
environmental temperature, the degree of crosslinking, and the nature of the
counter-ion [36—43]. While initially the role of intrinsic self-healing processes due
to the thermoplastic nature of the systems was addressed, it quickly turned out
that the ionic groups, even if present only as a small fraction, are of high impor-
tance, and first experiments concerning the healing behavior as a mainly iono-
meric phenomenon were performed and published by Fall and Kalista at the
beginning of this century [35, 36]. They investigated commercially available ionic
polymers based on EMAA with different degrees of neutralization with sodium
(DuPont™ Surlyn® 8940 and DuPont™ Surlyn® 8920) and compared the observa-
tions to the respective, uncharged counterpart (DuPont™ Nucrel®).

For the purpose of a systematic investigation of different parameters concerning
the material as well as the healing process, a range of set-ups has been developed
that allow the reproducible bombardment experiments [35, 36]. In particular, a
pistol range high-speed impact set-up was employed [35]. The testing sample made
of the respective thermoplastic was placed at a constant distance from the muzzle
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Figure 13.7 Projectile testing station for ballistic self-healing ionomers. Reprinted with
permission from [38]. Copyright 2007, Taylor & Francis.

of the pistol. As it was early realized that temperature plays a key role in the
process, the set-up allowed the measurement of local heating caused by the impact
of the projectile with an infrared camera installed next to the sample.

Later, the set-up was improved by modifying a projectile testing station (Figure
13.7). Specifically, the polymer samples were placed in an oven to maintain con-
stant temperature, and the test shooting occurred via the open oven door [36, 38].

The most relevant observations of these experiments concern the impact of
temperature as well as of the concentration of the ionic groups. Under systematic
control of the environmental temperature, it was found that elevated temperatures
do not positively influence the healing process, but that a local temperature rise
due to the ballistic impact is of crucial importance for the closing of the punctured
area [36-38, 42]. Recordings via infrared camera revealed a local heating of the
sample up to 90°C in the area around the bullet hole, resulting in local melting.
After passing of the projectile, the polymer melt rebounds and seals the hole.

It was found that the influence of the ionic group content on the self-healing
efficiency in these materials is non-trivial. While self-healing was also observed in
the case of the uncharged polymer, and optimal self-healing behavior was quali-
tatively found for partially neutralized materials (Figure 13.8). For higher degrees
of neutralization (60%), the healing efficiency was decreased again [36, 38, 42].

13.3.1
General Mechanism

Based on these findings, Kalista et al. postulated a self-healing mechanism for this
class of materials that can be divided into three steps [36, 37, 42]. Initiated by the
impact of the projectile, part of its kinetic energy is locally transferred to the
polymeric material. While one part is converted to local heat caused by friction,
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Figure 13.8 Images of the puncture site for Surlyn 8940: 30%; Nucrel 925: 0%. Adapted
four EMAA materials after ballistic tests at with permission from [36]. Copyright 2003,
ambient (a) and at 70°C (b) for different Virginia State University.

degrees of neutralization; Surlyn 8920: 60%,

resulting in the observed confined melting of the matrix, another part of the energy
is stored elastically, depending on the properties of the polymer matrix. In the
following healing process, the first stage is characterized by the elastic rebound of
the molten material, while the glassy or semicrystalline zone surrounding the
bullet hole serves as a solid frame. The second stage is comprised of the sealing
of the hole by interdiffusion of the melt. The ionomeric clusters act as additional
crosslinking points with unique dynamics, contributing to the overall healing
process, provided its concentration is optimized. Finally, in the third phase the
mechanical properties of the damaged area are gradually restored by progressive
interdiffusion, crystallization and the formation of new ionic aggregates [35, 40].

Although initially restricted to the ballistically initiated healing process in certain
ionomeric thermoplasts, this view can be generalized to result in a comprehensive
healing mechanism for ionomeric systems [39, 41]. According to this, an intrinsic
healing process based on interdiffusion is dominating during the critical phase,
and thus sufficient mobility of the polymer segments at the healing spot is essen-
tial. In addition, a particular elasticity of the polymeric structure is required. For
both prerequisites, the reversible formation of ionic clusters in dependence on
temperature is crucial.

With this model in mind, many experimental observations can be explained,
including the need for an optimized ion content [36, 38]. The latter point occurs
because, for an efficient healing process, the molecular architecture has to offer a
certain mobility and flexibility of polymeric chains. Ionization leads to a higher
integrity, but also to a stiffening of the molecular framework [36, 38, 42].

Figure 13.9 shows the general healing mechanism for an ionic thermoplastic
polymer as it was postulated by Fall, Kalista and Ward [35-37]. After elastic and
plastic deformation, the damaged area is restored by elastic recovery supported by
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Figure 13.9 Postulated healing mechanism in ionomers. Reprinted with permission from [43].
Copyright 2008, Elsevier.

ionic group rearrangement, resulting in the re-formation of ionic multiplets and
finally ionic clusters. These processes on different time scales further promote the
elastic setback, as well as the reinforcement of the previously damaged area, and
the restoration of mechanical properties by the creation of non-covalent bonds.
Bergman and Wudl suggested that certain uncharged polymers develop similar
aggregates, making use of microsegregation and / or hydrogen bonds, and showing
a transition temperature comparable to the transition temperature T; of ionic
aggregates [44].

All ionomers or blend systems employed and described as self-healing poly-
meric materials are based on neutralized carboxylic groups [35-40, 42, 43, 45-48|,
and thus not much is known about the role of the nature of the ionic groups on
the self-healing efficiency.

As counter-ion, mainly sodium is used. Although sodium is a monovalent posi-
tively charged metal ion, (ratio Na®:COO"1:1), it is known that sodium ions are
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coordinated by more than one carboxylate group in the multiplets [15]. Following
the initial reports, carboxylate-based self-healing materials are reported that are
neutralized by other alkali and alkaline earth metals or by transition group metals
such as zinc (Zn*) [39].

The impact of the counter-ion nature should not be underestimated; however,
no simple correlation between the nature of the cation or its properties, and the
resulting healing properties of the ionomer is yet accessible. From the basic
studies on ionomers it is known that the structure of the multiplets and their size
is influenced cooperatively by the coordination number, the charge of the counter-
ion, the ratio of the cation/anion radii, and the distance between cation and anion
[15, 21, 49]. In addition, the nature of the counter-ion shows a significant influence
on the degree of neutralization, and on the affinity for water absorption — a pro-
nounced tendency to absorb water is considered to have a major effect on the
healing effectiveness as it influences the interaction between the ionic groups
toward multiplets. Large and hard counter-ions show less water absorption com-
pared to small and soft ions [50]. Zinc is a good candidate, as it is observed that
Zn*" -based ionomers are often characterized by a high degree of neutralization,
and low water absorption.

The thermal properties of the ionomers are determined by the cluster transition
temperature T; [18]. The relaxation process of separated ionic aggregates (order—
disorder transition) is regarded to promote viscoelastic rebound and chain mobility
during restoration of ionic aggregates (Figure 13.10) [35, 36, 38]. In addition, ion-
rich multiplets exhibit the feature of ion-hopping, characterized by ionic groups
that are able to jump between different multiplets within one cluster. A crack can
be closed by such a process if affected mutiplets, located at the interface, are
restored by ion-hopping.

increased temperature

relaxational
process

ordered state disordered state molten state
(ionic crystallites)

Figure 13.10 Model for order—disorder transition of ionic clusters. Reprinted with permission
from [18]. Copyright 1989, American Chemical Society.
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Asionomers already today are a technically relevant class of polymers with dynamic
bonds, the concept is of increasing interest in view of materials with self-
assembling, adjustable, and/or self-healing properties. While, in general, non-
covalent dynamic bonds include a wide range of interactions, such as n—n stacking,
hydrogen bonding, and metal-ligand interactions [51], their common ground is
that they are thermodynamically rather weak in the range of several k; T, yet their
relevance is provided by additive or even cooperative impact. As such, they are
generally in the state of dynamic equilibrium, and often react highly susceptibly
to the thermal conditions, solvents, reagent residues, and concentrations. At the
same time, when dynamic bonds are attached to polymers, the dynamic process
can be dramatically slowed down by kinetically trapping, for example, due to crys-
tallization, glass transition, or gelation within the polymer matrix, to achieve a
virtually fixed state [52]. Thus, under non-reversible conditions, they behave like
traditional materials, and the equilibrium can be manipulated. If properly designed,
these characteristics can be used to yield structurally dynamic materials sensitive
to a range of stimuli.

In structurally dynamic polymeric materials employed as self-healing materials,
the nature of the dynamic bond determines to a large extent what stimulus the
material will respond to, and how the thermodynamic and the kinetic parameters
of the response are affected by the structural parameters. In the ideal case, the
functionality of choice is suitable for a fully reversible and selective break that leads
to re-formation in response to thermal energy without side reaction. However,
under normal working conditions, the material is required to perform as requested,
thus the bonds should be intact in order to prevent creep and relaxation phenom-
ena. On the other hand, an ideal healing process can only be achieved, when the
dynamic bonds exclusively are cleaved and re-healed. According to Leibler [53], an
optimal reversible healing process can thus only be realized when the relative
strength of the supramolecular associations is lower than that of the covalent
bonds, in order to prevent covalent bond breakage as far as possible, and to ensure
the availability of mender sites. Or, to express it on the level of dynamics, self-
healing systems based on supramolecular assembly rely on dissociation rates that
are favorable when compared to covalent bond scission and association rates.

Another structural parameter of importance is the number of groups available
to associate after fracture. The healing rate, as well as the ultimate strength of the
lesion closure, are positively influenced by a high volume density of healable units.
According to a similar argumentation, autonomous self-healing is typically accom-
plished in polymers with a low glass transition temperature. Due to the flexibility
of the molecular chains they can easily access the free volume, thus initiating the
healing process [54, 55]. However, an increasing number of crosslinks restricts
the chain motion. For thermosets, consequently, the difficulty of introducing an
appropriate healing strategy still needs to be overcome.
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When thermally sensitive functionalities are employed — such as present in
ionomeric polymers in the form of cluster-based crosslinks — the material will be
able to reorganize its architectures post-synthesis upon exposure to heat. However,
in order not to be restricted to self-healing processes after ballistic impact, we need
to take into account the healing mechanism and its possible triggers.

Thus the interaction process is ideally characterized by a high density of interac-
tion points, a strong binding strength once the crosslink is formed, and a high
degree of dynamic and re-forming affinity once a lesion has occurred. When
designing novel systems that are based on dynamic bond-dominated polymers,
this has to be taken into account in a straight-forward way.

For example, an interesting new polymeric material reported by Aboudzadeh
et al. is based on low-molecular precursers (bi-/trisamines and bis-/tris carboxylic
acids) that are self-assembled into a supramolecular material by ionic interactions
[56]. The material shows unique rheological properties (Figure 13.11), with a sharp
transition between a viscoelastic gel and a viscous liquid at the transition tempera-
ture of the ionic groups. This concept can be of potential use also for self-healing
materials.

Interestingly, ionic interactions leading to reversibly crosslinked materials are
not necessarily restricted to one type of material component. Wang et al. developed
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Figure 13.11 Evolution of the dynamic The figures in the insets show both the
modulus with increasing temperature at a moduli as a function of frequency, below and
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lecular ionic polymer formed by a stoichio- Reproduced with permission from [56].
metric mixture of citric acid and Copyright 2012, Wiley-VCH, Weinheim.

N,N,N’,N’-tetramethyl-1-3-propanediamine.



13.4 Actual Developments and Future Trends in lonomeric and Related Self-Healing Systems

a hydrogel that is maintained by the electrostatic interactions between positively
charged dendritic macromolecules on the one hand, and negatively charged clay
nano-sheets [57]. The opposite charges lead to a multivalent interaction between
the components, even in an aqueous environment. This non-covalent “bricks-and-
mortar approach” is shown to be reversible in the interaction behavior, making it
a promising principle for self-healing gels.

An actually vivid development with respect to self-healing polymer concepts is
observed for polymers based on metal-ion binding motifs that can be employed
as reversible crosslinks [57-59]. These materials are closely related to ionomers,
with the boundaries between the two not always clear-cut. The coordination poly-
mers usually involve charged coordinating species and/or elements of high dielec-
tric constant, and as a consequence, show many similarities with ionomers,
including microphase separation and cluster formation, making them interesting
as a novel class of self-healing polymers. For example, Burnworth et al. have
developed metallosupramolecular polymers comprising an amorphous poly
(ethylene-co-butylene) core decorated with 2,6-bis(1’-methylbenzimidazolyl)pyrid-
ine ligand end groups that complex metal salts under chain extension [60]. When
exposed to UV light, the amorphous metal complexes are excited, followed by
energy absorption and conversion into heat. This causes a distinct temperature
increase, and a significant viscosity drop is observed, partly induced by reversible
metal decomplexation. Collective M-L-bond cleavage in the light-exposed area
allows M-L-bond exchange and rebonding, resulting in an extrinsically healed
material. The effective self-healing process was evidenced in tensile tests of virgin,
damaged, and UV-light-cured films.

Holten-Andersen et al. modeled their metal-ligand interaction-based self-
healing polymer system after a natural product [61]. They presented a material
inspired by mussel tissue containing a catechol-iron complex (Figure 13.12). While
under normal conditions, the mechanical properties are close to those of covalent
elastomers, and a self-healing efficiency of near 100% was reported. A major
drawback for practical applications is that it only works under basic conditions.

Further support for the potential of metal-ligand-based polymers in self-healing
materials is obtained by several works investigating the dynamic bond dissociation
of metal complex-based supramolecular systems by mechanical exposure [62-64].
Kean et al. reported on metallo-supramolecular gels that are based on a family of
van Koten-type pincer complexes [65]. The unique dynamic-mechanical response
of the polymers could be related back to the kinetics of ligand exchange in the
isolated pincer complexes. Under certain circumstances, force accelerates the dis-
sociation in the macroscopic system [66, 67], indicating that an important attribute
of self-healing materials is provided intrinsically in many metal-ligand-based poly-
mers, namely that the transient dynamic bonds are considerably more labile than
the covalent bonds involved.

In future trends, it is envisaged that ionomer- and metal-ligand-based self-
healing systems will be of great potential for the development of novel real-world
self-healing material applications. This class has the prospect for the discovery
of a self-healing mechanism for elastomer-like polymer materials based on
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commercial systems. Elastomers obtain their unique mechanical properties, com-
bining almost ideal elasticity and toughness, from chemical or topological entan-
glements that serve as anchors for the elastic response [65]. Molecular defects or
irregularities are, therefore, responsible for the mechanisms of failure, such as the
chain scission or slipping, accompanied by irreversible changes in the molecular
structure, eventually translating to the macroscopic level. Thus, dynamic bonds
based on ionomers are interesting features of stress-bearing sub-chains for a
nanoscale force management under acute or chronic loading settings.

When compared to other strategies for polymer self-healing developed recently,
including capsule- or fiber-based systems, where the encapsulating component is
filled with crosslinking agent or monomer [68, 69] and reversible covalent bonds
that can heal upon irradiation or heat, dynamic bond-based self-healing strategies
based on hydrogen bonds, metal-ligand interactions or ionomers show several
common characteristics. The capsule or fiber approach is generally limited to
duromers, as the capsules often do not withstand the harsh processing conditions.
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In addition, this healing mechanism is not reversible, and cannot be repeated at
a formerly already healed site. The latter point is also the case for most healing
mechanisms based on covalent bonds. In contrast, the dynamic bond- based
approach is reversible in nature and can be repeated many times. Some of the
dynamic bond-based approaches, such as the hydrogen bonding-based approach
proposed by Leibler [53], require a specificially composed material of unconven-
tional building blocks — still too expensive for a commercial application. However,
many commercial polymers can be functionalized to an ionomer with only small
preparative attempt, thus providing the potential for many applications that might
be covered in the future. The ability to adjust such materials by varying the ionic
content or the counter-ions allows a wide range for the optimization of the materi-
als properties with respect to a special application in a cost-effective way. A pre-
requisite is that the materials provide enough mobility on the scale of polymer
chains to enable effective interdiffusion. In fact, to date most of the dynamic
bond-based healing mechanisms can only be applied to a particular polymer that
requires, for example, a low matrix glass transition, or a thermoplastic matrix [70].
Thus, regardless of the huge progress achieved recently, it is still necessary to
further improve the performance of supramolecular materials in order to expand
the application potential for this type of intrinsically healable materials [71].

Possible areas of application include automotive and aerospace, as well as
medical devices and materials. They can be employed for parts that are inaccessible
or challenging to reach for repair, for example, in buildings, shipping, under-
ground parts, or big machinery, or for applications where an undamaged surface
is important, for example, in corrosion protection [70]. Materials based on dynamic
bonds based on an external trigger are particularly suited for protective coatings
naturally exposed to light or heat [70]. As such, self-healing polymers will not only
enhance the life-time of the polymeric component, but also the life-time of com-
plete devices.

In all application cases, ionomers are envisaged as good members for the design
of self-healing materials without the need to change the overall materials perform-
ance in a cost-effective way. Self-healing ionomeric rubbers for dampers or seal-
ings might be part of everyday life in the future. Therefore, the research and
development concerning this issue can substantially contribute to sustainable
development.
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14
Methods to Monitor and Quantify (Self-) Healing in Polymers
and Polymer Systems

Ranjita K. Bose, Ugo Lafont, Jestis M. Vega, Santiago J. Garcia, and
Sybrand van der Zwaag

14.1
Introduction

As described in the earlier chapters of this book, the creation of self-healing materi-
als can be regarded as a major paradigm shift in the development of new and
improved materials. While in classical materials the design of new materials was
driven by the wish to avoid the formation of damage in the material by external
loading conditions (the “damage prevention” paradigm), in self-healing materials
it is accepted that the materials will be damaged at some stage, and the challenge
is to provide the new class of materials with an autonomous or stimulated healing
capability (“the damage management” paradigm) in order to obtain the desired
extension of the life-time (or performance time) of the material and the product
made thereof. It may be relevant to define “damage” in the context of this chapter
as the presence of local regions in the material with a lower performance level
than that of the surrounding material. Of course, thermal, photonic or electro-
chemical degradation of a material as a result of, for instance, reduction of the
average molecular weight or induced crosslinking, can also be regarded as the
occurrence of damage, but this form of general non-localized damage is excluded
in the present work as it is generally not an issue being addressed in current self-
healing materials research, which focuses on materials capable of healing discrete
local damage. With the shift in material design philosophy, the tools to be used
in the development and characterization of material performance may also have
to change. In classical material science the focus of the physical and chemical
characterization techniques is primarily on the proper and preferentially quantita-
tive description of the initial, undamaged, microstructure. The extensive suite
of characterization techniques is complemented by techniques to visualize the
damage upon over-exposure of the material, as well as techniques to monitor
the drop in initial properties upon the occurrence of this damage. The focus on
the effect of local damage on the final material and product performance has led
not only to the development of many material characterization techniques, but
also to fields such as damage mechanics, in which the nature and extent of the
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damage is equally, if not more, important for the product performance as the
intrinsic properties of the material surrounding the local damage.

In the present early stage of the development of self-healing materials we may
have to look again at the range of experimental methods available to characterize
not only the initial damage, but also its reduction during the healing process, in
as quantitative a manner as possible.

The aim of the present chapter is to list and discuss the most important tech-
niques for the characterization of damage in polymeric materials, and the possibil-
ity they offer to quantify the healing process. The ability to objectively describe and
quantify the degree of healing of the performance level of the material is a pre-
requisite for the industrial development of self-healing materials, as this will
enable companies to rank the performance of their materials against that of com-
petitors, and to create a business case. As such, the need to quantify healing
behavior is not very different from the need to determine properties such as
strength, stiffness, or conductivity during the early days of intentional develop-
ment of classical, non-self-healing materials.

In the subsequent sections we describe several methods to describe, either
qualitatively or quantitatively, the initial and healed damage, and list the advan-
tages and limitations of the pertinent techniques to describe and quantify the
damage. In most subsections we also refer to examples of the application of the
technique to monitor damage level reduction for a self-healing polymer system.
The final section of this chapter deals with the healing of corrosion protection of
metals via self-healing polymeric coatings. While the corrosion process itself is a
process related to the metallic substrate, the healing is provided by the polymeric
coating and, hence, deserves to be included in this chapter. As the actual mecha-
nisms of healing in polymers and polymeric systems as such are described in
detail in the other chapters of the book, they will not be discussed here.

14.2
Visualization Techniques

14.2.1
Optical Microscopy

Optical microscopy, probably the oldest and most versatile scientific technique in
material characterization, is an important tool also for self-healing materials.
There is a whole range of optical techniques, ranging from conventional reflection
and transmission optical microscopes to fluorescence microscopy, to high resolu-
tion near-field scanning optical microscopy with resolution levels well below the
diffraction limit. Increasingly, optical microscopes are equipped with high resolu-
tion digital cameras, which means that the optical image is available for automated
and quantitative image analysis. As optical microscopy is a well-known technique
there is no need to go into the working principle but just to focus on features and
limitations relevant to self-healing. The main advantage of conventional optical
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microscopy is the wide range of magnifications and the relative ease of operation,
both for ex situ and in situ monitoring of damage located at the surface of the
sample. In the case of transparent materials even subsurface damage (such as
delamination) can be detected. A relevant limitation of optical microscopy is the
resolution. For a standard optical system the spatial resolution d of detectable
features is given by the diffraction limit

d=2A/2-NA (14.1)

where A is the wavelength and NA the numerical aperture of the system. For a
regular microscope and using monochromatic green light this means a resolution
0f 0.2 to 0.4 um, yet advanced lenses allow the resolution to be improved to below
0.1pm. Although this is a rather low value, it means that the healing of cracks
with small (remaining) crack openings, hair-line cracks, will be difficult to measure
with some accuracy. Use of fluorescent dyes penetrating into the cracks may
increase the resolution and visibility but their presence may affect the healing
process and is not recommended for in situ healing. The use of fluorescent dyes
is compulsory for “black” polymer systems such as bitumen.

While microscopy techniques are very valuable to record the damage and its
recovery, the information captured is generally qualitative and not immediately
suitable to yield a quantitative description of the healing process. The problem can
be indicated below for two initial crack configurations.

In the situation as sketched in Figure 14.1a the initial crack is sharp and planar.
While the crack width is varying with position from the crack tip, the partial
healing of the crack (Figure 14.1b) can be described in a rather undisputed manner.
However, for many polymer systems the crack is far from planar (a rough fracture
surface is often the desirable outcome for materials developed along the classical
lines), and a quantitative description of both the initial crack state and that of a
partially healed crack (via the formation of bridging ligaments growing from con-
tacting asperities) is not simple. A recent approach to link the non-smooth crack

Figure 14.1 Examples of initial and healed crack configuration: (a,b) sharp planar cracks;
(c,d) rough cracks.
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morphology of aluminum alloys to their fracture toughness [1] may be of some
use to develop methods to describe the healing kinetics of cracks in polymers in
a semi-quantitative manner.

Optical techniques may also be useful to characterize healing of in-plane surface
defects. Scanning laser confocal microscopy (SLCM) returns topological informa-
tion about surfaces, typically with a vertical resolution of about 40nm and a lateral
resolution of about 100nm. As the microscope operates using a (monochromatic)
laser, the image quality is surprisingly high, in particular when the 3D mode is
used to capture the topology of slightly rough surfaces and to convert it into a 2D
image. SCLM has been used successfully to monitor the healing of polymeric
surfaces, as described in Section 14.4.1.

14.2.2
Scanning (SEM) and Environmental Scanning Electron (E-SEM) Microscopy

Like the optical microscope the scanning electron microscope (SEM) is a well-
known technique not requiring a further description of the operating principle. It
offers a much higher resolution than optical microscopes, as well as the ability to
image curved and rough surfaces. The resolution of the SEM depends on the
acceleration voltage and the source. For a modern field emission gun SEM (FEG-
SEM) the resolution can go down to 1nm, so healing of very small features can
be followed. Unlike optical microscopes, an SEM cannot reveal subsurface features
and, hence, cannot be used to obtain information on the healing of features such
as delamination. Like the optical microscope, a SEM can be fitted with a staining
and heating devices in the chamber to monitor in situ the healing of cracks inter-
cepting with the surface, provided the healing process does not involve any liquid
or volatile substance.

The constraint of not being able to monitor healing involving liquid or volatile
substances is due to the vacuum in the sample chamber required to maintain
and control the electron beam. The first commercial development of the environ-
mental SEM (ESEM) in the late 1980s allowed samples to be observed in low-
pressure gaseous environments (e.g., 1-10kPa) and high relative humidity (up
to 100%). This was made possible by the development of a secondary-electron
detector capable of operating in the presence of water vapor, and by the use
of pressure-limiting apertures with differential pumping in the path of the elec-
tron beam to separate the vacuum region (around the gun and lenses) from
the sample chamber. With an ESEM it is possible to follow in situ the filling
and closing of cracks using the swelling reaction of a “healing” agent embedded
in a polymer matrix by moist air [2]. The resolution of an ESEM is less than
that of a FEG-SEM but generally more than adequate to monitor crack filling
phenomena.

If even higher resolutions are required a transmission electron microscope
(TEM) or cryo-TEM (keeping the sample at a low temperature to minimize heating
effects) has to be used. As the samples for TEM are very thin and require very
dedicated techniques to take proper samples without introducing artefacts, TEM
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Figure 14.2 Three examples of scanning acoustical images showing delamination of the
protective coating on a computer chip. The dark gray central region shows the delaminated
area, the white region the intact contact zone. After Atkins et al. [3].

right now does not seem to be a very relevant experimental technique to study
self-healing phenomena in polymers.

14.2.3
Acoustical Microscopy

A major drawback of optical and electron microscopes is their inability to visualize
subsurface damage as the photons and electrons are generally absorbed by the
polymer. In contrast, acoustic waves generated at 5 to 400 MHz are generally well
transmitted by polymers and can be used to image subsurface damage, such as
delamination in coated systems or composites. The microscope consists of a
transducer emitting and recording sound waves being moved across the sample
surface. Local changes in the acoustic impedance, for instance between the base
polymer and air in a crack, cause ultrasonic reflections which are detected by the
transducer and can be deconvoluted to yield information on the location of
the defect. The technique is widely used in medical imaging (ultrasound) where
the frequency of the sound waves (and hence the resulting resolution) is rather
low in order not to damage the tissue. Polymers are much less vulnerable to
acoustic wave damage and higher frequencies can be used. The scanning acousti-
cal microscope has been used successfully to record subsurface damage, such as
delamination in the packaging of chips in microelectronics (see Figure 14.2)

No examples of the use of acoustical imaging to monitor healing have been
found in the literature yet, but the technique is even capable of monitoring in situ
healing phenomena and hence offers great potential.

14.2.4
Computed Tomography and Micro- (Computed) Tomography

Computed (X-ray) tomography (X-ray CT) is a logical extension of the acoustical
microscopy. It uses hard (penetrating) X-rays to create a large set of 2D absorption
contrast images obtained at different viewing angles, and to reconstruct the inter-
nal 3D structure of the material via advanced algorithms. Conventional tomogra-
phy relies on absorption contrast only, and reconstructs the internal damage and
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its dimensional changes during healing with a modest precision. Analogous to
optical microscopy, the resolution is determined by the wavelength of the X-rays,
the difference in absorption contrast, the divergence of the X-ray beam and the
quality of the algorithms used to reconstruct the 3D image. Modern CT machines
for material characterization have a resolution (i.e., voxel size) of about 2 um?* and
can handle polymer samples with a cross-sectional thickness of about 10 mm. As
the CT image is essentially a digital image, digital image analysis techniques can
be used to determine quantitatively defect dimensions in 3D, defect volume frac-
tions, and other geometrical parameters relevant to describe the damage and its
change during healing in a quantitative sense.

A substantial further reduction in resolution can be obtained when a very narrow
coherent X-ray beam is used and phase contrast information is used in combina-
tion with absorption contrast information. The first demonstration of the use
of micro-tomography for the characterization of self-healing reactions was by
Mookhoek et al. [4] who imaged the internal structure of a cracked polystyrene
sample containing dichlorobenzene (DCB)-filled capsules. In this work a con-
verted SEM with a Ta foil to generate a point source for the generation of hard
coherent X-rays was used. Due to the high sensitivity of the technique a clear
distinction between the matrix, capsules still containing the DCB, and empty
capsules having released their content into the crack could be made. The resulting
image of the sample is shown in Figure 14.3, clearly providing direct visualization
of the autonomous self-healing reaction in a polymer containing encapsulated
liquid self-healing agents, as invented by Dr Caroline Dry for concrete matrices
but made more widely known by White et al. [5] for polymeric matrices.

In later work, Mookhoek et al. used the same technique while applying hard
synchrotron X-rays to monitor the healing behavior in a MMA/PS matrix contain-
ing an encapsulated solvent with a solvent (bromobenzene) strongly absorbing

Figure 14.3 Computed tomographic images surface, purple capsules are still liquid filled;
of a solvent-based self-healing thermoplastic (c) computed top view of the healed crack
material after fracture. (a) Side view of the surface showing a small region of imperfect
cracked sample; (b) CT image showing healing (black region). After [4].

empty capsules (green) around a crack
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X-rays. For such a carefully optimized sample and experimental set-up the local
solute release from single capsules after rupture could be followed in situ and in
real time. At present the micro-tomography technique can be regarded as the most
powerful visualization tool to monitor microscopic damage and healing events.

14.3
Healing of Mechanical Properties

14.3.1
Healing after Static Damage

Static damage may happen in structural polymers in the form of cracks, which
may form anywhere in the polymer 3D structure and, depending on the applica-
tion and source of damage, can occur over the span of multiple length scales [6].
Coatings and microelectronic packaging components have cracks that initiate on
smaller scales, and once cracks have formed within polymeric materials, the integ-
rity of the structure is significantly compromised [5]. Universal testing machines,
as the name appropriately implies, have been used extensively to measure mechan-
ical properties to estimate the extent of healing.

Tensile testing with rectangular or dog-bone geometries has been used extensively
for measuring stress—strain relations of polymers. For self-healing studies, tensile
experiments can be performed on the fractured and healed samples. However,
healed samples face the challenges of improper alignment of the original fracture
surfaces and surface roughness effects, which can lead to residual porosity in
the healed fracture zone (as shown in Figure 14.1d). These disadvantages can be
marginally mitigated by using samples with smaller cross-sectional area, but they
in turn suffer from bending effects on bringing fractures” surfaces together.
Tensile testing can still be considered suitable for systems above a threshold rigid-
ity while at the same time using low cross-sectional area and smaller gage lengths.
Several properties have been measured to quantify the extent of self-healing, and
various definitions of self-healing efficiency exist, the most common being the
ratio of critical loads at fracture [7-9]. The ratio of fracture toughness recovery
[10-13], and the recovery of internal work or strain energy to account for non-
linearity in load curve due to the new surface created by the crack, [14] are cited
as self-healing efficiency. Further reports have used elongation at break [15], yield
point stress [16], and force—displacement curves [17] to quantify and understand
self-healing. However, due to the aforementioned challenges, these definitions of
healing efficiency do not fully reflect the quality of healing.

The lap shear test can be used to measure tensile adhesion for self-healing
systems [18]. For this set-up healing efficiency can be defined either as the ratio
of ultimate shear strengths or the maximum elongation at break for the healed
compared to the virgin sample. A major advantage of the lap shear test is that the
fractured surfaces can be brought into contact in a controlled manner [19, 20]. The
alignment and clamping conditions can also be reproduced between different
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Figure 144 TDCB geometry to measure multiple healing cycles where fracture toughness is
independent of crack length [23].

users and are less sensitive to topological defects. For self-healing systems with
reversible chemistries, the lap shear experiment can be designed to accommodate
experimental parameters of controlled force, curing temperatures, and times.
Additionally, the test can be extended to study multiple healing cycles in sequential
order for the same sample [21]. Care should be taken to distinguish between
adhesive and cohesive failure for the lap shear test.

Torsion or bending geometries can also offer insights into the self-healing of
multilayer films. For a sample that is self-healing under torsion, a threshold
normal force can be applied to distinguish between the point of interfacial contact
and the beginning of self-healing [22].

The tapered double cantilever beam (TDCB) geometry shown in Figure 14.4 offers
an interesting way to quantify healing efficiency, as fracture toughness is inde-
pendent of crack length [23], which is not the case for tension, compression, or
bending type geometries. Therefore, the error in healing efficiency for the TDCB
geometry is independent of actual healed crack length, Thus, in self-healing
systems, when the crack length after a different number of healing cycles may not
be constant, this set-up reflects the real healing efficiency if defined as the ratio
of the fracture toughness for the healed and virgin samples. Furthermore, for
samples where partial fracture happens, this geometry can be realigned relatively
easily. The kinetics of the healing process can also be monitored.

Rheology can be used as a complementary technique to study chain mobility and
its effect on the kinetics of self-healing in viscoelastic polymer systems above T,
[24]. Dynamic mechanical analysis can give further information about healing in
polymer films in the context of viscoelastic properties of rubbery polymers. Spec-
troscopic analysis, such as FTIR, NMR or Raman spectroscopies, can be used to
monitor the progress of healing at a molecular level where certain bonds appear
or disappear in the course of self-healing [25, 26]. Electrochemical impedance
spectroscopy used in Surlyn ionomers has revealed interesting effects of lower
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chain mobility resulting from the use of different metal ions (J.M. Vega et al.,
unpublished data).

14.3.2
Healing after Fatigue Damage

Mechanical fatigue damage is the result of multiple loading cycles at stress levels
well below the stress level leading to failure in a single loading event, that is, the
static failure. As in static damage, the fatigue damage in polymers and composites
generally consists of one major crack, often with some satellite cracks in the region
close to the fatigue fracture plane. The fracture plane generally shows different
regions: the crack initiation region, the fatigue crack propagation region, and the
overload region. Generally the fracture surfaces of fatigue-failed samples are a little
smoother than those for static loading. As the type of damage in fatigue failure is
roughly the same as in static failure, the same sets of characterization/quantification
methods may be used to describe the initial damage and its reduction during
healing (see Section 14.3.1). However, there are some important differences
between both failure modes which are worth addressing. In healing of static failure
generally complete separation of the two parts of the sample or product is consid-
ered, while in fatigue crack studies it is very easy to stop the testing of the sample
while the crack is still a partial crack, that is, the crack tip is still contained in the
sample. This is an extremely important difference as far as quantification of
healing efficiency is concerned:

e When the healing efficiency after (complete) static failure is to be determined,
the testing requires the repositioning of the two fracture surfaces. A very small
shift while repositioning the two sample halves can lead to a significant differ-
ence in registry of the two fracture surfaces, and hence to significant changes
in material flow at the reassembled fracture surfaces to induce healing. As a
result, the healing efficiencies of completely separated fracture surfaces will
show a large amount of scatter for nominally identical testing conditions. In
contrast, in (partial) fatigue failure, the two fracture surfaces will return in a
much more reproducible manner to their relative position. In a rather brittle
polymer, the amount of plastic deformation at the crack tip is small, and the
fracture surfaces will come together rather closely and in pretty good registry
upon simple unloading. Hence, for a given healing mechanism, the mechani-
cal and physical healing efficiencies are likely to be high. In the case of more
ductile polymers, the separation distances of the two fracture surfaces remain
higher and healing efficiencies will be lower, yet more reproducible than for
complete (static) failure.

¢ In the case of complete static failure quantification of the healing is best done
by comparing the fracture load after healing to the original strength for a well-
chosen sample geometry. In the case of partial fatigue failure the healing can
be quantified via the recovery of the stiffness, or via the recovery of the residual
strength. Experiments on the healing of asphalt (which can be regarded as
a rather unspecified aromatic oligomer/polymer) showed that the stiffness
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recovery is a more discriminating parameter than the residual strength recov-
ery [27]. Experiments on self-healing thermal interface materials (TIM) (U.
Lafont et al., unpublished data) showed that the healing efficiency for the shear
strength can be rather different from the healing efficiency as defined via shear
displacement.

In conclusion, for the quantification of healing efficiency, studies on incompletely
fractured samples seem most relevant. The techniques to be used are the same as
those used for healing after (complete) static failure, but the interpretation of
healing after fatigue damage may offer more insight into the effective healing
potential of particular polymeric (and non-polymeric) self-healing systems.

14.3.3
Healing of Impact Damage

In contrast to static and fatigue damage, impact damage and the testing thereof
is very hard to describe and to quantify, as the impact damage is a dynamic
response of both the material and the impacting object (not only its velocity and
kinetic energy, but also its shape), and the support or clamping of the sample
during impact. However, there is a good reason to pay some attention to the
healing after impact as the conditions, a very short damage formation time, fol-
lowed by a long healing time at much lower stress level, are potentially very attrac-
tive for self-healing. There are two well-known cases of self-healing after impact:
the healing of fiber-reinforced composites after perpendicular impact [28], and the
healing of ionomers after ballistic impact [29, 30].

14.3.3.1 Impact Damage of Composites

In the case of larger scale impact damage of composites there is extensive internal
crack formation due to splicing at ply level and at fiber-matrix level, and the result-
ing damage is geometrically very complex and hard to describe. As the amount of
internal crack volume to be filled is very large, Bond et al. [28] correctly focussed
on healing via a liquid healing agent and long distance supply thereof as the
most appropriate and rather successful route to obtain self-healing. As the impact
damage is highly dependent on the total system, it is impossible to design scien-
tific tests for self-healing, yet well described technical protocols for impacting,
healing and post-healing property determination (e.g., residual strength, residual
stiffness) will be adequate to quantify healing and to compare different approaches.
As such, the test methods are not different from those for quantification of self-
healing after static and fatigue loading. In the case of small scale impact damage,
the effect of the impact on the macroscopic mechanical properties will be harder
to monitor and damage healing is best followed by (subsurface) visualization
techniques, such as tomography and acoustical microscopy.

14.3.3.2 Healing of Ballistic Damage in lonomers
A well-known example of healing from the early days of the field of SHM is the
spontaneous hole closure of ionomer plates after ballistic impact [29]. The healing
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is due to the high elasticity of the melt, the driving force for cluster reformation,
and the autonomous heating of the sample in the direct vicinity of the impact site.
As in impact damage on composites, the impact damage depends highly on the
test conditions and mutual interactions of occurring processes, itis hard to quantify
the damage and to separate the physical processes taking place. To get some further
insight into the processes Varley et al. developed a quasi-static test in which a
preheated stub is pulled through a pre-cut sample and the penetration forces and
deflections are recorded as a function of speed and stub temperature, and linked
to the hole closure measured optically [30]. In later work, Varley et al. [31] presented
a simple flow device to measure the hole closure in a more quantitative manner.

14.4
Healing of Functional Integrity

14.4.1
Healing of Esthetic Damage

Scratches or surface damage, beside being esthetically undesirable, may also lead
to corrosion and structural defects. Self-healing coatings, therefore, have been
sought after for aerospace and automotive coatings applications. Surface healing
of damage can lead to enhanced appearance and reduced corrosion, thus extending
the life of the product and reducing costs. Apart from self-healing capabilities,
increased scratch resistance is also of great importance in the automotive industry.
Automotive clear coats were introduced to the market in the 1980s and have
evolved along the way, however, the common feature retained has been the ability
to resist and heal scratches. The surface gloss properties of a coating are mainly
affected by scratches ranging from macroscopic to microscopic length scales. Pits
and defects on the surface morphology, as well as increase in roughness, also
reduce surface gloss [32]. Nissan pioneered the commercial application of self-
healing protective automotive paint coatings based on reflow of polymers [33].
Gap or scratch depth, thickness and volume may be quantified using scratch
testing and confocal microscopy, as described in Section 14.3.1. Optical monitor-
ing of gap closure can also be performed by various microscopic techniques. Some
specialized techniques have been reported to monitor and quantify recovery in
surface gloss as follows. Localized micro-attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy and internal reflection IR imaging (IRIRI)
have been used in self-healing substituted chitosan polyurethane networks for
small scale scratches which might affect surface gloss [34]. Typically, a crockmeter
is used to measure reduction in surface gloss, or conversely recovery of surface
gloss. The crockmeter test measures reflected light intensity after being subjected
to a traversing tangential load of known particle size abrasive [35]. Scratch testing
and confocal microscopy has been used in combination with each other to quantify
healing of larger cracks which might affect surface gloss (J.M. Vega et al., unpub-
lished data). Progressive and constant load forces have been applied, as shown in
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Figure 14.5 Principle of scratch testing [36].

Figure 14.5, to study the effect on scratch resistance, followed by subsequent
optical tools to quantify the scratch depth and volume [36]. Quantitative measure-
ment of the fraction of elastic, viscoelastic creep, and fracture response of a coating
can be performed using an indenter tip, such as in a scanning probe microscope
or a micro-indenter.

14.4.2
Healing of Thermal and Electrical Conduction

The implementation of a self-healing concept has also been achieved for material
with an electrical or thermal conducting functionality. Such materials are able to
recover conduction paths at different scales, depending on the used concept. The
monitoring and quantification of the healing can be addressed in different ways,
depending on the scale of damage and the healing concept.

14.4.2.1 Electrical Conduction Recovery

Simple current-voltage (I-V) measurements are easily applied in order to monitor
a change in electronic conduction related to the healing of a conductive path. Ex
situ types of measurements are the simplest to perform, and the following protocol
is to be applied: the I-V response is recorded on a pristine sample, after damage,
and finally after healing. The recovery of the conduction properties as a function
of the damage size after rupture of an encapsulated solution of carbon nanotubes
or charge transfer salts has been demonstrated using this technique [37, 38].

In an in situ type of measurement, the -V response is monitored with time
during the damaging and the healing period. For example, during quasi-static
fracture tests (3—4 point bending, double-cantilever beam) the -V profile can be
monitored to investigate both the condition that leads to the decrease and rupture
of the conductivity and the recovery. The limitation in performing in situ measure-
ments depends mainly on practical considerations related to the material and
the techniques. For example, measurement frequency needs to be adapted to the
healing and damaging timescale and constant electrical connection needs to be
possible during the damaging and healing cycles. If possible, in situ measurements
will always be preferred as they can provide quantification of the healing kinetics.
Using current density—voltage (J-V) measurements, extra information related to
the recovery of the conduction section can be obtained. This technique will be
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Figure 14.6 Wheatstone bridge circuit.

suitable for material with intrinsic self-healing ability, and cases where the conduc-
tion path shape is finite and confined.

If a very small change in resistivity needs to be monitored a Wheatstone bridge
type of set-up will be preferred. This technique uses an electrical circuit to measure
an unknown resistance. The set-up requires an electrical source with a known
voltage, three resistors with a known value, and a galvanometer (Figure 14.6). In
this respect this method is already widely applied when any environmental factors,
such as temperature, humidity, strain, stress, or displacement, are susceptible to
influence the change in the value of a resistance. Materials with self-healing ability
implying a restoration of the electronic conductivity are thus eligible for this type
of measurement. As described previously for the I-V measurement type, the
Wheatstone bridge technique will allow monitoring of both the creation and the
healing of damages. As a function of the applied stress, when the damages occur,
the system resistivity will increase. Upon healing the conducting path the resistiv-
ity will decrease. Depending on the quality of the instrument used, this technique
allows accurate in situ measurement. The damage event, the complete healing
event, aand also the time that is necessary after the fracture to recover the initial
electrical conductivity are easily accessible within a ps timescale [39]. Commonly,
an unbalanced constant voltage Wheatstone bridge circuit allows recording of the
change in voltage during the restoration of the electrical conductivity.

A typical Wheatstone bridge set-up is shown in Figure 14.6 where the sample
to be monitored is placed between the C and D nodes (R,). The test procedure
starts with the determination of the voltage for a broken sample (V..), which cor-
respond to an infinite value of R, as a function of the input voltage (V;,) . Subse-
quently healing can be monitored as a function of time using Eq. (14.1).

R
vg:vm.( Ry _74) (14.2)
Ri+R, R,+R,

The healing process is quantified and assessed in term of V., being a function
of the original bridge voltage (V;) corresponding to the voltage of a pristine sample
(before disruption of the conduction path), V.. and the monitored voltage during
healing V;.
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v _Vh—VN_R0+R4
M Vo—=V. Ry+R,

(14.3)

Finally, if the healing involves changes in surface conduction, AFM can be used
as a nanoprobe to map at the nanoscale the electrical conducting path and correlate
it with the sample topology if necessary. This technique is potentially very powerful
when investigating dimensional restoration of electrical conduction for self-
healing composites.

14.4.2.2 Thermal Conduction Recovery

Microscopic and macroscopic damage in a material (crack, delamination) generally
affects the thermal conduction. The thermal conductivity of a material will drop
as more defects are present. During healing the sample will show a recovery of its
initial thermal conductivity. Ex or in situ measurement can be used, depending
on the damage and healing step. The recovery of a thermal path as a function of
the time and heat flux can be obtained using an infrared camera. A time-dependent
heat-flux mapping of one sample side will give a good insight on the recovery with
the thermal path when a continuous heat source is used as probe on the opposite
side. Thus the technique will be even more suitable when the healing mechanism
is thermally triggered.

Time domain thermoreflectance (TDTR) is also a very efficient technique to
monitor temperature decay. Because TDTR uses a mode-locked laser with pico-
second pulse widths, nanoscale depth resolution can be achieved. Working at the
picosecond level gives this technique the possibility to investigate intrinsic self-
healing systems that relate to dynamic bonding ability involving fast molecular
reaction. Information on interfacial thermal transport and bond strengths can also
be achieved [40]. The TDTR data are expressed as the ratio of the in-phase and
out-of-phase signal Vi,/V,, as a function of time. A thermal diffusion model is
then used to fit the obtained data to obtain the thermal conductance. For quantita-
tive measurements the thickness, heat capacity, and thermal conductivity of the
component of the system should be known accurately.

14.4.3
Healing of Hydrophobicity and Surface Friction

14.4.3.1 Healing of Hydrophobicity

Recovery of surface hydrophobicity can be investigated in several simple ways.
After damaging the surface using a blade, sand paper, or plasma etching, a drop
of an appropriate liquid is placed on the surface. The surface is then tilted to a
certain angle and the time for the drop to roll out is monitored. This simple tech-
nique is very efficient for macroscopic damage. However, in order to quantify and
better characterize the healing related to the recovery of surface functionality,
contact angle measurements are more appropriate. After damage the evolution of
the contact angle is monitored as a function of time, temperature, and/or other
parameters affecting the healing kinetics. Depending on the self-healing concept
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used (bleeding of functional agent or self-replenishing surface) the way to induce
damage is to be adapted. O, plasma etching is often used to mimic surface
damage [41, 42]. However, if the in-depth surface property recovery is to be
probed [43], one can choose ultra-microtomy to peal off the surface in a very con-
trolled way (from 20 to 500 nm slices). The use of atomic force microscopy (AFM)
to monitor force displacement is also an elegant way to investigate the surface
functionality recovery. The adhesion force between the tip of the cantilever and
the coating can be locally monitored. Depending on the self-healing process
and its intrinsic kinetics it is thus possible to perform in situ measurement at the
nanoscale.

14.4.3.2  Friction Recovery

Tribological experiments have been used to quantify friction recovery for liquid
and solid lubricant healing systems [44, 45]. The evolution of the friction coeffi-
cient as a function of the healing process gives a good indication of the friction
recovery property. In the same way, the wear rate can be used as an indicator.
Fixing the load, velocity, wear track radius, and sliding distance, the monitoring
of the mass difference and/or the volume difference (by interference microscopy)
to the calculated value is used to calculate the wear rate. The use of AFM to inves-
tigate friction recovery will give a more localized vision of the phenomena involved
during healing. In this respect the AFM tip can be used both to damage and to
probe the surface. This technique is very useful when the healing involves material
displacement at the molecular scale [46]. As a function of the specification of the
AFM cantilever (spring constant, type of tip) a force—displacement curve can be
used to get insight into the surface property recovery.

14.4.4
Healing of Protection Against Corrosion

The lowest energy state of most metals in the most common environments is their
oxidized form, which means that metals tend to corrode, leading to loss of mechan-
ical and esthetic properties. The most common and cheap way to protect metals
from undesired corrosion is to apply protective layers (i.e., coatings) that offer
active or/and passive protection. Coatings provide the functionality of corrosion
protection to the system. The failure of the protective system leads thus to corro-
sion of the underlying metal. The restoration of this protective functionality is
a desired concept that has been described as a self-healing mechanism and
approached by different concepts.

In order to explore if a system shows self-healing functionalities (e.g., release of
corrosion inhibitors, damage closure, surface coverage) the creation of an artificial
defect in the coating system, and evaluation of the ability of the system to suppress
or decrease corrosion to tolerable levels and restore the protective functionality has
been broadly used. As corrosion processes in aqueous solution are fundamentally
electrochemical processes, electrochemistry has been used as a versatile and poly-
valent field to explore the self-healing capabilities.
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14.4.4.1 Potentiostatic Measurements

This direct current (DC) technique has been used to study the healing capabilities
of an epoxy-amine coating on steel doped with organic fillers containing inorganic
corrosion inhibitors [47]. The test consists in monitoring the current density values
at fixed potential (—0.85 Vagapc and —1.1 Vg aec)) With time. In this study, healing
was detected by a decrease in the current density in a scratched doped-system,
while the non-doped one showed an increase. A similar study was carried out
using microencapsulation of liquid healing agents on coated steel plates [48]. In
this case, upon polarization at 3V, it was found that the current density of the
self-healing system was two orders of magnitude lower than the reference one.
This decrease suggests the formation of a barrier layer at the scribe (gap filling of
the damage). Despite the first approach that this test offers, it should be noted that
polarization could lead to accelerated degradation of the system, or promotion of
deposition/reaction of healing agents. Therefore, measurements that do not dra-
matically alter the equilibrium state of the system are preferred: tests at open circuit
potential (OCP) or under low polarization are more commonly used to study
healing recovery of corrosion protection. As a conclusion, this technique could be
used as a first approach to record healing phenomena, although complementary
tests are recommended to measure the healing efficiency more quantitatively.

14.4.4.2  Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (ELS) is one of the most used techniques
in corrosion science to monitor local damage, and is based on the analysis of the
impedance (Z) of a sample with time, where impedance represents the ability of
a circuit to resist the flow of an alternating current (AC) when immersed in an
electrolyte. This non-destructive technique applies a low polarization (usually
£10mV over OCP) voltage difference upon which a sinusoidal current with a phase
shift is obtained. The evaluation of healing properties has been made by following
the total impedance on damaged systems. Sol—gel films containing nanocontain-
ers loaded with corrosion inhibitors have shown an increase after damage [49].
Similar results were observed for microencapsulated single reactive healing agents
(e.g., silyl esters) in an epoxy matrix [50] or in a complete coating system (primer
+ topcoat) [51]. Healing (see Figure 14.7a) has been mainly achieved by restoration
of the barrier protection [51], deactivation of cathodic or anodic sites [49], or surface
coverage combined with barrier protection [50]. Odd random phase multisine
electrochemical impedance spectroscopy (ORP-EIS) has also been used to explore
self-healing coatings using shape memory polymers [53], and shows a huge poten-
tial to monitor small scale damage in coatings and thin layers in general. Sum-
marizing, EIS can provide useful and quantitative information about the
electrochemical state of the coating and the coating/substrate interface that can
be useful to monitor its (self) healing behavior.

14.4.4.3 Scanning Vibrating Electrode Technique
The scanning vibrating electrode technique (SVET) allows in situ monitoring of
the distribution of anodic and cathodic areas at the surface. Healing can be evalu-
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Figure 14.7 Examples of trends in SH feedback mode after a drop in the current at
anticorrosive coatings. (a) A typical Bode plot  the scratch the healed sample shows an
of an EIS experiment [50]. A drop in increase. In redox mode the healed sample
impedance in all frequency ranges can be shows a change in trend showing the same
seen for the damaged system, while the curve as in feedback mode, while the
healed sample shows an increase in all the damaged (or not healed) system shows

frequency ranges. (b) A feedback mode and higher O, consumption at the scratch.
redox mode trend obtained by SECM [52]. In

ated due to the suppression or reduction of the redox activity. SVET has been
widely used for self-healing coatings using corrosion inhibitors [54, 55], and more
recently proven to be equally effective when analyzing the healing capabilities of
microencapsulated liquid healing agents [50]. This technique is useful to obtain
maps of corrosion activity at the local scale, and also provides valuable information
in terms of corrosion kinetics that can be extrapolated to healing kinetics.

14.4.4.4 Scanning Electrochemical Microscopy

Scanning electrochemical microscopy (SECM) is based on reactions occurring in
a mobile polarized ultramicroelectrode (UME) immersed in the bulk electrolyte.
Information about the redox activity (redox mode) and topography (feedback
mode) of a solid surface can be obtained. The redox competition mode has been
recently employed to monitor in situ the evolution of the cathodic activity in two
healing coatings on aluminum alloy AA2024-T3: a shape memory intrinsic healing
coating [56], and an extrinsic self-healing coating using silyl ester as encapsulated
single reactive healing agent [52]. Moreover, the combination of SECM modes
(redox and feedback) has been recently proven to be very useful to explore self-
healing properties, demonstrating the long term healing of an encapsulated silyl
ester [52]. Scan-lines across the coating defect were performed to study the changes
in oxygen (redox competition mode) and scratch topology (feedback mode), fol-
lowing thus the healing agent spreading and reaction, and the protection offered
as a function of immersion time. Healing was detected due to the lack of consump-
tion of oxygen in the system with healing agent (suggesting a barrier), and the
change in trend in the redox mode to a feedback mode, where the oxygen acts
as mediator (thus showing only topography) [52] as shown in Figure 14.7b. In
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conclusion, SECM is a polyvalent technique that can combine different parameters
(modes and redox reactions) to study localized healing under immersion.

14.5
Summary

As shown in this chapter, many techniques are available to monitor damage in
polymer materials in a qualitative, and sometimes even quantitative, manner. In
the self-explanatory Table 14.1 the various techniques are grouped together, ena-
bling a more rapid selection of the most appropriate technique. As in the charac-
terization of undamaged material, the use of just one single technique will not
yield a proper description of the phenomena taking place, and several techniques
will have to be combined to yield a more or less quantitative description of the
healing process. To allow a proper comparison of healing of comparable systems
in independent investigations there is an urgent need for more standardized test
configurations and data handling procedures, such as defined in ASTM or Euro-
pean standards for testing of undamaged materials. At the current stage of devel-
opment of the field no such standards are yet in place. However, it will be clear
that, given the rapidly growing commercial interest in developing self-healing
materials, such standards are to be formulated in the near future.
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Self-Healing Epoxies and Their Composites

Henghua Jin, Kevin R. Hart, Anthony M. Coppola, Ryan C. Gergely, Jeffrey S. Moore,
Nancy R. Sottos, and Scott R. White

15.1
Introduction

Epoxies are particularly popular as the matrix material for fiber-reinforced
polymeric composites and structural epoxy adhesives, as they exhibit superior
chemical and corrosion resistance, good mechanical and thermal properties,
outstanding adhesion to various substrates, low shrinkage upon cure, and good
electrical insulating properties. However, epoxies are brittle in nature and flaw
sensitive; susceptible to damage induced by mechanical, chemical, thermal,
UV-radiation, or a combination of these factors. Conventional approaches to
managing damage in the epoxy matrix materials (e.g., damage detection, and
manual repair [1]) are limited as they generally require a certain degree of
manual intervention, which could be complicated, expensive, and time consum-
ing [2].

Inspired by living systems, self-healing polymers are designed to autonomically
repair damage, thus providing a means to significantly extend the service life and
reliability of polymeric structural composites. Three primary conceptual approaches
to self-healing have been explored in the past decade [3] (Figure 15.1). In the first,
microcapsules containing reactive chemical species are incorporated into the
native polymer matrix and, upon crack damage, release their contents and undergo
a healing reaction. In the second, an embedded vascular network serves as a res-
ervoir for sequestration and distribution of healing agent(s). As damage interrupts
channel continuity, liquid agents infiltrate into damaged regions, facilitating
healing. The third approach utilizes inherently reversible bonding in the matrix
polymer to affect healing via thermally reversible reactions or re-formation of
hydrogen bonds.

In this chapter, an overview of the state-of-the-art in epoxy-based systems is
presented. We primarily focus on the progress toward self-healing epoxies and
their composites via the above three approaches. Then we conclude with current
challenges and future research directions of this emerging area.

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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(a) Capsule based (b) Vascular

Figure 15.1 Schematics of three self-healing
approaches [3]. (a) Capsule-based healing
system, with the healing agent sequestered
in capsules until they are ruptured by
damage. (b) Vascular healing materials
containing the healing agent(s) in hollow

(@) (b)

Figure 15.2  Microcapsule-based self-healing
schemes. (a) Capsule/catalyst particles [4].
(b) Dual-capsule system in which both the
monomer and cross-linking agent are

15.2
Capsule-Based Healing System

(c) Intrinsic

channels or hollow fibers until damage
ruptures the vasculature and releases the
healing agent(s). (c) Intrinsic materials
contain a latent functionality that triggers
self-healing of damage via thermally
reversible reactions, hydrogen bonding.

(©

encapsulated. (c) Single capsule system
using latent functionality of the matrix or an
environmental stimulus to achieve healing

(31

Three schemes for capsule-based self-healing epoxies have been explored over the
past decade. Each scheme sequesters a healing agent in discrete capsules until
damage triggers release. The first method utilizes capsule/catalyst as the healing
phases (Figure 15.2a). The healing agent is an encapsulated liquid monomer,
while the polymerizer is a solid phase catalyst dispersed in the matrix. In the
second scheme, both the monomer and polymerizer are sequestered in two dis-
tinct capsules (Figure 15.2b). The third healing system contains a single micro-
capsule dispersed in the epoxy matrix that relies on residual reactive functionality
in the matrix or an environmental stimulus (e.g., oxidation) (Figure 15.2¢).



15.2 Capsule-Based Healing System

15.2.1
Self-Healing Epoxies

15.2.1.1 Capsule/Catalyst Healing System

Self-healing epoxy was initially achieved by incorporating a microencapsulated low
molecular weight monomer (dicyclopentadiene, DCPD) and a solid phase chemi-
cal catalyst, bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride
(Grubbs’ first generation catalyst), within an epoxy matrix, as shown in Figure
15.2a [4]. Fracture of the epoxy matrix ruptured the microcapsules, releasing the
DCPD monomer into the crack plane. Upon contact with the catalyst, polymeriza-
tion of the monomer occurred, rebonding the crack faces and restoring mechanical
integrity. Epoxy containing an optimized concentration and size of DCPD micro-
capsules and Grubbs’ catalyst yielded up to 90% recovery of virgin fracture tough-
ness in mode I fracture testing using a tapered-double-cantilever-beam (TDCB)
specimen. In subsequent studies, Brown et al. showed significant life-extension
for self-healing epoxy subject to fatigue loading [6, 7]. Jin et al. extended this
healing system to a thin epoxy adhesive film, demonstrating 56% recovery of virgin
fracture toughness in quasi-static mode I fracture and crack arrest in fatigue
(Figure 15.3a) [8]. Kirkby et al. improved the healing performance with the use of
shape memory alloy (SMA) wires. Improved healing resulted from a reduction in
crack volume by reducing crack face separation. Heat produced by the activation
of SMA wires also provided a more complete polymerization of the healing agent
[11, 12]. Recently, Wilson and coworkers improved the healing efficiency by using

100 um

o D)

250 um
Figure 15.3 Examples of three self-healing sules and (Il) organotin microcapsules [9].
approaches in epoxies. (a) SEM images of (I)  (c) SEM image of epoxy resin microcapsules.
DCPD microcapsules and (ll) as-received (Image reprinted from [10], with permission

Grubbs’ first generation catalyst particles [8].  from Elsevier).
(b) Optical images of (I) PDMS microcap-
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a mixture of DCPD and a monovalent adhesion promoter, dimethylnorbornene
ester (DNE) [13]. The combination of DCPD and the co-healing agent DNE was
successfully encapsulated, and the resulting microcapsules were used in self-
healing experiments that demonstrated superior self-healing performance relative
to DCPD alone.

However, the curing agent used in the epoxy, diethylenetriamine (DETA),
destructively deactivates Grubbs’ catalyst as the epoxy initially cures, and this
destruction reduces the amount of catalyst available for healing [14]. Thus, several
modifications of the healing system or methods of protecting Grubbs’ catalyst were
investigated, including incorporation into wax microspheres and polymer encap-
sulation [15-17], and catalyst morphology modifications [18]. Rule et al. showed
circa 100% healing efficiency with Grubbs’ catalyst embedded into wax micro-
spheres [15]. Jones et al. examined the role of the crystal morphology and dissolu-
tion kinetics of Grubbs’ catalyst on self-healing capability [18]. By balancing the
competing effects of protection during sample fabrication and fast dissolution
in the DCPD monomer, self-healing epoxy with optimal healing capabilities was
established. The use of an alternative metathesis catalyst or healing chemistry has
also been extensively explored. Second generation Grubbs’ catalyst [19], Hoveyda-
Grubbs’ catalyst [19, 20], and tungsten hexachloride (WClg) catalyst [21, 22] have
all shown moderate levels of healing in Mode I fracture testing. More recently,
Coope et al. demonstrated healing using encapsulated epoxy resin and scandium
(ITI) triflate catalyst particles [23]. Heating at 80°C for 48h yielded 80% recovery
of virgin fracture toughness using TDCB specimens.

15.2.1.2 Dual-Capsule Healing System

Self-healing using a dual-microcapsule system, illustrated in Figure 15.2b, incor-
porates monomer and polymerizer which are separately encapsulated or phase
separated in the matrix. PDMS/dimethyldineodecanoate tin (DMDNT) catalyst
healing chemistry was used to achieve a self-healing epoxy-based coating [24]. The
authors achieved successful autonomic corrosion protection of metal substrates
by self-healing under ambient conditions. Recently, Mangun et al. extended this
work to a bulk epoxy cured at 100°C, demonstrating 52% recovery of virgin frac-
ture toughness with the aid of an adhesion promoter (Figure 15.3b) [9]. Impor-
tantly, 28% healing efficiency was also reported for samples exposed to a high
post-cure temperature of 177°C marking the first demonstration of autonomic
healing for an epoxy cured at elevated temperature.

Encapsulation of liquid epoxy monomer and its hardeners has been of particular
interest since it provides a repair system that is chemically and mechanically
compatible with the host epoxy matrix. Yuan et al. developed a dual-capsule healing
system based on an epoxy/mercaptan chemistry, and demonstrated full recovery
of fracture toughness [25]. Later a more thermally stable healing system was devel-
oped by adopting an alternative hardener, 2,4,6-tris(dimethylaminomethyl)phenol,
in which healing efficiencies ranging from 76 to 82% were achieved for epoxies
cured at temperatures up to 250°C [26]. Xiao and coworkers introduced an encap-
sulated epoxy monomer and boron trifluoride diethyl etherate ((C,Hs),O-BF;)
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hardener healing system into epoxy cured at 45°C, achieving circa 90% healing
efficiency [27, 28]. Recently, a self-healing thermoset using encapsulated epoxy/
amine healing chemistry was proposed by Jin et al. [29] in which 89% recovery of
virgin fracture toughness was achieved in epoxy cured at 35 °C. However, post-cure
for 1h at 121°C significantly decreased the healing efficiency as a result of amine
diffusion from the capsule core.

15.2.1.3 Single Capsule Healing System

Self-healing via a single microcapsule healing system utilizing latent functionality
has attracted increasing research interest [5, 30-33]. In these systems, a microen-
capsulated healing agent interacts with residual reactive functionality in the host
epoxy matrix. For example, Caruso et al. demonstrated full recovery of Mode-I
fracture toughness using a solvent promoted self-healing system [5, 30]. The epoxy
matrix is swollen by solvent delivered from ruptured microcapsules, which frees
residual functional groups to initiate further cross-linking. However, this healing
mechanism requires a very small crack face separation to facilitate chain entangle-
ment and cross-linking across the crack. Shape memory alloy (SMA) wires were
recently introduced to reduce the crack separation after fracture to enhance the
healing performance of this solvent-based healing system [34]. The requirements
of chain mobility and unreacted functional groups in under-cured epoxy limit the
broader applications of this type of healing system. Xiao and coworkers proposed
a different method to incorporate latent functionality using (C,Hs),0- BF; catalyst
absorbed by short sisal fibers and protected by a polystyrene coating [33]. When
these fibers were incorporated into an epoxy, the catalyst evenly diffused into the
matrix to provide latent functionality. A 76% recovery of impact strength was
observed for samples containing epoxy microcapsules and (C,Hs),0- BF; catalyst-
loaded fibers fully cured at 50°C for 48h. Liu et al. recently reported a self-healing
epoxy coating using only epoxy capsules (Figure 15.3c). Upon damage, the released
epoxy monomer reacted with the residual polyamide hardener in the matrix and
polymerized under alkaline conditions [10].

Single capsule healing systems based on atmospheric oxidation of encapsulated
healing agents do not require a separate catalyst or hardener. Samadzadeh and
coworkers reported a self-healing epoxy coating with Tung oil as the encapsulated
healing agent [35]. The core material, a type of drying oil, dries to form a tough,
glossy, waterproof polymer upon exposure to oxygen. Linseed oil, another type of
drying oil, was also considered as a healing agent in the development of self-
healing epoxy coatings [36, 37].

15.2.2
Self-Healing Fiber-Reinforced Epoxies

Damage modes in composites are far more complex than those of pure polymer
systems. With the inclusion of fiber reinforcement, researchers must dem-
onstrate healing not only of the matrix material, but also of the interface
between the reinforcement and matrix, should it occur. Capsule-based healing
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in composites is particularly difficult since the inclusion of fibers in the polymer
matrix limits the volume available for capsules, and ultimately, availability of
healing agents.

15.2.2.1 Recovery of Mode I Fracture Toughness

Self-healing in fiber-reinforced composites using a microcapsule-based approach
was initially demonstrated using quasi-static mode I fracture experiments. Kessler
et al. utilized the DCPD/Grubbs’ catalyst healing chemistry in woven E-glass/
epoxy double cantilever beam (DCB) composite specimens [38]. Self-activated,
room-temperature healing results demonstrated up to 80% recovery of critical
strain energy release rate. In subsequent work these authors adopted a width-
tapered double cantilever beam (WTDCB) geometry using woven carbon-fiber
composites containing an embedded dispersion of DCPD capsules and Grubbs’
catalyst particles [39]. In this full in situ system, 40% healing efficiency
was observed at room temperature healing conditions, with up to 80% healing
observed under elevated temperature (80°C) healing conditions. Yin et al. studied
self-healing of interlaminar fracture using E-glass/epoxy DCBs containing a
microencapsulated epoxy resin and a latent hardener in the matrix (CuBr,(2-
methylimidazole),) [40, 41], as shown in Figure 15.4a. Heating the samples for 1h
at 130°C yielded an average recovery of critical strain energy release rates ranging
from 28 to 51%. In all studies using DCB or modified DCB testing, authors
attribute the lack of full self-healing, in part, to unrepairable fiber bridging which
occurs in virgin test samples.

15.2.2.2 Recovery from Impact Damage

Self-healing of impact damage in fiber-reinforced composites is regarded as one
of the most difficult areas of ongoing research because of the large damage volume
and multiple failure modes. Yin and coworkers used the latent CuBr,(2-
methylimidazole), chemistry for self-healing of impact damage in woven glass/
epoxy laminates [45]. Compression after impact (CAI) was used to evaluate self-
healing in impacted laminates. Samples healed under elevated pressures and
temperatures demonstrated 95% healing at the lowest impact energy level, but at
the highest impact energy healing efficiencies dropped to 15%. Patel and cowork-
ers investigated self-healing of impact damage in S2-glass/epoxy composites with
embedded DCPD/Grubbs’ healing chemistry [42]. Healing efficiencies at room
temperature using CAI tests were as high as 100%, but dropped off at higher
impact energies. Optical micrographs from this study at higher impact energies
show only partial healing of delamination damage, which the author attributes
to incomplete filling of damage volume (Figure 15.4b). Yuan et al. used a dual-
capsule system based on epoxy/mercaptan healing chemistry to study CAI, as well
as rate of damage area reduction in thin glass/epoxy laminates [46]. Backface
damage areas were healed up to 96% and CAI recovery was nearly 87% for room
temperature healing in samples impacted at the lowest energy level, but as with
other studies, healing efficiency dropped off dramatically with increased impact
energy.



Figure 15.4 Examples of healing in
composites. (a) SEM micrographs of fracture
surfaces in a glass fiber-reinforced composite
containing epoxy and CuBr2 capsules
following a mode-I DCB fracture test. (Image
reprinted from [41], with permission from
IOP Publishing). (b) An optical micrograph
of a partially healed section of delamination
in a glass fiber-reinforced composite
containing DCPD microcapsules and
wax-protected Grubbs’ catalyst microspheres
[42]. (c) An SEM micrograph of a healed
surface in a carbon fiber-reinforced compos-
ite containing DCPD capsules and Grubbs’

15.2 Capsule-Based Healing System

Unhealed delamination 100 um

Healed
delamination

Microcapsule

(W)

(V)

catalyst particles [43]. (d) Comparison of
crack damage in control and self-sealing
fiber-reinforced composites following
indentation damage [44]. (1) Tiled SEM
images of a damaged region in a control
specimen containing DCPD capsules and
wax microspheres. (I1) Highlighted crack
damage in the damaged regions of image (l).
(1) Tiled SEM images of a damaged region
in a self-sealing specimen containing DPCD
capsules and wax protected Grubbs’ catalyst
microspheres. (V) Highlighted crack damage
in the damaged regions of image (ll1).

15.2.2.3 Recovery of Macroscale Properties and Interfacial Bond Strength

Recovery of macroscale composite properties (stiffness and ultimate strength) is
often difficult, since most self-healing chemistries target healing of matrix damage
alone. Barbero et al. used the DCPD/Grubbs’ healing chemistry to recover axial-
transverse shear modulus in unidirectional laminates [47]. After applying shear
stress over multiple cycles, 100% modulus recovery was observed over the first
two cycles, with still noticeable recovery after eight cycles. Sanada et al. investigated
self-healing of transverse cracks in unidirectional graphite/epoxy tensile speci-
mens in which the fibers were coated in an epoxy/catalyst/capsule mixture before
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solidification (Figure 15.4c) [48]. Here, the self-healing metric was ultimate tensile
strength. Only 14% healing efficiency was achieved in the best case with capsule
loading as high as 40 wt% with significantly reduced virgin properties. Sanada
et al. also extended this work to include a computational study on self-healing of
interfacial debonding [43]. Self-healing of interfacial damage and recovery of inter-
facial shear strength was demonstrated by Blaiszik et al [49]. In this work a model
composite consisting of a Grubbs’ catalyst-coated glass fiber functionalized with
sub-micron DCPD capsules was manufactured for single fiber pull-out testing. Up
to 44% recovery of interfacial shear strength was observed following 24 h healing
at room temperature.

15.2.2.4 Recovery of Barrier Properties

Fiber-reinforced epoxy composites are also often used for their barrier properties
to prevent diffusion of fluids or gas through the material thickness. When cracks
percolate or holes penetrate through the thickness of the material, barrier proper-
ties are degraded. Moll et al. demonstrated a self-sealing epoxy composite (plain
weave E-glass) containing an embedded DCPD/Grubbs’ healing chemistry (Figure
15.4d) [44]. Composites were damaged using a micro-indentation technique and
sealing was assessed through the use of a pressurized flow cell. The percentage
of samples sealed varied with capsule concentration and capsule size, but in the
best case, 67% of samples sealed using this technique.

15.3
Vascular-Based Healing Systems

Vascular-based healing systems have the ability to replenish healing agents after
a damage event, allowing multiple healing cycles. The method chosen for a par-
ticular application depends on the type of damage, the dimensional connectivity
and architecture of the required network, and the presence of reinforcing fibers.
The first channels fabricated in an epoxy material for the purpose of self-healing
were made from glass pipettes. Dry embedded millimeter scale pipettes into a
glass bead reinforced epoxy matrix and demonstrated the ability to release liquids
from these pipettes after impact damage [50]. Motuku et al. compared several
mediums for releasing healing agent in response to impact in glass-epoxy panels,
including glass pipettes, aluminum tubes, and copper tubes. Only the channels
manufactured using glass pipettes were found to rupture and release healing
agent [51].

While glass pipettes can store and release liquid healing agents they are non-
structural components and improved performance is achieved with hollow glass
fibers (HGF) ranging from 15-60pum. HGFs can be incorporated both as the
primary reinforcing fiber [52-54], or as isolated channels surrounded by solid
reinforcing fibers (Figure 15.5a) [57-59]. Other methods that have been utilized
to create similar channel geometries include removal of a solid polymer or metal
cord by manual extraction [60, 61], and melting of solder wire [62]. The primary
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Figure 15.5 Demonstrations of vascular two-part healing agent mixing inside a crack
healing. (a) Fluorescently-dyed healing agent  in epoxy [55]. (c) A 3D vascular network
being released from HGFs in a composite delivering healing agent to surface cracks in
following impact (Image reprinted from [52], a barrier coating. All scale bars represent
with permission from Elsevier). (b) A 2mm [56].

disadvantage of these methods is their restriction to discrete, isolated channels
with one-dimensional, straight architecture. The primary method used for fabricat-
ing higher order channel architectures is direct writing of a fugitive ink scaffold
[55, 56, 63-66]. In this method, the ink scaffold is printed in the shape of the
desired network, surrounded with an epoxy matrix, and removed via melting. This
method is restricted to low viscosity matrices because of the fragility of the ink
scaffold during infiltration. Other methods for manufacturing higher order net-
works include catalyst-treated poly(lactic acid) “sacrificial fibers” [67], electrostatic
discharge [68], and melt-spun sugar scaffolds [69]. However, none of these
approaches has been used in healing systems to date.

15.3.1
Recovery of Fracture Damage

Hamilton et al. used a double cantilever drilled compression (DCDC) test to study
healing of fracture events in a neat epoxy (Figure 15.5b) [55, 60]. Initially, micro-
channels were manufactured using the direct-write method to create a series of
2D channel networks containing a two-part epoxy healing system. Specimens were
tested for multiple healing cycles, attaining 86% healing efficiency after the first
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healing cycle, decreasing steadily to approximately 40% healing efficiency after 13
cycles [58]. In the second study, the authors replaced the 2D passive capillary
healing network with dual 1D pressurized networks containing a two-part epoxy
healing system. Using a variety of dynamic pumping profiles, up to 15 cycles of
100% healing efficiency were achieved [62].

15.3.2
Recovery of Impact Damage

Out-of-plane impact damage in fiber-reinforced composites can result in extensive
damage, including delamination and transverse cracking at low energies, and fiber
breakage and puncture at high energies. Bleay et al. examined the healing of
composite panels composed of 15 um diameter HGFs filled with a two-part epoxy
resin to restore the compressive strength of a panel after impact. Following an 80]
impact event, the healing agent was released into the damaged region and cured
under various conditions, including elevated temperature and vacuum pressure,
but only minimal healing (<10%) was observed in CAI testing [53]. Pang et al. used
a similar approach, but included solid glass fibers in addition to HGFs as reinforce-
ment. Self-healing specimens were shown to retain 93% of the flexural strength
after impact (~0.6]) compared to non-impacted specimens, compared to 75%
retained strength for non-healed specimens [52, 54].

In a series of related works, Trask and coworkers embedded discrete HGFs with
fixed spacing into glass fiber and carbon fiber reinforced laminates. The HGFs
were filled with either a pre-mixed or an isolated two-part epoxy system using
vacuum infiltration. Samples were subjected to low energy, quasi-static impact
events and subsequently tested in four-point bending. Recovery of flexural strength
was achieved in both glass and carbon fiber-reinforced composites after an ele-
vated temperature exposure [57-59]. Norris et al. fabricated channels in a carbon/
epoxy composite using solder wire embedded prior to composite curing and sub-
sequently melted to form the channel. The channels were then filled with a pre-
mixed epoxy healing agent and impacted (10]). CAI testing showed that, on
average, 97% of the original strength was recovered [62].

15.3.3
Healing of Coatings

Healing damage external to the vascular network isolates damage to regions that
are not vascularized, improving long term performance. Toohey et al. introduced
a sample geometry in which a brittle coating was applied to a more flexible sub-
strate containing a vascular network fabricated by direct-write of a fugitive ink
(Figure 15.5¢) [56, 63]. Samples subjected to four-point bending developed cracks
in the coating which were subsequently healed by capillary flow of healing agents
from the underlying vascular network. Toohey et al. demonstrated up to 60%
recovery of fracture toughness for 7 consecutive cycles for a healing system con-
sisting of DCPD monomer sequestered in the vascular network and Grubbs’ cata-
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lyst embedded in the coating. In a subsequent study, Toohey et al. demonstrated
up to 16 intermittent healing cycles using a two-part, epoxy-based healing system
in which the reactive components were isolated in separate vascular networks [64].
Hansen et al. extended this work by creating interpenetrating vascular networks
[65] and showed over 30 healing cycles with an average of approximately 50%
healing efficiency. In a later study, Hansen et al. reduced the healing time from
two days to a matter of hours by heating the sample with a third vascular network
used solely for thermal regulation [66].

15.3.4
Self-Sensing, Self-Healing Vascularized Composites

In addition to self-repair, materials capable of self-sensing of internal damage
provide additional safeguards against structural failures. Wu et al. evaluated the
sensing and recovery from damage in a braided glass fiber composite loaded in
tension using a dispersed network of electrically conductive carbon nanotubes
(CNT) [61]. Hong et al. used glass microtubes containing healing agent filled with
carbon powder and metal microwires to sense damage and recovery using changes
in electrical resistance across the network [70].

15.4
Intrinsic Healing Systems

Intrinsic healing systems utilize bonding latent (inherent) material functionality
to achieve healing. Recovery is typically accessed through a thermal treatment of
the damaged material. Methods to incorporate intrinsic healing include resin
design (Figure 15.6a) [71, 75-79], dissolution of healing agents that either remain
miscible (Figure 15.6b) [72, 80, 81] or phase separate on cure (Figure 15.6¢) [73,
82], and solid phase incorporation (Figure 15.6d) [74, 83-94].

15.4.1
Resin Design for Reversibility

An early report of crack healing in pure epoxy resin is presented by Outwater and
Gerry [75]. After heating to 149°C (above its T,), full recovery of fracture energy
was observed using a double torsion specimen. Miller and Gaur investigated adhe-
sion between fiber and resin, observing a 62% recovery in interfacial shear strength
in specimens which were damaged and then re-cured [76]. Recovery was shown
for four re-cure cycles, and was attributed to mechanical bonding caused by flow
of the softened epoxy. Rahmathullah and Palmese used compact tension (CT)
specimens thermally healed at 185°C to further investigate this phenomenon,
considering the effects of stoichometric ratio and clamping pressure [71]. Two
distinct mechanisms were identified. First, at stoichiometric conditions, healing
was attributed to mechanical interlocking of nodular features on the fracture
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(a) Resin design for reversibility

5um 5um

(c) Phase separated self-healing phase

Figure 15.6 Examples of intrinsic self-healing
systems before and after damage. (a) Crack
interface of pure epoxy resin (Images
reprinted from [71], with permission from
John Wiley and Sons). (b) Healing of impact
damage in epoxy/glass fiber composite panel
with dissolved poly(bisphe-nol-A-co-epichlo-
rohydrin) (Images reprinted from [72], with

(b) Dissolved self-healing phase

(d) Solid phase incorporation

250 um 250 pm
with phase-separated poly(e-caprolactone)
(Images reprinted from [73], with permission
from American Chemical Society). (d)
Delamination of an epoxy/carbon fiber
composite with bridging of solid phase
polyethylene-co-methacrylic acid when healed
(Images reprinted from [74], with permission
from Elsevier).

permissions Elsevier). (c) Fracture of epoxy

surfaces when heated above T, which are subsequently set when cooled. In this
regime, healing efficiencies around 50% were observed. Secondly, with an excess
of un-reacted epoxy groups, polymerization and covalent bonding enhanced the
healing efficiency to greater than 100%.

Another approach to enhance the healing of epoxy resins is to chemically modify
the resin itself. Tian et al. synthesized an epoxy resin which incorporates both
irreversible epoxide—anhydride linkages, as well as thermally reversible Diels—
Alder (DA) bonds: furfurylglycidyl ether (FGE) [77]. Healing was assessed using
DCDC specimens with a thermal healing cycle of 110°C for 20 min to disconnect
DA bonds, and 80°C for 72h to reconnect bonds. The recovery of fracture tough-
ness was greater than 95%. Peterson et al. investigated healing using a resin
mixture consisting of FGE and diglycidyl ether of bisphenol-A (DGEBA) [78, 79].
In the first work, a bismaleimide solution was injected into the damage region
[78]. Both neat and glass fiber-reinforced specimens were tested. Recovery of
maximum load was an average of 70% for neat CT specimens. Although not
explicitly stated, using the recovery of maximum load assumes specimens have
the same crack length, due to the crack length dependence of fracture in CT
specimens. Importantly, in some specimens, healing occurred at room tempera-
ture. Authors then demonstrated healing of glass fiber/polymer interfaces by
functionalizing the single glass fibers using meleimide [79]. An average of 41%
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recovery in interfacial shear strength was reported after accounting for frictional
effects.

15.4.2
Dissolved Healing Agents

Hayes et al. developed a system in which a linear thermoplastic healing agent,
poly(bisphenol-A-co-epichlorohydrin), was dissolved in an epoxy thermoset [72, 80,
81]. By matching the solubility parameters of the two phases, the healing agent
remains fully dissolved in the matrix. The resulting domain size of healing agent is
on the molecular scale. When damage occurred, samples were exposed to a thermal
healing cycle between 100 and 160 °C which induced diffusion of the thermoplastic
across hairline cracks, thereby healing them. Neat epoxy CT specimens containing
20wt% healing agent showed a 64% recovery in fracture toughness when healed at
140°C, while Charpy impact specimens containing an optimum of 7.5 wt% healing
agent showed a 50% recovery of impact strength when healed at 160°C [72, 81]. In
the same work, this system was extended to glass fiber-reinforced composites,
where healing was observed optically by a 30% reduction in damage area.

15.4.3
Phase Separated Healing Agents

Phase separation of a miscible blend of healing agent and resin can occur upon
polymerization of the resin. Luo et al. demonstrated an epoxy and thermoplastic
poly(e-caprolactone) (PCL) interpenetrating network in which the PCL phase
served as a healing agent upon exposure to 190°C for 8 min [73]. The resulting
healing agent domains are micron-scale and interconnected. Importantly, the
network still remained an elastic solid above the T, of PCL, owing to the intercon-
nectedness of the epoxy phase, though the modulus was reduced. Recovery of peak
load in single edge notched bending (SENB) specimens was greater than 100% by
applying 18.7 MPa compressive stress for healing. Healing was partially attributed
to the differential expansion between epoxy and PCL, which induced flow of
healing agent into the damage region.

Phase separated interpenetrating networks can also be created by independent
polymerization of the two phases. This offers improved processability, owing to
the lower viscosity of the constituents over the resulting polymerized phases.
Peterson et al. demonstrated such a system using a DGEBA epoxy and meth-
acrylated phenyl glycidyl ether (MPGE) resin [82]. In this work, the authors
demonstrated healing efficiency as high as 53% for the first healing cycle and
39% for the fourth cycle, with various amounts of MPGE.

15.4.4
Solid-Phase Healing Agents

Larger healing agent domain sizes can be achieved by incorporating an immiscible
healing phase into the epoxy resin. Zako demonstrated this concept by incorporating
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50um diameter epoxy particles at 40vol% into an epoxy resin in a cross-ply glass
fiber-reinforced composite [83]. To repair the damage, the specimen was heated
to 120°C for 10min, inducing melting of the particle inclusions. Full recovery
of stiffness was reported using a three-point bending specimen. In addition,
fatigue testing of single edge notched tension (SENT) specimens revealed that
healing resulted in nearly full recovery of rigidity, as well as an extension in
fatigue life.

Preceding the work done with FGE resins, Peterson et al. incorporated 660 um
diameter DA cross-linked gel particles into an epoxy [84]. The reversibility of DA
chemistry affords multiple healing cycles. However, an average of only 21% load
recovery was observed using the CT specimen with 10 wt% healing agent. Healing
was attributed solely to the healing ability of the DA healing agents, not to the
inherent healing of the epoxy thermoset.

Meure et al. first introduced the use of thermoplastic polyethylene-co-
methacrylic acid (EMAA) as a solid-phase healing agent [85]. In contrast to other
thermoplastic particles, EMAA can react with the resin during the thermal healing
cycle of 150°C for 30min. Recovery of fracture toughness was 85% using TDCB
specimens. Importantly, when specimens were heated during healing, volatile
gases within the healing agent expanded, forcing melted healing agent into the
damage region .

A subsequent series of publications have explored the incorporation of solid-
phase EMAA into carbon fiber-reinforced epoxy composites, for healing in DCB
specimens. Meure et al. incorporated both particles and fibers, showing over
100% recovery of critical energy release rate for some specimens [88]. Varley
et al. extended the applicability of EMAA to higher temperature cured epoxies
(T, = 160°C), by applying a polyetherimide coating to a fiber mesh [89]. Recov-
ery of peak load was up to 100%. In another study, Varley examined the appli-
cability of a nonwoven EMAA mesh as a healing agent, achieving greater
than 200% recovery in critical energy release rate [90]. Wang et al. used poly
(ethylene-co methyl acrylate) (EMA) or EMAA films [91]. Recovery of critical
energy release rates of 46 and 88% were reported for EMA and EMAA, respec-
tively. Yang et al. incorporated EMAA fiber stitches perpendicular the direction
of crack propagation [92]. The virgin energy release rate of specimens with
EMAA stitches was 120% that of specimens without stitches, and healing effi-
ciency was greater than 150%. Pingkerawat et al. compared the effect of EMAA
spheres to multiple fiber mesh configurations [74]. Recovery of critical energy
release rate was approximately 300% for some specimen types. The significant
increase in fracture toughness after healing was attributed to the bridging of
EMAA along the delamination. In a companion study, Pingkerawat et al. sub-
jected the same type of specimens to fatigue loading, observing similar crack
growth rates for virgin and healed specimens [93]. Hargou et al. applied ultra-
sonic welding in place of thermal healing, and were able to achieve 130% recov-
ery in critical energy release rate while reducing the healing time from 30min
to 30s [94].



15.5 Conclusions

15.5
Conclusions

Over the past decade, significant strides have been made in the field of self-healing
epoxy and epoxy composites; however, there are still many areas of research that
remain unexplored. In capsule-based systems the majority of prior work has
focused on matrices that are cured at relatively low temperatures (ca. <45°C).
However, achieving successful self-healing in structural composites involves ele-
vated temperature curing (ca. 200°C), which places significant demands on
thermal and chemical stability. Additionally, capsule size is generally of the order
of 100um, significantly larger than damage or defects that initiate failure, and
orders of magnitude larger than the available volume in structural fiber-reinforced
composites. Compounding the size scale problem the maximum damage volume
that can be filled scales with capsule diameter; small capsules can only fill (and
heal) small damage volume. A possible solution is to pursue healing chemistries
that undergo volume expansion upon polymerization, thereby reducing the volu-
metric constraints on capsule size.

For vascular-based healing systems, most current research has concentrated on
relatively large-scale damage caused by impact, or carefully directed damage propa-
gation in which the vasculature can be tailored and designed for optimal perform-
ance. In general, the vascular architecture has been relatively simple, from isolated
1D or 2D channels to 3D interconnected channels of a single size scale. Healing
is predominantly based on a two-part healing chemistry (e.g., epoxy) either
premixed or isolated and mixed in situ upon damage triggering. The primary chal-
lenge for vascular-based healing systems moving forward is the manufacturing of
complex vascular networks, with multi-scale, three-dimensional channel architec-
tures for improved delivery and mixing of healing agent(s). These advances will
increase performance by promoting better mixing, increasing the volumetric pen-
etration of the network, and perhaps most importantly, providing redundancy in
the network (through branched architectures) in order to prevent network failure
due to blockages.

Intrinsic systems can be effective at healing small damage, in which there is
intimate contact of fracture surfaces. However, to extend its applicability, mecha-
nisms for regaining intimate contact of fracture surfaces could be incorporated,
such as shape memory alloys or polymers [11, 12, 95]. Also, a mechanism to
improve the transport of healing agents could be incorporated. Work by Meure
suggests a passive mechanism to induce pressure gradients which transport
healing agent to the damage region; however, this approach requires heat to acti-
vate [85].

No matter which self-healing approach is pursued, environmental stability and
long-term performance are still unanswered and largely unexplored issues. Devel-
oping new polymer chemistries for use as healing agents, optimized for long-term
storage, low viscosity, and triggerable polymerization under varying environmen-
tal conditions would be beneficial in this regard. Developing new sequestration
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methods (e.g., metallic or ceramic capsules) that protect the latent (healing) chem-
istry is essential for the future development of the field.
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Self-Healing Coatings
Dmitry G. Shchukin, Dimitriya Borisova, and Helmuth Méhwald

16.1
Introduction into Self-Healing Coatings

Self-healing activity of materials generally gives information about the gap between
the reference and actual level of a system parameter, and translates this informa-
tion into action to alter the gap in some way [1]. Feedback is often a part of naturally
occurring or constructed systems. In a feedback system cause-and-effect relations
between system variables form a closed-loop wherein the output affects the input
[2]. In this way, a feedback system can respond to its environment (like local
pH-changes during corrosion processes). The input can also be an external signal
applied to the system (like light or mechanical force) and represents the desired
or reference value of a variable to be controlled. The output is the feedback action
such as, for a self-healing material restoring its functionality or the functionality
of the coating (in the case of self-healing coatings).

Blood clotting is an example of a useful positive feedback system in our body
[3]. Upon rupture of a blood vessel wall, activated blood platelets release chemicals
to attract even more platelets and form a sticky clot at the damaged site. The
process continues until the hole in the blood vessel is sealed and the bleeding
stopped. In fact, every useful feedback cycle is part of a response to the negative
impact to the material.

Mimicking the concept of feedback-active systems in the field of synthetic coat-
ings opens up a number of opportunities for the development of “smart” coatings
with stimuli-responsive behavior. Self-healing coatings undergo a change in re-
sponse to a stimulus (trigger) in order to enhance the system performance. These
coatings are of great scientific and technological importance, as they can be applied
in various fields, such as medicine, biotechnology, or material science. Their main,
passive function as coatings is to protect the underlying substrate from contact
with the environment. In addition to their barrier properties, they also possess
active properties due to their environmentally responsive function.

Self-healing materials can be classified into three groups according to the
general healing mechanism: vascular, intrinsic and capsule-based [4]. Each
approach differs by the mechanism used to provide the healing and the triggering

Self-Healing Polymers: From Principles to Applications, First Edition. Edited by Wolfgang H. Binder.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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mechanism. The type of group influences the damage volume that can be healed,
the repeatability of healing, and the recovery rate of the self-healing material.
Vascular self-healing materials contain the healing agent in a tubular network,
which can be one-, two-, or three-dimensional. After the vasculature is damaged
and the first delivery of healing agent occurs, the network may be refilled by an
external source or from an undamaged but connected region of the vasculature.
This refilling action allows multiple local healing events. Intrinsic self-healing
materials do not have any healing agent but possess a latent self-healing function-
ality, due to their structure or chemical properties, that is triggered by an external
stimulus (e.g., melting). The healing mechanism relies on chain mobility and
entanglement, reversible polymerization, melting of thermoplastic phases, hydro-
gen bonding, or ionic interactions. The capsule-based approach involves the encap-
sulation of the healing agent into micro- and nanocapsules followed by their
incorporation into the material matrix. This approach will be described in more
details in the next sections.

16.2
Concept of Micro- and Nanocontainer-Based Self-Healing Coatings

A successful approach to impart feedback functionality to a coating is by the
incorporation of encapsulated active material in the coating matrix (Figure 16.1)
[5-7]. The great versatility of encapsulation technologies, active agents, and coating
matrixes offers a large number of coating design strategies. Self-healing coatings
can be generally classified according to the external stimulus to which they

Figure 16.1 Schematic representation of nanocapsule-based self-healing coatings. Reprinted
with permission from Ref [5]. Copyright 2007, The Royal Society of Chemistry.
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respond. Various external stimuli of physical or chemical nature can cause a
change in the coating followed by the self-recovery of an initial coating property.

Mechanical impact is an important external stimulus, which affects coating
barrier properties in a negative way by causing microcracks or other microdamage
in the coating. Adopting mechanical stress as a trigger to recover the mechanical
stability by autonomic crack healing was demonstrated for the first time for
microcapsule-based systems in 2001 by the group of S. R. White [8]. They encap-
sulated healing agent (a monomer) in polymer microcapsules embedded in an
epoxy matrix containing a catalyst. Upon crack formation the embedded micro-
capsules are ruptured and the healing agent is released in the crack due to capillary
forces, and comes into contact with the embedded catalyst. The resulting polym-
erization of the healing agent leads to crack healing and recovery of the barrier
properties of the coating.

Since this breakthrough in autonomic self-healing polymer materials, most of
the efforts in designing active coatings have been concentrated on encapsulation
of active materials within polymer microcapsules [9-11] or microvascular net-
works [12, 13] that rupture upon mechanical impact. Simultaneous incorporation
of two types of capsules containing different active agents [14], or micrometer-
size capsules filled with reactive epoxy resin or oil [15, 16] were also reported
to lead to successful crack healing. Encapsulation of highly air-sensitive and
moisture-reactive materials, such as metal oxide precursors [17], organosiloxanes
[18] or linseed oil [19], in polymer microcapsules is an interesting approach
to the design of self-healing coatings, which respond to combined external
stimuli, for example, mechanical and chemical stimuli. In such coatings, the
active material is first released due to crack propagation and forms an imperme-
able layer only after oxidation or hydrolysis by atmospheric oxygen or humidity.
Sometimes preserving the initial liquid state of the released active material can
be advantageous. In self-lubricating coatings friction causes simultaneously
fatigue and self-repair of the coating due to lubricant release triggered by crack
propagation [20].

The encapsulation of a corrosion inhibitor in polymer capsules that can be
mechanically opened was also recently reported [21]. This was realized using emul-
sion polymerization to synthesize polyurea microcapsules containing the liquid
corrosion inhibitor 2-methylbenzothiazole. These microcapsules were dispersed
in water-borne organic primer to obtain anticorrosive coatings with enhanced
active corrosion resistance on aluminum substrate.

Successful self-healing in response to mechanical stress depends on the proper-
ties of the embedded microcapsules and active agent. The microcapsule size
should be large enough (50-200 um) to enable easy rupture and sufficient amount
of active agent. However, the integration of big microcapsules into thin coatings
is limited. Microcapsule shells should be rigid to preserve the capsule integrity
during embedding in the coating matrix, and brittle to facilitate capsule rupture
upon crack formation. The active agent should be of low viscosity. Ideally, the
active agents should be of low cost and environmental footprint in order to make
their application in industrial coatings possible.
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Electromagnetic irradiation (e.g., UV light) belongs to the physical stimuli which
affect coating durability the most. Various kinds of polymeric microcapsules with
light responsive properties are known and suitable for application in self-healing
coatings [22]. Direct incorporation of photocatalytic TiO, particles in polymer coat-
ings is difficult because it would lead to oxidation of the organic components of
the coating matrix. However, recent developments reported the successful encap-
sulation and application of TiO, particles and Ag nanoparticles sensitive to the IR
light as a triggering component of nanocapsules in nanocontainer-based self-
healing coatings. The possibility of release of corrosion inhibitor and fluorescent
dye from the titania-based polyelectrolyte containers under UV-irradiation was
shown [23]. A polyelectrolyte shell, which modifies the outer surface of TiO,-based
containers, prevents the spontaneous leakage of the loaded material. Moreover,
nanocontainers with a titania core reveal UV-stimulated release of benzotriazole
(corrosion inhibitor) under UV-irradiation at least twice faster than with pH-
stimulated release of the corrosion inhibitor from the same container interior.
Thus, it should be noted that, for the coatings where very fast and regulated release
of the inhibitor at a damaged corrosive area is necessary, the use of UV-irradiation
as an external trigger is strongly preferable. A similar effect was found for nano-
containers coated with a polyelectrolyte shell containing IR-sensitive Ag nanopar-
ticles [24]. One could terminate the corrosion process, in this case, by very intensive
healing after an appearance of corrosion centers, using local IR laser irradiation.
The healing ability under laser irradiation was shown by the scanning vibration
electrode technique. Laser-mediated remote release of incorporated corrosion
inhibitor (benzotriazole), from nanoengineered mesoporous containers with silver
nanoparticles in the container shell, is observed in real time on single and multi-
container levels. It was also noted that, by applying a polyelectrolyte shell with
noble metal particles over the mesoporous titania via layer-by-layer assembly, it is
possible to fabricate micro- and nanoscaled reservoirs sensitive to both UV and IR
irradiation.

External stimuli or changes in the local environment of a coating can also be of
a chemical nature (e.g., electrochemical potential, pH, ionic strength, or humidity).
Self-healing coatings containing hydrogels or microcapsules with a layer-by-layer
assembled polyelectrolyte shell are especially responsive to chemical stimuli.
Changes in pH, ionic strength, electrochemical potential, or dielectric permeability
of the solvent can trigger swelling/shrinkage of the capsules or permeability
change of the capsule shells [25-27]. This property enables the release of encap-
sulated active material in response to external chemical stimuli, and the subse-
quent recovery of a coating function. For example, a self-healing coating based on
polyelectrolyte microcapsules incorporated in a conducting polymer film was
reported to demonstrate electrochemically reversible permeability in response to
electrochemical potential change [28].

Utilizing pH shift as stimulus for corrosion inhibitor release is the natural and
the most promising way to design anticorrosive coatings with sufficient corrosion
resistance. That is because the corrosion process leads to local pH decrease in
anodic areas and local pH increase in cathodic ones. Therefore, in order to sense
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and eliminate the negative impact of corrosion, the pH response needs to be
imparted to the functionalities of anticorrosive coatings.

An attractive approach to achieve this is by integrating pH-sensitive inhibitor
capsules in the coating. One way to form such capsules is by the layer-by-layer
(LbL) assembly of oppositely charged species (e.g., polyelectrolytes) on templating
colloidal nanoparticles. The template can be either removed to form a hollow
structure, or kept to provide better mechanical stability [29-31]. The advantages of
this method are the variety of the charged species suitable for shell construction,
the adjustable layer thickness, and flexibility. The most useful feature of LbL poly-
electrolyte systems is their sensitivity to pH change, which causes switching of the
capsule shell between “closed” and “open” states. Thus, local changes in pH near
anodic and cathodic areas can cause the opening of the capsule shell and release
of the encapsulated inhibitor. For example, silica nanocontainers with a 1H-
benzotriazole (BTA) loaded LbL shell were dispersed in sol-gel coatings and
demonstrated good corrosion resistance [32, 33]. However, such nanocontainers
cannot prevent spontaneous leakage of the inhibitor from inside the LbL shell to
the surrounding environment. This undesired inhibitor loss is very unfavorable
because LbL nanocontainers with a dense silica core have already low inhibitor
loading capacity.

A promising approach to increase the amount of inhibitor in LbL nanocontain-
ers is to incorporate the inhibitor in a porous core protected by a LbL shell. This
was demonstrated by inserting organic inhibitors into porous metal oxide nano-
particles (TiO, and SiO,) and then coating them with polyelectrolyte multilayers.
These pH-sensitive nanocontainers were dispersed in SiO,/ZrO, sol-gel coatings
and improved the coating’s corrosion inhibition properties [34]. However, the
complexity of such nanocontainers restricts their up-scaling and industrial
application.

In contrast, the industrially mined, viable and inexpensive halloysite nanotubes
have high potential as inhibitor nanocontainers. Halloysites are two-layered alu-
minosilicates with hollow tubular structure. Their size varies from 1 to15um in
length and 10-150 nm in lumen inner diameter. Halloysite nanotubes were loaded
with the inhibitor, 2-mercaptobenzothiazole, and covered by a LbL polyelectrolyte
shell to improve the control over the inhibitor release [35-37]. Sol-gel coatings
doped with halloysites demonstrated very good corrosion inhibition in long-term
corrosion tests. These results are due to the favorable halloysite structure, which
provides good inhibitor storage in the lumen and limits spontaneous inhibitor
leakage due to the small-diameter (20-50nm) ends covered by the polyelectrolyte
shell. Another promising approach to keep the inhibitor inside the lumen and
release it in response to a pH change is by designing pH-sensitive stoppers at the
halloysite ends. Successful formation of stoppers for halloysites was demonstrated
by exposing halloysites loaded with 1H-benzotriazole to a Cu(II)-containing solu-
tion to form insoluble metal-benzotriazole complexes at the halloysite ends [38].
The release time was tuned by controlling the thickness of the stopper complexes.
The prolonged inhibitor release time improved the long-term corrosion resistance
of sol—gel coatings.
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Sufficiently active corrosion inhibition was also achieved by simpler design
strategies. For example, BTA or 8-HQ-loaded halloysites without a protective shell
or stoppers successfully imparted self-healing properties to sol-gel coatings [39].
The direct introduction of inhibitor-loaded TiO, and SiO, nanoparticles without
protective polyelectrolyte shell in organic coatings was reported to prevent spon-
taneous inhibitor leakage and to increase the corrosion inhibition efficiency [40,
41]. However, the biggest drawback of the approaches described above is the low
amount of inhibitor content (~5wt%) which limits the long-term anticorrosion
performance.

This disadvantage could be overcome for nanoparticle-stabilized polymer nano-
containers based on Pickering emulsions [42]. The container uptake for liquid
inhibitor was 45wt% and for solid inhibitor 20wt%. Here, the container loading
efficiency is limited by the inhibitor solubility in the emulsion oil phase forming
the container core and cannot be increased by further loading cycles.

An attractive alternative to the inhibitor containers described above is mesopo-
rous inorganic materials. For example, mesoporous silica particles with large pore
volume (~1mLg™) and surface area (~1000m?g™"), were used as nanocontainers
for organic inhibitors, and demonstrated two times greater inhibitor uptake than
previously reported [43—45]. The incorporation of such a high amount of inhibitor
entrapped in mesoporous nanocontainers into sol-gel coatings improved signifi-
cantly the coating corrosion resistance. This improvement was reported to be due
to the enhanced passive and active functionalities of the anticorrosive coatings.
On the one hand, the coating barrier properties were improved by reinforcement
of the coating matrix due to introduction of mechanically stable, robust silica
nanoparticles. This is particularly important for silica-based microcapsules while
the incorporation of polymer-based microcapsules usually makes the material
more brittle. On the other hand, the large amount of encapsulated inhibitor and
its controlled, local release on demand upon corrosion attack provided superior
active corrosion inhibition. Embedding mesoporous silica nanoparticles reinforces
the coating matrix, not only due to the particle robustness but also to their mono-
dispersity, which limits particle agglomeration and favors homogeneous distribu-
tion in the coating.

16.3
Types of Nanocontainers

Perspective nanocontainers can be divided into two families regarding their
mechanical properties and compatibility to the passive matrix of the coating: (i)
organic core-shell nanocontainers for organic-based coatings (pigments, finishes),
and (ii) inorganic or composite nanocontainers for mostly water-based coatings.
Several approaches have been developed so far to fabricate loaded micro- and
nanocontainers with an organic shell. One approach is based on the self-assembly
of lipid molecules or amphiphilic block copolymers into spherically closed bilayer
structures (vesicles) [46]. A second approach is to use dendrimers or hyperbranched
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polymers as nanocontainers [47]. A third method comprises LbL assembly of
oppositely charged species using polyelectrolytes, conductive polymers, biopoly-
mers, and nanoparticles as constituents of the nanocontainer shell (see above) [48].
A fourth approach involves the use of ultrasonic waves to fabricate organic and
composite hollow nanospheres [49].

Interfacial polymerization is conventionally used for encapsulation in polymeric
shells [21, 50]. The reaction of polymerization happens on the boundary between
two immiscible (usually) liquid phases. One reactive monomer is dissolved in one
phase, another reactive monomer in another. When monomers meet on the inter-
face, the polymerization reaction takes place. The whole process is divided into
two steps. In the first step an emulsion is formed. The first reactive monomer is
dissolved in the dispersed phase, while the continuous phase usually contains
emulsion stabilizer. In the second step the second reactive monomer is added to
the continuous phase, leading to the polymeric shell formation on the surface
of the emulsion droplets. The liquid content of the dispersed phase becomes
entrapped inside the polymer after the polymerization reaction is finished. Differ-
ent kinds of emulsions can be used for interfacial polymerization. The most
common way is to use conventional oil-in-water emulsions, while inverse water-
in-oil and oil-in-oil emulsions have also been used. Both linear and crosslinked
polymers can be used as a shell material. In practice, the choice of linear or
crosslinked polymer is usually determined by the beneficial properties of the
resulting polymer: mechanical strength, elasticity, chemical inertness, permeabil-
ity, and so on. The processes leading to the formation of capsules are considered
by experimentalists to be principally the same for both types of polymers.

Several classes of polymers — polyurethane, polyurea, methacrylates, melamine
formaldehyde and polyamide were chosen as the shell for polymer microcontain-
ers [21]. The choice of polymers was determined by practical interest: their out-
standing mechanical properties and chemical resistivity were of high interest for
the further application as carriers for corrosion inhibitors.

The morphology of the different types of polymer capsules was analyzed on
the basis of SEM images (Figure 16.2). Different capsule shapes were observed,
depending on the polymer—solvent combination: spherical, elongated, spheroidal
with concavities and/or folds, and collapsed.

The appearance of small concavities is attributed to collision of capsules in the
first steps of the polymerization reaction when the capsule walls are still soft.
Folding, and even collapse, of capsules can happen due to the high vacuum used
in SEM leading to the evaporation of the solvent, or partial extraction of the capsule
liquid content during the washing procedure. Another reason for irregular shape
formation can be compression or shrinkage of the polymer due to crosslinking.
Capsules are considered as “collapsed” when there is no or a very small amount
of liquid material left inside the capsule.

The strategy of a preparation of inorganic nanocontainers based on a mesopo-
rous oxide core was presented in several papers [24, 43, 51]. The fabrication of a
polyelectrolyte shell around the container can be achieved by LbL assembly of
oppositely charged species and allows one to prevent the spontaneous release of
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(a) PU-Anisaldehyde (d) PU-MeBT
10 um 5um

(b) PUa-Anisaldehyde (e) PUa-MeBT
5um 5um

(c) PA-Anisaldehyde (f) PA-MeBT
5um 5um

Figure 16.2 SEM images of capsules made of polyurethane (a,d), polyurea(b,e) and
polyamide (c,f) with anisaldehyde (a—c) and 2-methyl benzothyazole (d—e) encapsulated.
Reprinted after modification from Ref [21]. Copyright 2012, The Royal Society of Chemistry.

loaded corrosion inhibitor. The precision of one adsorbed layer thickness is about
2nm, hence polyelectrolyte nanocontainers completely repeat the shape of
the templating colloids. The SEM and TEM images (Figure 16.3) reveal a well-
developed pore structure with a diameter of 70 to 90 nm. In all particles, the pores
are open, not ordered and oriented from the center to the outer surface, building
a complex, worm-like pore system.

A loading capacity of 409 mg(benzotriazole)/1 g(SiO,) was found. Assuming that
only the pores are filled with the benzotriazole molecules with a molar volume
87.6mLmol ™, the maximum theoretical loading capacity is 1.53 g(benzotriazole)/
1g(Si0,). The achieved experimental loading is around one third of the maximum
and could be further optimized.
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(b)

200 nm 100 nm

Figure 16.3 (a) SEM and (b) TEM micrographs of mesoporous silica nanoparticles. Reprinted
with permission from Ref [43]. Copyright 2011, The American Chemical Society.

Tailored mesoporous silica nanoparticles are quickly becoming the delivery
agent of choice for various applications in non-aqueous media [52]. Therefore,
mesoporous silica nanoparticles were synthesized and functionalized with octyl
groups on their outer surfaces for better dispersibility in the oil-based coating
matrix [51]. These NPs were filled with benzotriazole. In order to assess their
ability to disperse in media of intermediate polarity, dynamic light scattering data
were obtained for kinetically stable solutions of the particles in several different
solvents (ethanol, butyl glycol, 1,2-propylene carbonate: see Figure 16.4).

An average intensity-weighted hydrodynamic diameter of ~200nm was obtained
in all three solvent-nanoparticle mixtures, with a similar distribution. The nano-
particles were observed to remain well-dispersed for more than 1 month. The
addition of a non-polar solvent (xylene) to one with intermediate polarity (butyl
glycol [BG]) results in slightly more extensive flocculation, as shown by the shift
in average diameter to approximately 350 nm, although the system remains gener-
ally stable.

16.4
Characterization of Nanocontainer-Based Self-Healing Coatings

As demonstrated in the previous sections, the nanocontainers can be divided into
two main groups: core—shell containers with an organic shell and porous nano-
containers with an inorganic scaffold. Both groups of nanocontainers demonstrate
effective self-healing properties while being incorporated into the coating matrix.
However, their performance depends greatly on their compatibility with the com-
ponents of the coating formulation, and the ability to prevent self-aggregation
during addition of the nanocontainers into the coating.

Relatively recent research has dealt with the development of new inhibitor com-
pounds, designed according to the principles of green chemistry [53]. This research
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Figure 16.4 DLS profiles, and (inset) visual appearance of the NPs in different solvents of
intermediate polarity. Key: EEOH = ethanol, BG = butyl glycol, PC = 1,2 propylene carbonate,
X = xylene. Adapted with permission from Ref [51]. Copyright 2011, Wiley-VCH.

was focused on the use of rare-earth metal compounds as an alternative to chro-
mates. Cerium salts were shown to provide protection for magnesium and alumi-
num alloys against corrosion [54-58]. Ho and coworkers tested cerium dibutyl
phosphate (Ce(DBuPh);) as a hybrid inhibitor with mixed inhibition functions and
a low critical inhibitor concentration for protection of aluminum alloys [59].

Another Ce-organic inhibitor, Ce diethylhexyl phosphate, was encapsulated
into polyamide containers from an organic phase consisting of 200mg cerium
DEtHePh, 200mg TPhCl and 1mL of DBuPh and polyamide core [54]. The corro-
sion behavior of the Ce diethylhexyl phosphate-loaded polyamide containers incor-
porated into an epoxy-based coating was estimated by the salt-spray chamber test
(Figure 16.5). The performance of the coating directly doped with the cerium salt
cannot be classified as acceptable. Multiple pitting covering almost 50% of the
sample area can be seen. These results show that direct doping of the coating with
the cerium salt causes serious destruction of the coating integrity and total deterio-
ration of the coating’s barrier properties. The performance of the coating modified
with the Ce diethylhexyl phosphate loaded polyamide containers is better, which
shows that encapsulation can sufficiently improve the final coating properties. The
colloidal stability of the fabricated Ce diethylhexyl phosphate-loaded polyamide
containers, however, has to be further improved, since the samples covered with
capsule-modified coating reveal a substantial amount of pits.

Gel particles of micron size (microgel) were suggested as a new type of material
that could be used as an “active” part of a self-healing coating system. Application
of microgels is very advantageous, since they combine the attractive properties of
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Figure 16.5 The result of a 300h long
salt-spray chamber test for steel plates
covered with unmodified epoxy-based coating
(blank), epoxy-based coating modified with
5wt% of cerium diethylhexyl phosphate-

loaded polyamide capsules and epoxy-based
coating directly doped with 3wt% of cerium
salt. The 3 images for nominally identical
conditions indicate the experimental
variance.
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both solid and liquid. The solid state of the particles provided by the cross-linked
polymer network ensures good mechanical stability of the resulting coating
system. The liquid corrosion inhibitor, being entrapped in the solid matrix, retains
its mobility, providing the coating system with the self-healing capabilities [60, 61].
An attempt to consider the mentioned factors was made in Ref [21]. Polymer gel
particles of micron size, containing 70wt% of the liquid corrosion inhibitor
2-methylbenzothiazole (MeBT), homogeneously distributed in the polymer matrix,
are used as the “active” part of the self-healing system. The polymeric part of the
gel is responsible for the mechanical properties of the particles, while MeBT, being
entrapped in the solid matrix, retains its mobility, providing the coating system
with the self-healing capabilities. Due to the high affinity of MeBT to the polymer
matrix of the carriers, and the low solubility of MeBT in water, this type of carrier
can be used in combination with any water-borne coating system. Carriers with
mean diameter of 5um were introduced into the conventional two-component
water-borne epoxy primer of 30 um thickness.

The resulting microgel particles containing MeBT were introduced into the
coating in the form of paste to give 5wt% of particles. The anticorrosion perform-
ance of the modified and unmodified coatings was compared by means of SVET
(scanning vibrating electrode technique). SVET measurements (Figure 16.6) allow
detection of very small local electric currents in the damaged area. Appearance of
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Figure 16.6 Graphical representation of the to 0, (b, e) to 6, and (c, f) to 12h of

current density distribution above scratched immersion in 0.1 M NaCl solution. The
aluminum substrates covered with (a—c) current density was measured 300 um above
unmodified model coating and (d—f) model the sample surface. Reprinted with permis-
coating modified with 5wt% of microgel sion from Ref [21]. Copyright 2012, The Royal
particles containing MeBT. (a, d) correspond  Society of Chemistry.
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the electric current close to the surface of the metal substrate is attributed to the
appearance of corrosion. The development of the corrosion process with time can
be visualized by measuring the current density distribution in the area of the
damaged coating. For the unmodified coating, the increase in the maximum of
the current density during 12 h after immersion in the salt solution is evidence of
the corrosion process development. At the same time, the modified sample shows
no signs of the corrosion process. The latter means that continuous release of
MeBT from the carriers, damaged by the razor blade, provides sufficient concen-
tration of MeBT in the vicinity of the metal substrate (even considering wet condi-
tions in the SVET experiment, i.e., partial diffusion of the inhibitor to the bulk
solution).

One of the examples of the successive application of the nanocontainers based
on the mesoporous inorganic scaffold is the use of mesoporous silica loaded with
different inhibitors. This was realized by dispersing mesoporous silica nanocon-
tainers loaded with the non-toxic corrosion inhibitor 2-mercaptobenzothiazole
(MBT) in a hybrid sol-gel (SiO,/ZrO,) layer [44]. The concentration of embedded
nanocontainers was varied from 0.04 to 1.7wt% in order to find the optimum
conditions for best anti-corrosion efficiency. The active corrosion inhibition was
evaluated during a simulated corrosion process by SVET in 0.1 M NaCl. The fol-
lowing concentrations of MBT@ SiO, dispersed homogeneously everywhere in the
final cured coatings were studied: 0.04, 0.1, 0.2, 0.5, 0.7, 0.8, and 1.7 wt%

The coating samples were scratched in a controlled way in order to accelerate
the corrosion process and assess their active anti-corrosive properties. In the SVET
3D maps this process is expressed as a single positive peak with a constant posi-
tion over the course of measurement, indicating one defined pitting site being the
anode (Figure 16.7).

In contrast, the cathodic current was not that well pronounced and no localized
cathode was formed (not shown). The cathodic reaction generates hydroxyls, which
increase the local pH. These conditions are favorable for the dissolution of the
inhibitor molecules adsorbed at the NCs dispersed in the passive sol-gel coating.
Thus, at the onset of corrosion the inhibitor molecules are released and diffuse to
the metal surface to form a protective layer, preventing the direct contact of chlo-
ride anions with aluminum and its oxidation to AI**. Therefore, an increase in the
anodic current density with time can be assessed as a failure of the coating sample
to inhibit corrosion evolution. In contrast, suppression of anodic activity below
that of the control sample containing no active property (bare sol-gel film with
0wt% MBT@Si0,) is defined as self-healing. Thus, coatings with these character-
istics are evaluated as successful, active corrosion-preventing coating systems.

The maximum anodic currents detected as a function of time are represented
in Figure 16.8. A distinct corrosion propagation expressed by the high values of
current density (>5UAcm™) can be seen for samples with too high (0.8-1.7 wt%)
and too low (0.04-0.2wt%) MBT@SiO, concentration. These samples reach
current densities above that of the passive control system, suggesting an unsatis-
factory active corrosion protection due to an insufficient inhibitor quantity in the
coating systems with low MBT@SiO, concentrations. In the case of too high
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Figure 16.7 SVET 3D current density maps
of aluminum (AA2024-T3) substrates coated
with a sol-gel film containing different
MBT@SiO, concentrations (0, 0.04 and
0.7wt%). Shown systems are examples for
detected high (0.04wt%) and low (0.7 wt%)

anodic current densities in comparison to
the control coating without MBT@SiO; after
15min and 12h immersion in 0.1 M NaCl.
Reprinted with permission from Ref [44].

Copyright 2012, The American Chemical
Society.

Figure 16.8 Maximum anodic current
densities detected with SVET over the
scanned scratched area during 12h
immersion in 0.1M NaCl. Results for coating

samples containing different MBT@SiO,
concentrations are shown. Reprinted with
permission from Ref [44]. Copyright 2012,
The American Chemical Society.



16.5 Conclusions and Current Trends

MBT@SiO, concentrations the poor anti-corrosive properties of the coatings could
be explained by deterioration of the passive layer due to microdefects introduced
by the embedded nanocontainers. Thus, according to the SVET study, a concentra-
tion window in which the corrosion process was inhibited successfully was defined
to be between 0.5 and 0.7wt% MBT@SiO, incorporated in a single sol—gel layer
in direct contact with the metal surface.

The SVET results are also supported by the SEM micrographs depicting the
scratched area after completing the SVET test. The high anodic activity detected
by SVET for the control sample originates from an extensive corrosion attack. This
is revealed by the formation and accumulation of large amounts of corrosion
products covering the scratch in the sol-gel coating. In addition, a degradation of
the integrity of the coating surrounding the scratch can be observed. This is prob-
ably due to the diffusion of the aggressive electrolyte species from the coating to
the metal substrate, accounting for a bad coating—metal adhesion. In contrast, the
coating exhibiting best active corrosion protection (0.7 wt% MBT@ SiO,) preserves
its integrity and inhibits corrosion sufficiently.

Summarizing, the high amount of non-toxic inhibitor (20wt%) stored by the
nanocontainers was released upon corrosion attack to provide active corrosion
inhibition on demand. The incorporation of MBT@SiO, is not always favorable
for the coating anti-corrosion performance. Embedding of MBT@SiO, at very low
concentrations (0.04wt%) leads to good coating barrier properties but no satisfac-
tory active corrosion resistance, due to insufficient amount of available inhibitor.
In comparison, too high MBT@SiO, concentrations (0.8 wt%—1.7 wt%) deteriorate
the coating integrity by introducing diffusion paths for the aggressive electrolyte
species, which results in loss of anti-corrosion efficiency.

16.5
Conclusions and Current Trends

There is an innumerable amount of publications on responsive systems demon-
strated during the last two decades describing the development of active feedback
systems where the response couples back to the external or internal stimulus.
There are many examples in nature and in the materials world where these
systems are needed to maintain a desired function, and in the presented short
review we have concentrated on one classical function of self-healing coatings —
corrosion protection. This topic is of high importance since it is a modern trend
to save raw material, and in most cases the corrosion processes are well understood
for standard metal substrates.

We showed in our review a number of promising approaches in the specific
case of anticorrosion coatings, but one has to be aware that there are also other
parameters that finally decide if self-healing coatings can be marketed. There are
first of all technical issues if, for example, mechanical properties, adhesion, optical
appearance are not affected by a coating, and there are criteria like low cost and
environmental friendliness that have to be considered. Therefore, even this rather
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conventional case requires a multidisciplinary and multitechnological approach in
order to achieve a specific application. On the other hand, the progress in the last
years has become so fast and encouraging that one can be confident to find solu-
tions for many different types of self-healing coatings and uses.

Additional knowledge is required in the future on the level of understanding
the interplay of structural hierarchies in self-healing coatings. This is also a chal-
lenge demanding more sophisticated preparative and analytical methods covering
different length scales. This typically results in studies of biomimetic systems,
which is just at the beginning.

From another point of view, much of what has been learnt with repairing one
functionality can be transferred to others, and we mentioned initially friction and
antifungi. However, one does not need much fantasy to enlarge the catalog of
possibilities in materials science and biosciences for feedback-active (most of all
self-healing) coatings. Therefore, one can expect a drastic expansion of the field,
including also medical applications. Many of the ideas will remain fantasy once it
comes to practical applications, but we expect that even a small fraction of dem-

onstrated approaches will make this a prospering field in future.

References

—

N

w

ES

w

(-]

~N

Ramaprasad, A. (1983) On the definition
of feedback. Behav. Sci., 28 (1), 4-13.
DiStefano, J.J., Stubberud, A.R., and
Williams, 1.]. (1995) Schaum’s Outline of
Theory and Problems of Feedback and
Control Systems: Continuous (Analog) and
Discrete (Digital), McGraw-Hill, New
York. [etc.].

Pelis, K. (1997) Blood clots: the
nineteenth-century debate over the
substance and means of transfusion in
Britain. Ann. Sci., 54 (4), 331-360.
Blaiszik, B.J., Kramer, S.L.B.,
Olugebefola, S.C., Moore, ].S., Sottos,
N.R., and White, S.R. (2010) Self-healing
polymers and composites. Annu. Rev.
Mater. Res., 40, 179-211.

Shchukin, D.G., and Mshwald, H. (2007)
Self-repairing coatings containing active
nanoreservoirs. Small, 3 (6), 926-943.
Shchukin, D.G., Grigoriev, D.O., and
Mohwald, H. (2010) Application of smart
organic nanocontainers in feedback
active coatings. Soft Matter, 6 (4),
720-725.

Shchukin, D.G., and Mshwald, H. (2011)
Smart nanocontainers as depot media for
feedback active coatings. Chem.
Commun., 47 (31), 8730-8739.

8 White, S.R., Sottos, N.R., Geubelle, P.H.,
Moore, J.S., Kessler, M.R., Sriram, S.R.,
Brown, E.N., and Viswanathan, S. (2001)
Autonomic healing of polymer
composites. Nature, 409 (6822), 794-797.
Feng, W., Patel, S.H., Young, M.Y.,
Zunino, J.L., and Xanthos, M. (2007)
Smart polymeric coatings — recent
advances. Adv. Polym. Technol., 26 (1),
1-13.

\'-J

10 Kessler, M.R., Sottos, N.R., and White,

S.R. (2003) Self-healing structural
composite materials. Compos. A Appl. Sci.
Manuf, 34 (8), 743-753.

11 Brown, E.N., White, S.R., and Sottos,

N.R. (2004) Microcapsule induced
toughening in a self-healing polymer
composite. J. Mater. Sci., 39 (5),
1703-1710.

12 Sanada, K., Yasuda, I., and Shindo, Y.

(2006) Transverse tensile strength of
unidirectional fibre-reinforced polymers
and self-healing of interfacial debonding.
Plast. Rubber Compos., 35 (2), 67-72.

13 Therriault, D., White, S.R., and Lewis,

J.A. (2003) Chaotic mixing in three-
dimensional microvascular networks
fabricated by direct-write assembly. Nat.
Mater., 2 (4), 265-271.



14

15

16

1

~

18

19

20

2

—

22

23

24

Keller, M.W., White, S.R., and Sottos,
N.R. (2007) A self-healing poly(dimethyl
siloxane) elastomer. Adv. Funct. Mater.,
17 (14), 2399-2404.

Caruso, M.M., Blaiszik, B.]., White, S.R.,
Sottos, N.R., and Moore, J.S. (2008) Full
recovery of fracture toughness using a
nontoxic solvent-based self-healing
system. Adv. Funct. Mater., 18 (13),
1898-1904.

He, X., and Shi, X. (2009) Self-repairing
coating for corrosion protection of
aluminum alloys. Prog. Org. Coat., 65 (1),
37-43.

Liu Harvey, A., Gnade Bruce, E., and
Balkus Kenneth, J. (2010) Preparation of
a delivery system for smart coatings by
electrostatic deposition, in Smart Coatings
IIT (eds J. Baghdachi and T. Provder),
American Chemical Society, pp. 31-44.
Latnikova, A., Grigoriev, D.O., Hartmann,
J., Méhwald, H., and Shchukin, D.G.
(2011) Polyfunctional active coatings with
damage-triggered water-repelling effect.
Soft Matter, 7 (2), 369-372.
Suryanarayana, C., Rao, K.C., and Kumar,
D. (2008) Preparation and
characterization of microcapsules
containing linseed oil and its use in
self-healing coatings. Prog. Org. Coat., 63
(1), 72-78.

Alexandridou, S., Kiparissides, C.,
Fransaer, J., and Celis, J.P. (1995) On the
synthesis of oil-containing microcapsules
and their electrolytic codeposition. Surf.
Coat. Technol., 71 (3), 267-276.
Latnikova, A., Grigoriev, D.O.,
Schenderlein, M., Méhwald, H., and
Shchukin, D.G. (2012) A New approach
towards “active” self-healing coatings:
exploitation of microgels. Soft Matter, 8,
10837-10844.

Bédard, M.F., De Geest, B.G., Skirtach,
A.G., Mohwald, H., and Sukhorukov,
G.B. (2010) Polymeric microcapsules
with light responsive properties for
encapsulation and release. Adv. Colloid
Interface Sci., 158 (1-2), 2-14.

Skorb, E.V., Sviridov, D.V., Méhwald, H.,
and Shchukin, D.G. (2009) Light
responsive protective coatings. Chem.
Commun., 40, 6041-6043.

Skorb, E.V., Skirtach, A.G., Sviridov,
D.V., Shchukin, D.G., and Mshwald, H.

25

26

2

~N

28

29

30

3

e

32

33

References

(2009) Laser-controllable coatings for
corrosion protection. ACS Nano, 3 (7),
1753-1760.

Shchukin, D.G., and Sukhorukov, G.B.
(2004) Nanoparticle synthesis in
engineered organic nanoscale reactors.
Adv. Mater., 16 (8), 671-682.

Mehta, S., Kaur, G., and Bhasin, K.
(2008) Incorporation of antitubercular
drug isoniazid in pharmaceutically
accepted microemulsion: effect on
microstructure and physical parameters.
Pharm. Res., 25 (1), 227-236.

Kohler, K., Shchukin, D.G., Méhwald, H.,
and Sukhorukov, G.B. (2005) Thermal
behavior of polyelectrolyte multilayer
microcapsules. 1. The effect of odd and
even layer number. J. Phys. Chem. B, 109
(39), 18250-18259.

Shchukin, D.G., Kéhler, K., and
Mohwald, H. (2006) Microcontainers
with electrochemically reversible
permeability. J. Am. Chem. Soc., 128 (14),
4560-4561.

Sukhorukov, G.B., Rogach, A.L., ZeDbl,
B., Liedl, T., Skirtach, A.G., Kohler, K.,
Antipov, A.A., Gaponik, N., Susha, A.S.,
Winterhalter, M., and Parak, W.J. (2005)
Nanoengineered polymer capsules: tools
for detection, controlled delivery, and
site-specific manipulation. Small, 1 (2),
194-200.

Neu, B., Voigt, A., Mitlohner, R.,
Leporatti, S., Gao, C.Y., Donath, E.,
Kiesewetter, H., Mohwald, H.,
Meiselman, H.J., and Baumler, H. (2001)
Biological cells as templates for hollow
microcapsules. J. Microencapsul., 18 (3),
385-395.

Shchukin, D.G., Sukhorukov, G.B., and
Mohwald, H. (2003) Smart inorganic/
organic nanocomposite hollow
microcapsules. Angew. Chem. Int. Ed.
Engl., 42 (37), 4472-4475.

Zheludkevich, M.L., Shchukin, D.G.,
Yasakau, K.A., Mohwald, H., and
Ferreira, M.G.S. (2007) Anticorrosion
coatings with self-healing effect based on
nanocontainers impregnated with
corrosion inhibitor. Chem. Mater., 19 (3),
402-411.

Shchukin, D.G., Zheludkevich, M.,
Yasakau, K., Lamaka, S., Ferreira, M.G.S.,
and Moéhwald, H. (2006) Layer-by-layer

397



398

16 Self-Healing Coatings

34

35

36

37

38

39

4

o

4

=

42

assembled nanocontainers for self-
healing corrosion protection. Adv. Mater.,
18 (13), 1672-1678.

Skorb, E.V., Fix, D., Andreeva, D.V.,
Mohwald, H., and Shchukin, D.G. (2009)
Surface-modified mesoporous SiO,
containers for corrosion protection. Adv.
Funct. Mater., 19 (15), 2373-2379.

Lvov, Y.M., Shchukin, D.G., Mohwald,
H., and Price, R.R. (2008) Halloysite clay
nanotubes for controlled release of
protective agents. ACS Nano, 2 (5),
814-820.

Shchukin, D.G., and Mshwald, H. (2007)
Surface-engineered nanocontainers for
entrapment of corrosion inhibitors. Adv.
Funct. Mater., 17 (9), 1451-1458.
Shchukin, D.G., Lamaka, S.V., Yasakau,
K.A., Zheludkevich, M.L., Ferreira,
M.G.S., and Méhwald, H. (2008) Active
anticorrosion coatings with halloysite
nanocontainers. J. Phy. Chem. C, 112 (4),
958-964.

Abdullayev, E., Price, R., Shchukin, D.,
and Lvov, Y. (2009) Halloysite tubes as
nanocontainers for anticorrosion coating
with benzotriazole. ACS Appl. Mater.
Interfaces, 1 (7), 1437-1443.

Fix, D., Andreeva, D.V., Lvov, Y.M.,
Shchukin, D.G., and Mshwald, H. (2009)
Application of inhibitor-loaded halloysite
nanotubes in active anti-corrosive
coatings. Adv. Funct. Mater., 19 (11),
1720-1727.

Balaskas, A.C., Kartsonakis, I.A.,
Tziveleka, L.A., and Kordas, G.C. (2012)
Improvement of anti-corrosive properties
of epoxy-coated AA 2024-T3 with TiO2
nanocontainers loaded with
8-hydroxyquinoline. Prog. Org. Coat., 74
(3), 418-426.

Maia, F., Tedim, J., Lisenkov, A.D., Salak,
A.N., Zheludkevich, M.L., and Ferreira,
M.G.S. (2012) Silica nanocontainers for
active corrosion protection. Nanoscale, 4
(4), 1287-1298.

Haase, M.F., Grigoriev, D.O., Méhwald,
H., and Shchukin, D.G. (2012)
Development of nanoparticle stabilized
polymer nanocontainers with high
content of the encapsulated active agent
and their application in water-borne
anticorrosive coatings. Adv. Mater., 24
(18), 2429-2435.

43

4

S

4

V]

46

47

48

49

50

5

puet]

52

Borisova, D., Mshwald, H., and
Shchukin, D.G. (2011) Mesoporous silica
nanoparticles for active corrosion
protection. ACS Nano, 5 (3), 1939-1946.
Borisova, D., Mshwald, H., and
Shchukin, D.G. (2012) Influence of
embedded nanocontainers on the
efficiency of active anticorrosive

coatings for aluminum alloys part I:
influence of nanocontainer
concentration. ACS Appl. Mater.
Interfaces, 4 (6), 2931-2939.

Hollamby, M.]., Borisova, D., Méhwald,
H., and Shchukin, D. (2012) Porous
“Ouzo-effect” silica-ceria composite
colloids and their application to
aluminium corrosion protection. Chem.
Commun., 48 (1), 115-117.

Forster, S., and Plantenberg, T. (2002)
From self-organizing polymers to
nanohybrid and biomaterials. Angew.
Chem. Int. Ed. Engl., 41 (5), 689-714.
Manna, A., Imae, T., Aoi, K., Okada, M.,
and Yogo, T. (2001) Synthesis of
dendrimer-passivated noble metal
nanoparticles in a polar medium:
comparison of size between silver and
gold particles. Chem. Mater., 13 (5),
1674-1681.

Schneider, G., and Decher, G. (2004)
From functional core/shell nanoparticles
prepared via layer-by-layer deposition to
empty nanospheres. Nano Lett., 4 (10),
1833-1839.

Shchukin, D.G., and Mshwald, H. (2006)
Sonochemical nanosynthesis at the
engineered interface of a cavitation
microbubble. Phys. Chem. Chem. Phys., 8
(30), 3496-3506.

Latnikova, A., Grigoriev, D.O., Hartmann,
J., Méhwald, H., and Shchukin, D.G.
(2011) Polyfunctional active coatings with
damage-triggered water-repelling effect.
Soft Matter, 7 (2), 369-372.

Hollamby, M.]., Fix, D., Dénch, I.,
Borisova, D., Mshwald, H., and
Shchukin, D. (2011) Hybrid polyester
coating incorporating functionalized
mesoporous carriers for the holistic
protection of steel surfaces. Adv. Mater.,
23 (11), 1361-1365.

Jie, L., Liong, M., Zink, J.I., and
Tamanoi, F. (2007) Mesoporous silica
nanoparticles as a delivery system for



hydrophobic anticancer drugs. Small, 3
(8), 1341-13461346.

53 Bethencourt, M., Botana, F.J., Calvino,
].J., Marcos, M., and Rodriguez-
Chacén, M.A. (1998) Lanthanide
compounds as environmentally-friendly
corrosion inhibitors of aluminium
alloys: a review. Corros. Sci., 40 (11),
1803-1819.

54 Arenas, M.A., Bethencourt, M., Botana,

F.J., de Damborenea, J., and Marcos, M.

(2001) Inhibition of 5083 aluminium

alloy and galvanised steel by lanthanide

salts. Corros. Sci., 43 (1), 157-170.

Dabala, M., Armelao, L., Buchberger,

A., and Calliari, I. (2001) Cerium-based

conversion layers on aluminum

alloys. Appl. Surf. Sci., 172 (3-4),

312-322.

56 Brunelli, K., Dabala, M., Calliari, I., and
Magrini, M. (2005) Effect of HCl
pre-treatment on corrosion resistance of
cerium-based conversion coatings on
magnesium and magnesium alloys.
Corros. Sci., 47 (4), 989-1000.

5

v

57

58

59

60

61

References

Fahrenholtz, W.G., O’Keefe, M.]., Zhou,
H.F., and Grant, J.T. (2002)
Characterization of cerium-based
conversion coatings for corrosion
protection of aluminum alloys. Surf. Coat.
Technol., 155 (2-3), 208-213.

Rudd, A.L., Breslin, C.B., and Mansfeld,
F. (2000) The corrosion protection
afforded by rare earth conversion
coatings applied to magnesium. Corros.
Sci., 42 (2), 275-288.

Ho, D., Brack, N., Scully, J., Markley, T.,
Forsyth, M., and Hinton, B. (2006)
Cerium dibutylphosphate as a corrosion
inhibitor for AA2024-T3 aluminum
alloys. J. Electrochem. Soc., 153 (9),
B392-B401.

Liu, X.X., Zhang, H.R., Wang, ].X,,
Wang, Z., and Wang, S.C. (2012)
Preparation of epoxy microcapsule based
self-healing coatings and their behavior.
Surf. Coat. Technol., 206 (23), 4976—4980.
Cho, S.H., White, S.R., and Brown, P.V.
(2009) Self-healing polymer coatings.
Adv. Mater., 21 (6), 645-649.

399



17
Application of Self-Healing Materials in Aerospace Engineering

Liberata Guadagno, Marialuigia Raimondo, Carlo Naddeo, and Pasquale Longo

17.1
General Considerations

One of the biggest challenge facing materials scientists is the idea to put in action
self-healing composites in aeronautic or in general aerospace applications. Epoxy
resins are fast gaining ground as the preferred polymer to be used as carbon fiber-
reinforced materials to manufacture large components able to sustain aerody-
namic loads. The introduction of these resins to the aeronautic industry was
mainly driven by performance gains (better design flexibility, no corrosion, easy
production process, etc.) and most of all by weight reduction. This last aspect is
of relevance when considering issues related to the energy resources and supply,
costs in service and air pollution measures. This major advantage of the compos-
ites, the lightness, is also obtained by saving and/or increasing the material
strength in such a way as to make traveling on aeroplanes more comfortable for
the crew and passengers in virtue of the possibility to slightly increase cabin pres-
sures without increasing the structure weight.

Unfortunately, composites also possess some properties which reduce their
advantage with respect to traditional metal alloys. One inherent shortcoming is
the poor impact damage resistance. Impact damage can be due to several factors,
such as unfavorable weather conditions, stones or rocks on the keel during landing,
incidental contact during maintenance, and bird strike. It may significantly affect
the integrity of the composite structure of aircraft in service [1]. This process starts
at the microscopic level with the formation of microvoids which then expand to
generate deep microcracks within the structure [2].

Impact damage may lead to substantial matrix microcracking and delamination
within the bulk of the composite, reducing the structural capability and leading
to premature failure, if it is not detected and repaired. Damage can also provide
a route for the ingress of contaminants into the structure [1]. The internal damage
is difficult to detect and even more difficult to repair and, once it has developed,
the integrity of the structure is greatly compromised. Restoration of the physico-
mechanical properties of such a material, once fractured, requires either new
covalent chemistry to generate additional crosslinks, or long periods of annealing
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to enable thermal diffusion of unbroken, linear polymer chains into the damage-
zone [3]. Several non-destructive damage detection techniques have been devel-
oped, including ultrasonics, infrared thermography, X-ray tomography, and
computerized vibro-thermography. This technology can help with damage detec-
tion, but generally the repair entails strong increases in the aircraft operating
costs and, in addition, sometimes the damage is not visible from outside. Fur-
thermore, in a composite, the weave is characterized by different directions
in different parts, so repairing structural parts is very difficult. Many times the
current technology related to the repair methods, such as welding or patching,
can be applied at the macroscopic level to either rejoin or reinforce damaged
areas. However, these solutions are not always useful, either as a result of inac-
cessibility to the damaged area, or because they lead to changes in the strength
of the material, producing inter-phase surfaces that can act as weak regions of
lower mechanical performance. It has been shown, in fact, that the location of
the weld remains the weakest point in the material, and thus the site for future
damage to occur.

An aircraft with inherent self-healing and or protective abilities could help to
significantly extend the inspection intervals, thereby increasing aircraft availability.
Alternatively, existing inspection intervals could be maintained with significantly
thinner structures, thereby saving airframe weight and hence reducing fuel burn,
in-service cost, and the environmental impact. Recent studies have highlighted
the potential of self-healing polymer composites to be used as single structural
materials, and/or for sandwich structures. The main difficulty in the development
of these smart materials is due to the nature of the composite used as structural
materials. In fact, the self-repair activity has to be highly efficient in a relatively
rigid structure (with reduced mobility of the molecular segments). In addition,
most of the functionalities responsible for triggering self-repair actions have to be
active after the drastic conditions of curing cycles used in the field of aeronautic
materials. In fact, the high temperatures required in the curing process deactivate
many of the already available self-repairing reactions.

Currently, according to the ways of healing, polymer composites can be classi-
fied into two categories: (i) intrinsic ones that are able to heal cracks by the poly-
mers themselves, and (ii) extrinsic in which a healing agent has to be pre-embedded.
A recent paper provides a compendium of many papers existing in the literature
related to the self-healing materials [4]. In particular, it shows a very useful table
to quickly classify the category of materials to be repaired, and related healing
mechanisms.

The intrinsic self-healing composites possess a latent self-healing functionality
based on specific performance of the polymers and polymeric matrices that enables
crack healing under certain stimulation (mostly heating) [4]; the predominant
molecular mechanisms involved in the healing processes can be due to physical
interactions, and/or chemical interactions (for instance thermally reversible reac-
tions, hydrogen bonding, ionomeric coupling, a dispersed meltable thermoplastic
phase, molecular diffusion, etc.). A detailed description of these mechanisms is
given in a recent review [5].



17.1 General Considerations

In the case of extrinsic self-healing composites, the polymeric matrix does not
possess autorepair ability. A healing agent has to be stored in vessels and embed-
ded into the polymeric matrix in advance during the manufacture of the material.
As the cracks destroy the fragile vessels in which the healing agent is stored, this
would be released into the crack planes, due to capillary forces, and heal the cracks.
In accordance with the types of containers these materials can be classified into
different groups, among which are: self-healing in terms of healant-loaded pipe-
lines [4], self-healing in terms of healant-loaded microcapsules [4, 6], and self-
healing in terms of vascular materials in which the healing agent is sequestered
in a network in the form of capillaries or hollow channels [5].

For structural applications such as aeronautic materials, the extrinsic self-
healing systems are of great interest because they would overcome the difficulties
connected with damage diagnosis, and allow the following appropriate interven-
tions to be reduced.

The first capsule-based self-healing system for thermosetting materials
was proposed by the team from the University of Illinois [6]. The concept was
based on the introduction of a microencapsulated healing agent and a suspended
catalyst phase in an epoxy matrix. Since that time, advances have been made in
the field following this conceptual approach and, although alternative concepts
have emerged in the scientific literature, for many systems a similar healing
mechanism based on the ring-opening metathesis polymerization (ROMP) of the
healing agent was proposed [5, 7-19].

Among the systems relying on capsule-based concepts, the initial self-healing
epoxy system involves the incorporation of a microencapsulated healing agent,
dicyclopentadiene (DCPD)andadispersed solid catalyst, bis(tricyclohexylphosphine)
benzylidine ruthenium (IV) dichloride (called Grubbs’ catalyst) in an epoxy-amine
network [6] (see Scheme 17.1)

In these systems, an approaching crack ruptures embedded microcapsules,
releasing the healing agent into the crack plane through capillary action. The
reaction that allows repair of a mechanically induced damage is based on the
polymerization of the healing agent that is triggered by contact with the embedded

DCPD
Microcapsules P cl
Ru
Healing agent Catalyst Cl Ph
P

Grubbs’ Catalyst, 15 generation

Scheme 17.1 Design of the first self-healing system relying on capsule-based concepts.
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catalyst, bonding the crack faces within the polymeric matrix. The efficiency of the
self-repair function, in terms of trigger, speed and yield, is related to ROMP of the
healing agent by appropriate catalysts. The healing agent is a microencapsulated
liquid monomer that must have a long shelf life, prompt deliverability, high reac-
tivity, and low volume shrinkage upon polymerization [7]. The monomer most
often used as the healing agent for the manufacture of these first ingenious
systems is DCPD [5, 7]. Very recently, however, blends of DCPD/5-ethylidene-2-
norbornene (DCPD/ENB) or DCPD/ 5-norbornene-2carboxylic acid have also been
proposed [20]. Thermosetting auto-repair polymers, which have been proposed
so far, include Grubbs’ first-generation catalyst (G1) [5, 21-24]; and currently,
the possibility of applying other ruthenium catalysts, such as second-generation
Grubbs’ catalyst (G2) and Hoveyda—Grubbs’ second generation catalyst (HG2), is
under evaluation [25-27]. This system is a challenge for epoxy structural compos-
ites: however, some drawbacks are under re-evaluation in order to be fully applied
to advanced applications. These are mainly in regard to the thermal stability of the
ruthenium catalysts inside the epoxy resin during the curing cycle [25, 27], and
the impossibility of utilizing primary amines as hardeners, since they can poison
the catalyst. At the high temperatures of the curing cycles scheduled for epoxy
formulations, thermolytic decomposition can limit the usefulness of these ruthe-
nium systems in self-healing composites based on epoxy resins. This is a crucial
aspect for self-healing systems in aeronautic applications because, even if linked
to the cost reduction from a process aspect, resins have been developed with low
temperature manufacturing (under 100°C), yet the problem of the material treat-
ment at high temperature is currently under investigation.

Generally, for the mechanical targets fixed for the materials used in the aero-
nautic field, a glass transition temperature after wet aging of 110°C minimum is
required, and a curing temperature equal to or less than 100°C is not enough. To
achieve this goal it is necessary to make a post cure with a temperature that could
be as high as 180°C.

For aeronautic applications, it is also critical that the self-healing activity func-
tions at low working temperatures, which can reach values as low as —50°C. This
issue is even harder to solve for space vehicles or satellites where extreme fluctua-
tions of temperature between —150 and 150°C are also possible. Indeed, a very
efficient aeronautic or aerospace self-healing material needs to satisfy these two
fundamental requirements: (i) chemical stability and high thermal stability of the
self-healing components (catalysts and vessels filled with healing agents), (ii) high
healing efficiency at low temperature. Some of these issues have been taken into
account in recent papers.

17.1.1
Stability and Reactivity of Catalysts for Self-Healing Formulations

Wilson and coworkers have evaluated the reactivities of G1, G2 and HG2 catalysts
with various monomeric healing agents with a view toward improving the self-
healing performances in a variety of epoxy matrices [27]. In the same paper they
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have also evaluated the thermal stability of these three catalysts embedded into the
epoxy matrices with the aim of studying their stability to processing conditions
during manufacturing conditions. To evaluate the thermal stability of the catalysts
under simulated high-temperature processing conditions, the authors prepared
fracture specimens with a tapered double-cantilever beam (TDCB) geometry. They
performed different types of fracture tests, among which were self-activated tests
in which the catalyst was embedded in the epoxy matrix, and the healing agent
alone was injected into the crack plane, at this point the samples were left to heal
for 24h. Self-activated M; samples (epoxy matrix EPON 828 cured with DETA)
containing 1.5wt% of as-received catalyst were prepared and subjected to custom-
ary curing cycles [5, 8, 11, 14, 16] followed by an additional postcuring at 125°C
for 4h before fracture testing. Samples were then fractured, and DCPD (10uL)
was injected into the crack plane. The samples were then left to heal at either RT
(room temperature) or 125°C for 24h. Samples healed at RT showed a retention
of healing performance of 77%, 84%, and 18% for G1, G2, and HG2 catalysts,
respectively. Samples healed at 125°C showed significant improvements over
those healed at RT, in fact for G1, G2 and HG2 catalysts, the retention of healing
performance was 109%, 216% and 57% respectively. The lower retention of healing
performance observed for HG2 catalyst was an unexpected result since HG2 is a
catalyst with impressive chemical stability and recyclability [27-29], and usually
Ruthenium-based catalysts are reported as exhibiting great functional group toler-
ance, as well as greatly enhanced air and water stability [30]. Guadagno and cow-
orkers have dealt with the same issue from different angles, trying to understand
the reason for the low retention of healing performance obtained using HG2 cata-
lyst. In a recent paper [25] they have shown critical issues in the use of epoxy
precursors in conjunction with HG2 metathesis catalyst. However, an appropriate
curing cycle of the self-healing mixture allows one to overcome this critical point
and, therefore, carry out the curing process at high temperatures without deactivat-
ing the self-repair activity. In particular, the authors analyzed the thermolytic
stability of the HG2 catalyst in powder form, both in air atmosphere and in the
epoxy matrix.

The catalyst was kept at different temperatures directly from the solid state (the
same form in which it was dispersed into the epoxy mixture to manufacture epoxy
systems) and, after the thermal treatment, was dissolved in a deuterated solvent
(deuterated chloroform, CDCIl3) immediately before recording the 1H NMR spec-
trum. The HG2 catalyst showed exceptional stability, even after a thermal treat-
ment at 180°C in air atmosphere.

The stability of the catalyst was subsequently analyzed for the catalyst
powder embedded inside the epoxy matrix (after the curing process at high
temperatures).

In particular, using FTIR spectroscopy to monitor the reactivity of the epoxy
groups [31], the authors demonstrated the reactivity, at temperatures higher than
80°C, of the HG2 catalyst with the oxirane rings of the epoxy precursors and found
compromised effectiveness in the activation of the ROMP. The same authors
found a solution to preserve the catalytic activity of HG2 catalyst inside the epoxy
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matrix. The addition of a step in the curing cycle, at a temperature at which the
HG2 catalyst does not react in competition with the hardener (below 80°C) allows
the opening of all the oxirane rings, preserving its catalytic activity in successive
curing steps at higher temperatures. In this way, the catalyst remains intact, and
hence it is capable of subsequently performing its catalytic activity in the ROMP
of healing agents.

This stratagem allowed the obtaining of samples cured at temperatures up to
160°C without deactivating the self-repair activity of the formulated systems.

Curing cycles currently used in the aeronautic field for primary structures may
reach temperatures up to 180°C. Concerning this last requirement, recent works
have shown very promising results when the self-healing formulation contains
Hoveyda-Grubbs’ 1st generation catalyst rather than G1, G2 or HG2 catalysts
[32-35).

The thermal stability of each of the catalysts G1, G2, and HG1 was evaluated
under conditions of actual use for applications in self-healing structural systems.
The catalyst was dispersed in the epoxy matrix in its solid state and both the epoxy
precursor and the composite were cured by two-stage curing cycle; after which,
the catalysts were extracted with chloroform from the epoxy matrix (after the
curing process at high temperatures) and analyzed by '"H-NMR spectroscopy.
Infrared spectroscopy was also used to evaluate the catalytic activity directly inside
the epoxy resin after the cure processing. These results are shown in Table 17.1.

It is observable that Grubbs’ 1st generation and 2nd generation catalysts are
stable if the temperature of the second stage of the curing cycle is up to 150°C for
2h; it is not possible to formulate self-healing systems related to ROMP of the
healing agents when a curing temperature of 180°C is scheduled.

Epoxy self-healing systems containing HG1 can be processed even with a tem-
perature of the second stage up to 180°C.

FTIR investigation provided evidence that the catalyst HG1 embedded in epoxy
formulation cured up to 180°C activates the polymerization of ENB at room tem-

Table 17.1  Summary of the results on the thermolytic stability of Grubbs and Hoveyda-
Grubbs’ catalysts extracted from the formulated epoxy matrices.

Sample Curing cycle, Temperature (time) Catalyst state (after treatment)
EHA®-G1 (150) 125°C (2h) + 150°C (2h) Not-decomposed

EHA-G1 (180) 125°C (2h) + 180°C (2h) Decomposed

EHA-G2 (150) 125°C (2h) + 150°C (2h) Not-decomposed

EHA-G2 (180) 125°C (2h) + 180°C (2h) Decomposed

EHA-HGI1 (150) 125°C (2h) + 150°C (2h) Not-decomposed

EHA-HGI1 (180) 125°C (2h) + 180°C (2h) Not-decomposed

a) The EHA matrix was prepared by mixing an epoxy resin (E) (trade name EPON 828) with 37wt%
of an epoxy flexibilizer (H) (trade name HELOXY 71) to improve the toughness of the material and
consequently growth stability. This formulation for the epoxy matrix was used for the self-healing
system already described in the literature [1, 6].
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Figure 17.1  FTIR spectrum of epoxy resin containing HG1 treated with ENB.

perature. Figure 17.1 shows the spectrum of an epoxy resin containing HG1 (cured
up to 180°C) treated with ENB.

In conjunction with different signals of the epoxy blend, the spectrum shows
the strong band at 966cm™ due to the carbon-hydrogen bending vibration of a
trans carbon double bond and, therefore, characteristic of the metathesis product
(PMET). FTIR spectra obtained under the same experimental conditions for G1
and G2 catalysts embedded in the matrix cured up to 180°, did not show the signal
at 966cm™, indicating the deactivation of the catalytic functionality.

Another issue related to the stability of self-healing components is the instability
of the catalysts embedded in epoxy formulations to primary amines, which repre-
sent an important class of curing agents for epoxy formulations. In order to for-
mulate a self-healing aeronautic resin, we need to take into account that the final
material must have suitable mechanical properties which depend not only on the
curing cycles, but also on the chemical nature of the epoxy formulations. In the
choice of epoxy mixture, it is necessary to consider that the structure of the resin
strongly governs its chemical and some of its physical properties. The number of
reactive sites in the epoxy precursors controls the functionality directly acting on
the cross-linking density. This, combined with the nature of hardener agent, the
functionality, the stoichiometry, and the curing cycle determines the final proper-
ties of the cured resin, especially in terms of mechanical and thermal properties.

Generally, hardeners (curing agents) based on the primary amines give the best
mechanical performance. Unfortunately, these amines can poison many of the
catalysts active in ROMP of monomers used as healing agents. The instability of
ruthenium catalysts to primary amines can be a significant drawback in the design
of self-healing polymers; for this reason it is fundamental to evaluate the activity
of the catalysts embedded inside the specific epoxy formulation [5, 8, 36].
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Table 17.2 Reaction rate and yield of ROMP reaction of DCPD and ENB with G1,G2 and HG1
catalysts.

Test Catalyst/monomer ratio Temperature (°C) Time (min) Yield (%)
1 1:1000 G1/DCPD 25 15 34
2 1:1000 G1/DCPD 0 5 0
3 1:1000 G1/DCPD 10 30 0
1 1:1000 G1/ENB 25 0.5 100
2 1:1000 G1/ENB 0 13 100
3 1:1000 G1/ENB -10 60 17
4 1:1000 G1/ENB =20 1440 79
5 1:1000 G1/ENB =30 1440 74
6 1:1000 G1/ENB —40 1440 52
1 1:1000 G2/ENB 25 1 929
2 1:1000 G2/ENB 0 50 100
3 1:1000 G2/ENB -20 60 79
4 1:1000 G2/ENB =30 1440 74
5 1:1000 G2/ENB —40 1440 43
1 1:1000 HG1/ENB 25 0.5 96
2 1:1000 HG1/ENB =20 1440 93
3 1:1000 HG1/ENB —40 1440 929
4 1:1000 HG1/ENB —40 240 98
5 1:1000 HG1/ENB =50 450 929
17.1.2

Healing Efficiency at Low Temperatures

In aircraft, the operating range may vary roughly from —50 to 60°C, therefore the
healing agent must be able to heal the material also at very low temperatures.
Merle and coworkers in a recent patent proposed the use of 5-ethylidene-2-
norbornene as a healing agent active at low temperature [37]. Guadagno et al.
analyzed the ROMP of this healing agent using G1, G2 and HG1 catalysts. The
obtained results were compared with those obtained using the most common
healing agent (DCPD monomer) [32, 33, 38].

Table 17.2 summarizes data from all the performed experiments.

The self-healing functionality based on the metathesis reaction of DCPD acti-
vated by the G1 catalyst deactivates if the damage occurs at a temperature equal
to or lower than 10°C. On the other hand, the metathesis reaction activated by G1
and G2 catalysts with ENB is active even at —40°C. A comparison with DCPD data
highlights the advantages of ENB as healing agent: the metathesis reaction is active
at very low temperatures with high value of yield and the ROMP of ENB is an
extremely fast reaction. The yield reaches a value of 100% after a reaction time of
30s at 25°C, compared to DCPD where the reaction yield is about 34% after a
reaction time of 15min.
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Figure 17.2  Scheme of self-healing formulation which includes: (a) capsules containing a
polymerizer agent (ENB); (b) a catalyst for the polymerizer (HG1).

In the case where HG1 is used as catalyst and ENB as healing agent, the metath-
esis reaction is significantly active also at —50°C, whereas with G1 and G2 activity
is reduced already at —40°C.

In this review two basic aspects for the application of ruthenium catalysts to
aeronautic applications, and specifically for the design of self-healing structures,
have been analyzed. They are: (i) the chemical stability and high thermal stability
of the self-healing components, and (ii) the healing efficiency at low temperature.
Results from the literature obtained for several systems comprising combinations
of G1, G2, HG1 and HG2 catalysts and two different healing agents, DCPD and
ENB, have been described and evaluated. The systems based on ENB as healing
agent and HG1 as catalyst offer the most promising results. In fact, HG1 showed
a higher thermal stability and optimal reactivity for ROMP at low temperatures.
Self-healing systems with HG1 catalyst obtained by dispersing ENB-filled micro-
capsules at a concentration of 10wt% into the epoxy matrix cured at up to 180°C
have been also analyzed and reported in the literature. A simplified scheme of this
self-healing formulation is shown in Figure 17.2.

The catalyst embedded into the epoxy matrix was reduced in the form of thin
particles before formulating the self-healing system. This step is useful to provide
the suitable crystal structure and morphology for an efficient autorepair function;
works previously reported in literature [12] for the system DCPD/Grubbs’ catalyst
demonstrated the role of crystal structure/morphology; smaller particles of catalyst
dissolve more quickly, leading to a more efficient healing system. For the formula-
tion of the self-healing system corresponding to the scheme of Figure 17.2, HG1
catalyst particles were placed in a vial and pulverized by a small rotating magnet
for 25 min. Figure 17.3 shows the effect of this pulverization procedure on the
morphology of HG1 particles.

These catalyst particles were embedded in the solid form into the mixture of
€pOXy precursors.
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Figure 17.3 SEM image of the HG1 catalyst after pulverization treatment.
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Figure 17.4 Load-displacement curves for virgin and healed epoxy sample (HG1 5% Mic
10%) cured up to 180°C.

The healing efficiency 7 (calculated as the ratio between the critical fracture
loads of the healed and virgin samples) was obtained from load—displacement
curves using an already established procedure [39, 40]. The results are shown in
Figure 17.4. The healing efficiency was found to be about 91%.

17.2
Conclusions

In this chapter some of the main issues related to self-healing materials for aero-
space applications have been analyzed. In particular, the attention has been
focused on the development of self-healing materials to reduce the effect of the
impact damage (mechanical stress, etc.) on the structural integrity of the material.
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For aeronautic applications, self-healing is not an alternative to the usual repair
maintenance, but rather it is for repairing at the early stage of matrix microcrack-
ing and/or in the initial stage of delamination. In case of a sudden catastrophic
damage involving large zones of the materials (larger than 1000 microns) the
proposed systems may not be efficient because the fracture planes could be posi-
tioned in such a way as to prevent the restoration of the chemical bonds in the
damaged zone (between crack faces). Therefore, the self-healing function is a way
to prevent further critical damage development. Materials for aeronautic applica-
tion are processed in very drastic conditions of temperatures. Processing tempera-
tures can reach values up to 180°C and this can be a very critical factor for the
stability of the self-healing components.

Furthermore, the operating temperature of the final materials ranges between
—50 and 60°C. Therefore the self-healing functionality must be assured at tem-
peratures over this wide range.

Aspects related to these requirements have been analyzed and discussed in this
chapter. The attention was focused on self-healing materials inspired by White’s
design. From the analyzed data, the self-repair function based on the metathesis
polymerization of ENB activated by HG1 catalyst, with its thermolytic stability at
high temperature and high activity even at very low temperature, offers the best
solution among the analyzed systems. These recent results can constitute the base
for improving self-healing function in aeronautic materials.

The interesting results obtained from the analysis of the ROMP inside the epoxy
resin using HG1 catalyst are of general validity. These can be applied also for other
proposed designs [41, 42] which deliver the healing agent into the cracks using a
three-dimensional microvascular network.
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amino silane 222

amphiphilic comb copolymers 101

amphiphilic polymers 84

anionic polymerization 44, 206, 207

anionic reactions 235, 236, 237

anisotropy 199

annealing 78, 80, 401

anthracenes 26, 27, 45, 48, 176, 232,
233

anticorrosive coatings

antioxidants 235

apolar liquid 248

Aristolochia macrophylla 62, 69-72, 75,
81

artificial leukocytes, designing of 101-103

— methodology for 103-105

— “repair-and-go” scenario 108

— steady shear flow, effect of 105-108

— utility of applying a pulsatile flow
108-110

383-386

aspartic imide 79

association constant 34, 35, 130, 279, 280,

283, 285

atomic force microscopy (AFM) 201, 254,
350, 351

atom transfer radical polymerization
(ATRP) 160, 295

attenuated total reflectance Fourier
transform infrared (ATR-FTIR)
spectroscopy 347

attenuated total reflection (ATR) 65

axial compression 166

azide-alkyne cycloadditions 22, 225

azide-alkyne healing system 225

azobenzene 48, 176

b

ballistic damage in ionomers, healing of
346, 347

ballistic impact 35, 323, 328, 346

barbituric acid 34, 50, 51, 131, 277, 292,
294, 295

Belousov—Zhabotinsky reaction 305

bending tests, for multilayer films
344

benzotriazole (BTA)
385, 388, 389

Bergman cyclization 205

— swelling activation of 206

binding energy 277, 279

biochemical healing 8

bio-inspired healing agents 67

bio-inspired self-healing elastomers

— ionomeric elastomers 78, 79

— micro-encapsulation 77, 78

— nitrile butadiene rubber (NBR)
blends 80

— supramolecular co-networks 79,
80

256, 260-262, 384,
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bio-inspired self-sealing membranes,
concept generators

— latex plants  63-69

—lianas  69-72

- succulent plants  72-75

biomimetics 49, 62, 72, 75-77, 85, 101,
178, 277, 396

— bio-inspired physical transfer 82-84

— foam coating 81

— self-repairing elastomers 64, 68

biosensors 302

bio-synthesis 63

biradical transition 163

blow films 322

Boltzmann constant 94

bond lifetime 280-282, 288

boundary conditions 103, 105, 303

“bricks and mortar” morphology 155
Brownian motion 11, 104, 117

bulk materials 36, 176, 189, 284-297
butadiene 157

c
callus formation 63, 73
Campanulaceae 63
Campanula glomerata 63, 67
Campanula latifolia 63, 67
capsule-based self-healing epoxies
— self-healing epoxies
— — capsule/catalyst healing system 363,
364
— — dual-capsule healing system 364, 365
— — single capsule healing system 365
— self-healing fiber-reinforced epoxies
366
— — barrier properties, recovery of 368
— — impact damage, recovery from 366
— — macroscale properties and interfacial
bond strength, recovery of 367, 368
— — mode I fracture toughness, recovery of
366
carbene catalyst 10
carbon—carbon bonds 38, 95, 156, 157
carbon fibers 164, 218, 220, 226, 229, 366,
370, 374, 401
carbon nanotubes (CNTs) 227, 256, 257,
259, 348, 371, see also halloysite nanotubes;
multi-walled carbon nanotubes (MWCNT)
catalytic species, activation of 204-207
catechol-iron complex 36, 329
cationic curing 20
cationic ring-opening polymerization 223
cells, see plant cells
center-of-mass diffusion 124

362

365,

chain mobility 12, 13, 27, 188, 209, 233,
276, 281, 284, 288, 293, 294, 326, 344, 345,
365, 382

charge transfer

chemical

— coagulation 65

— degradation 1,7, 337

- equilibrium 202, 207-210

— healing 9, 315

— oxidation 263

chiral magnets 302

chitosan polyurethane networks

cinnamoyl groups 45, 232

cis—trans isomerisation 48

click chemistry 10, 16, 21, 22, 139, 251

292, 348

347

click reactions 21, 22, 51, 225
coatings, see also self-healing coatings
—acrylic 224

— extrusion 322

— foam 81, 82, 85

— fracture response of 348

— healing of 370, 371

— organic-based 386

— powder 160

— self-sealing 81, 82

—sol-gel 256, 261, 263, 393, 395

— surface gloss properties of 347

coaxial electrospinning 250

cold-curing 227, see also heat-curing

compact tension (CT) 167, 371

composites

— fiber-reinforced 346, 366, 370, 373-375

— healing of impact damage of 346

— self-sensing, self-healing vascularized
371

compression after impact (CAI)

compression molding 321

compression test 80, 159, 160, 200, 201,
387

computed (X-ray) tomography (X-ray CT)
341-343, 346

computerized vibro-thermography 402

condensation polymerization 180, 254,
304

conformational entropy 13, 92, 155

constrained geometries simulate external
force (COGEF) 202

constraint release (CR) 127, 134

contour length fluctuations (CLF)
134

copolymerization 159, 160, 233, 236

copper(I) catalyzed alkyne-azide
cycloaddition (CuAAC) 21, 51, 53

core-sheath nanofibers 255, 264

366

127-129,



core—shell nanofibers 84, 85, 250, 255,

257
corrosion 228, 395
— inhibitors 255, 256, 260-263, 351, 352,

383-388, 392, 393, 395
— methods for healing of protection against
351
— — electrochemical impedance spectroscopy
352
— — potentiostatic measurements 352
— — scanning electrochemical microscopy
353-356
— — scanning vibrating electrode technique
352, 353
— resistance 215, 361, 383-386, 395
coumarin 45, 47, 48, 177-188, 234
— photodimerization of 186
covalent chemistry 10, 236, 401
covalent network formation
— irreversible 16-22
— reversible 22-28
crack formation 7, 139, 346, 383
crack healing 12, 13, 153, 154, 168, 186,
188, 189, 257, 383
—in glassy polymers 13
- light-induced 232
crack propagation 167, 178, 186, 345, 374,
383
crockmeter test 347
crosslinked polymers, see thermosets
crosslinking 9, 160
— autocatalytic behavior 21
—bonds 193
— chemical 2, 10
— density 36
— photochemical 2
— reversible 2
— stress-induced 164
crystallization effects 285
curing agents 20, 364, 407
current density 352, 393
current density—voltage (J-V) measurements
348
current-voltage (I — V) measurements
348
cyclic dienes
cyclic monomers 26, 232
cyclic oligomers 208, 236
cycloaddition reaction 21, 22, 27, 45, 139,
157, 158, 173, 209, 210, 225, 232
cyclooctene 44
cyclopentadiene dimer 157
cyclopentadienyl trimer 162
cycloreversion reaction 22, 164

157, 232

Index

d

damage-healing cycles 229

damage-induced cracking 215

Debye function 120, 121

deformation of polymers

degree of crystallinity 195

delamination 247, 339-341, 350, 366, 370,
374, 401, 411

Delosperma cooperi 62, 72-75

dendritic macromonomers 48, 176, 329

dendritic polymer 84, 233

density functional theory (DFT) 91

diblock copolymers, melt morphology of
304, 305

diacyldiaminopyridine 34

2,7-diamido-1,8-naphthyridine 34, 277

2,6-diaminotriazine (DAT) 277, 285, 287

dicyclopentadiene (DCPD) 16, 26, 44, 139,
218-221, 237, 251, 363

— encapsulation of 253

— self-healing behavior of 232

dicyclopentadienyl monomer 157

dielectric constant 316, 317, 320, 329

194-196

dielectric spectroscopy (DR) 116, 117, 123
Diels—Alder (DA) bonds 372
Diels—Alder (DA) reactions 10, 16, 22, 141,

156-161, 173, 204, 231, 232

dienophile 22, 27, 156, 157, 159, 161, 164,
189, 204

differential scanning calorimetry (DSC)
139, 220, 288, 317

— temperature-modulated 165

diffuse neutron scattering (DNS) 134

diffusion 9, 11-13, 104, 117, 124, 134,
135, 148, 153, 154, 186, 229, 233, 350,
368, 393

dihydrodicyclopentadiene 16

dimerization constant 279

dimethylnorbornene ester (DNE) 364

direct current (DC) technique, for study of
healing capabilities 352

dissolved healing agents 373

disulfide bridges 27, 234

dithioester 157

DNA base-pairing 34

double cantilever drilled compression
(DCDC) test 369

double cleavage drilled compression (DCDC)
166, 167

drought layer of dead cells 62

dual-capsule healing system 364, 365

dual cross-linked nanogels, designing of
92,93

— methodology for 94-97
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Index

— optimization of mechanical response for
101

— results on application of tensile
deformation at

— — constant force 97

— — constant velocity 97-101

ductility 97-99, 101

dynamers 277

dynamic coordination bonds 35

dynamic electric permittivity 117

dynamic light scattering 389

dynamic mechanical analysis (DMA) 53,
116, 139, 165, 220, 344

e

E. characias 63

Eisenberg—Hird-Moore (EHM) model
317

elastic deformation 320, 324

electrical conducting functionality, healing
of 348-350

electrochemical impedance spectroscopy
(EIS) 344, 345, 352

electrocyclic ring-opening reaction 44, 45

electromagnetic irradiation 384

electron density 157, 319

electron spin resonance (ESR) spectroscopy
167, 194

electrospinning technique 250, 251, 257

electrostatic interactions 195, 301, 304,
305, 317, 329

elongational flow 198, 201

emulsification 223, 250

emulsion polymerization 248, 251, 383

E. myrsinites 63

endothermic enthalpy of reaction 161

energy dispersive X-ray spectroscopy 257

energy dissipation 195, 196

enthalpic interactions 14, 103

environmental scanning electron (E-SEM)
microscopy 340, 341

EPIKURE 3274 20

epiphytic growth habits in plants 61

EPON 815C 20

EPON 828 21, 22, 405

epoxide chemistry 10

epoxides 16, 20, 222, 224, 227, 372

epoxy-amine resin 20

epoxy-based healing system 227, 228, 361,
401

— capsule-based healing 362

— — self-healing epoxies  363-365

— — self-healing fiber-reinforced epoxies

365-368
— design for reversibility 371-373

— intrinsic healing systems

— — dissolved healing agents 373

— — phase separated healing agents 373

— — resin design for reversibility 371-373

— — solid-phase healing agents 373, 374

— vascular-based healing 368, 369

— — fracture damage, recovery of 369, 370

— — healing of coatings 370, 371

— — impact damage, recovery of 370

— — self-sensing, self-healing vascularized

composites 371

epoxy curing 20

epoxy + latent hardener/catalyst healing
system  222-224, see also epoxy-based
healing system

epoxy resins, see epoxy-based healing system

esthetic damage, healing of 347, 348

2,4- bis (2-ethylhexyl-ureido)toluene (e,
EHUT) 277

5-ethylidene-2-norbornene (ENB) 16, 220,
221, 404, 408

Euler scheme 104

Euphorbia amygdaloides 63

Euphorbia plant species 63, 65, 67, 75

extrinsic self-healing materials 10,
215-218, see also intrinsic self-healing
materials
— catalytic systems
— — azide-alkyne healing system 225
— — DCPD/5-ethylidene-2-norbornene (ENB)
+ Grubbs’ catalyst healing system 220,
221

— — dicyclopentadiene (DCPD) + Grubbs’
catalyst healing system 218-220

— — epoxy + latent hardener/catalyst healing
system 222-224

— — siloxane-based healing system 221, 222

— — thiol-ene healing system 224, 225

— — thiol-epoxy healing system 224

— — thiol-maleimide healing system 225

— non-catalytic systems

— — amine-epoxy healing system 225-227

— — epoxy-based healing system 227, 228

— — isocyanates-based healing system 228

— — molecular interdiffusion 228, 229

— — vinyl ester healing system 228

— novel approaches and perspectives for
264, 265

— self-healing systems

extrusion coatings 322

f

fatigue crack propagation 345
fatigue damage 224
— healing after 345, 346

216, 217



fatigue loading 222, 346, 363, 374
fatigue testing 374
fiber formation 282, 285
fiber-reinforced composites
370, 373-375
Fickian diffusion 124, 126
Ficus benjamina 62, 63-69, 75
field emission gun SEM (FEG-SEM) 340
finite modulus of elasticity 147
Flory—Fox equation 13
Flory-Huggins approximation 143
fluorescence microscopy 338
fluorescence polarization 199
fluoroalkenes 163, 165
foam coating 72, 81-85
Fourier transformation 122, 127
Fourier transform infrared (FTIR)
spectroscopy 344, 406
fracture damage, recovery of 369, 370
fracture load 345, 410
fracture toughness 166, 167, 215, 223, 227,
251, 343, 363, 364, 370, 374
free energy 10, 13, 142, 277
free energy density 143
freely jointed chain (FJC) 117-119
free radical polymerization 160, 161, 249,
295
free radicals 161, 167, 168
friction coefficient 351
friction recovery, for lubricant healing
systems 351
Friedel-Crafts alkylation 159
functional integrity, healing of
— electrical conduction recovery 348-350
— esthetic damage 347, 348
— friction recovery 351
— hydrophobicity 350, 351
— protection against corrosion 351
— — electrochemical impedance spectroscopy
352
— — potentiostatic measurements 352
— — scanning electrochemical microscopy
353-356
— — scanning vibrating electrode technique
352, 353
— thermal conduction recovery 350
furan 26, 157, 159, 160, 165, 167, 232
furan-maleimide-based polymers 22
furfurylglycidyl ether (FGE) 372

164, 346, 366,

g
Gaussian distribution 120, 198

gelation 140
— micro-phase order—disorder transition
147

Index

— phase separation and  147-149
— states of 144

— thermodynamics of 141-143
gel point 140, 142-147, 281
gel-to-sol transition 165, 176
gel transition 143

glass fiber-reinforced composites 219,
372-374

glass fibers 164, 225, 228, 256, 368, 370,
372

glass transition temperature 11, 13, 139,
153, 159, 183, 184, 195, 220, 254, 263, 306

glycidyl methacrylate (GMA) 227

graft-polymers 279, 281

Grubbs’ catalyst 16, 17, 49, 139, 208,
218-221, 237, 259, 363, 364, 403, 404

h

halloysite nanotubes 256, 261, 385, see¢ also
carbon nanotubes (CNTs); multi-walled
carbon nanotubes (MWCNT)

Hamilton Wedge 34, 50, 51, 277

healing agents 218, 223

— dissolved 373

— phase separated 373

— polyurethane-based 228

— solid-phase 373, 374

healing performance, efficiency and
assessment of 165-168

heat-curing 20, 227, see also cold-curing

heat flux 350

heteroatom—carbon bonds 157

heterolytic bond cleavage 197

Hevea brasiliensis  63-69, 316

Hevein dimers 64, 78

hierarchical Bell model (HBM) 92, 95
'H-NMR spectroscopy 406

hollow glass fibers (HGFs) 218, 225, 226,

228, 256, 368, 370
homoditopic heterocomplementary
monomers 130
homolytic bond cleavage 196, 197
homolytic photolysis 27, 233
homopolymerization 159, 225
homopolymers 131, 178, 198, 321
Hoveyda—Grubbs’ second generation catalyst
(HG2) 219, 364, 403, 404, 406
hybrid nanocpasules 251
hydrogels 27, 148, 149, 283, 329, 384
hydrogen-bonded polymers 28
hydrogen-bonding brush copolymer (HBP)
294-296
hydrogen bonds 28, 33, 34, 37, 76, 115,
130, 131, 186, 195, 229, 277, 301
— activation energy 132
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Index

— dynamics of 279, 280
— re-formation of 361
— sextuple 34
hydrophilic monomers
hydrophobe 248
hydrophobic
—cracks 102, 103, 105
— interactions 301
— nanoparticles 101-103, 105
hydrophobicity, healing of 350, 351
hydroxy end-functionalized
polydimethylsiloxane (HOPDMS) 221
hydroxyl radicals 71, 203

251, 253

i

impact damage, healing of

— ballistic damage in ionomers

— composites 346, 370

imprinted polymers 48

infrared (IR) spectroscopy 65, 165, 196,
406

infrared thermography 402

inorganic nanocapsules 251

inorganic—-organic composite

in situ polymerization 218

in situ scanning vibrating electrode 256

intelligent materials 85, 173, 189

interfacial polycondensation 251

interfacial polymerization 218, 228, 263,
387

interfacial shear strength 220, 368, 371,
373

3406, 347

164, 165

interfacial step-growth polymerizations 248

interfacial thermal transport 350

intermolecular forces 11

intermolecular interactions 186

internal reflection IR imaging (IRIRI) 347

interpenetrating polymer networks (IPN)
154, 155

intra-chain monomers 120

intrinsic healing systems

— dissolved healing agents 373

— phase separated healing agents 373

— resin design for reversibility 371-373

— solid-phase healing agents 373, 374

intrinsic self-healing materials 10

— molecular interdiffusion of 229-231

— other systems 236

— reversible bond formation

— — anionic reactions 235, 236

— — Diels—Alder/Retro-Diels—Alder reaction

231, 232
— — disulfide bridges 234

— — photochemical trigger 232-234

— — pH-responsive systems 236

— — radical fission/recombination 234, 235

— self-healing systems 230

ionic bond 76

ionomeric elastomers

ionomers 28, 35

— applications and availability of 320-322

— basic principles of 315-319

— definition of 315

— Eisenberg-Hird—Moore (EHM) model
317

— healing of ballistic damage in 346, 347

— methacrylate-based 317

— order—disorder transition 317, 326

— properties of 319, 320

— in self-healing systems 322, 323

— — actual developments and future trends

327-331

— — general mechanism 323-326

— — healing mechanism 325

— thermally reversible crosslinked system
319

— thermal properties of 326

— thermoplasts 324

isocyanate chemistry 10

isocyanates-based healing system 228

isotopic substitution 117

68, 78,79

I

laticifers 63, 64

lap shear test 343, 344

laser light scattering 194

latex-based self-sealing 63-69

latex coagulation 64, 65, 67, 68, 75, 78

laticifers 63, 64

lattice Boltzmann model (LBM) 103, 104
lattice-gas 143

lattice spring model (LSM) 92, 94, 103

layered double hydroxides (LDHs) 263

leaching 80

leukocytes 91, 92

— artificial leukocytes, designing of
101-110

Lewis acid 157, 223

lianas, self-sealing and self-healing in
69-72

ligand—metal bond 205

light-responsive capsules

lignifications 63

linear metallosupramolecular polymers 36

lipophobe 248

liquid crystals 176

— phase structure of 177

— polymers 178

258-260



living polymerizations 51, 161, 207

lower critical solution temperatures (LCSTSs)
148, 263

lutoids 64, 65, 68

m

macromonomers 17, 20, 48, 132, 176

maleimides 20, 22, 26, 44, 156, 157, 159,
160, 167, 225, 231

mechanical decomposition 163, 164, see
also thermal decomposition

mechanical deformations, of plant organs
and cells, 62

mechanically induced self-healing 44

— nanocapsules  251-255

— nanofibers and nanotubes 255-258

mechanical properties, healing of

— after fatigue damage 345, 346

— after impact damage, see impact damage,
healing of

— after static damage 343-345

mechanical stress in materials
208

— development of 194

— dissipation of 194

—effect of 193

mechanochemical activation, of catalysts
44

mechanochemical damage

— deformation 194-196

— heterolytic bond cleavage 197

— homolytic bond cleavage 196, 197

mechanochemical network formation

— mechanochemical activation of catalysts
44

— reactive species, generation of 38-44

mechanochemical reactions 10, 45, 194,
198, 200-203, 205

mechanochemistry 2, 38, 193, 194, 201,
210, 211

mechanophore activation 200, 201

mechanophores

— activation of

— — compression 200, 201

— — other methods for 201, 202

— — tensile testing  198-200

— — torsional shear testing 200

— — ultrasound 198

— concept of 194

— mechanical force, effect of 196

— mechanochemical damage

— — deformation  194-196

— — heterolytic bond cleavage 197

— — homolytic bond cleavage 196, 197

164,
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— mechanochemical self-healing strategies

— — activation of catalytic species 204-207

— — disruption of equilibrium 207-210

— — production of reactive species 202-204

— positioning of 194

melt viscosity 126, 127, 320

merocyanin (MC) 197, 199

metal bonding 28, 50

metallic nanoparticles 265

metal-ligand complex 305, 311

metal-ligand interactions 35, 36, 301-303,
307-309, 311, 327, 329, 330

metallopolymers 301, 302, see also
organometallic polymers

- binding constants for 303

— boundary conditions 303

— complexation of 304

—gels 306

— hydrophilic properties of 305

— metal incorporation in 304

— metal-ligand interactions 302, 307, 309
— self-healing  307-309
— stimuli-responsive  305-307

— thermodynamic property of 302

metallo-proteins 301

metallosupramolecular gels

metallosupramolecular polymers
329

metal-metal complexes

metal oxidation 305

methyl barbiturate 79

Michael addition reaction 22, 225

micro-cracks 77, 80

microencapsulation 16, 49, 77, 78, 80, 237

— of liquid healing agents 352

microphase separation 148, 184, 282, 285,
286, 305, 316, 320, 329

— theory of 50, 131, 132

micro- (computed) tomography 341-343

micro-laminate 85

micro-optic-mechanical-system 75

miniemulsions 248, 249, 254

— radical polymerization 251

mixed silane 222

molar feed ratios 180

molecular diffusion 8,9, 11, 50, 117, 229,
402

— across crack interface 153, 154

molecular dynamics 34, 91, 139, 140, 197,
202, 257

molecular interdiffusion 11, 13, 38

— of intrinsic self-healing materials
229-231

— of thermoplastics

281, 329
36, 176,

2,287

228, 229
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molecular orbitals 157, 163
molecular selfassembly 10
molecular “switching” 44, 48
molecular toolbox 36
mono-functional contaminants
Monte Carlo simulations 91
Morse potential 104, 196
multiple time healing 50, 51
multivalent metal-ligand interactions 35,
36
multi-walled carbon nanotubes (MWCNT)
227, see also carbon nanotubes (CNTs);
halloysite nanotubes

130

n

nanocapsules 251-255

— characteristics of 252

nanocomposite materials 164

nanocontainers, types of 386-389

nanofibers 255-258

— characteristics of 256

nanoparticles 9, 11, 91

— chemisorbtion of 104

— diffusion of 104

— self-healing 14

nanoporous magnets 302

nanotubes  255-258, see also, carbon
nanotubes (CNTs); halloysite nanotubes;
multi-walled carbon nanotubes (MWCNT)

naphthalene-diimide 277, 291, 297

Navier—Stokes equation 103

near-field scanning optical microscopy 338

neutron scattering 115, 117, 119, 123,
133-135

neutron spin echo (NSE) spectroscopy 121,
128, 135

Newtonian liquid-like behavior 149

Newton’s equations of motion 103

N-heterocyclic carbene (NHC) 44

nitrile butadiene rubber (NBR) blends 78,
80

NO-C bonds healing mechanism 161-163

non-covalent forces 195

norbornene 16, 44, 221

nuclear magnetic resonance (NMR)
165, 344

nucleation 198

nucleobases 34, 131, 285

117,

o

odd random phase multisine electrochemical
impedance spectroscopy (ORP-EIS) 352

oil-in-water (o/w) emulsion 218, 228, 248,
387

olefin metathesis 10

oligomers 84, 131, 207, 208, 236, 284,
345

open circuit potential (OCP) 352

optically healable metallosupramolecular
polymers 176

optical microscopy 338-340, 342, 366

organic monomers 304

organic radicals 161

organometallic polymers
304

Ostwald ripening 248, 251

oxidative burst 62

oxygen radicals 71

197, 205, 303,

palladated pincer complexes 36
patching 9, 14, 402
perfluorocyclobutanes
pericyclic reaction 48
phase decay 147
phase segregation 285
phase separation 250, 306, 320
—and gelation 147-149
— healing agents 373
—rate of 148
photochemical healing 45, 173, 176, 177
photochemical modulation 176
photochemical trigger 232-234
photocrosslinking 48, 183, 184
photocycloaddition 173, 174, 177, 232
photodegradable polymers 259
photodimerization reactions 173, 177, 178,

180, 183, 184, 186, 188, 234
photoinduced cyclodimerization 173
photoinitiators 189, 224, 233
photoirradiation 47, 209, 259
photo-remendable polyurethane
— molecular design of
— — dihydroxy coumarin derivatives

179-182
— — monohydroxy coumarin derivatives
178, 179

— photo-remendability, evaluation of

185-188
— reversible photo-crosslinking behaviors of

182-185
photoreversible reactions
pH-responsive systems
— characteristics of 261
pH-value 44, 48
physical crosslinking points 35
n-dissociation energy 163
m-electron-poor moieties 37, 291

163, 164, 165, 209

176

173
236, 260-263



n-electron-rich moieties

n—n stacking interactions
292, 297, 301

pincer complexes

plant cells

— division 63, 71-73

— turgor 75, 80

—wall 62,71,72

plasma etching 350, 351

plastic deformation 71, 199-201, 310, 324,
345

plasticization of the cell wall 62

platinated pincer complexes 36

plateau modulus 128, 132, 281, 288, 293

poly(acrylate) 21, 60, 61

poly(acrylate amide) 34

polyaddition reaction 26, 247

polyanions 263

poly(butadiene)s (PBDs) 286

polybutylacrylate (PBA) 84

poly(n -butyl acrylate) (PnBA) 288

poly(e-caprolactone) (PCL) 373

polycations 263

polycondensation 16, 17, 27, 28, 130, 180,
221, 247, 251

polydiethoxysiloxane (PDES) 221

poly(dimethyl siloxane) (PDMS) 102, 222

polyelectrolytes 249, 260-262, 315,
384-386, 388

— fabrication of 387

poly(ethylacrylate) (PEA) 282

poly(ethylene glycol) (PEG) 38, 283

polyethyleneimine (PEI) 78, 80

polyethylene-co-methacrylic acid (PEMAA)
35, 228, 229

polyglycerol 176, 233

polyimide copolymer

poly(isobutylene) (PIB)
225, 285, 292

polyisoprene 63

polymer block copolymers

polymer chains

— application to self-healing 130-133

— diffusion of 139, 153

— dynamics of 120-123

— Kratky representation of 120, 121

— log-log representation of 120, 121

— Rouse model for 123, 124

— structures of 117-120

— tube model for 124-130

polymer characterization, techniques for

— dielectric spectroscopy (DR) 117

— dynamic mechanical analysis (DMA)
117

37,291
28, 37, 276, 291,

36, 329

291, 292, 297
21, 34, 50, 132,

131

116,
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— nuclear magnetic resonance (NMR)
117

polymer fibers 256

polymer/glass interface

polymeric microcapsules 92, 105, 384

polymer nanocapsules 251, 263

polymer nanofibers 257

polymethylmethacrylate (PMMA)

poly(N-acetylethyleneimine)s 26

poly(N-isopropyl acrylamide) (PNIPAM)
148, 149, 263

polyol stearate 81, 84

poly(perfluorocyclobutane) (PPFCB)

poly(phenylene ether) (PPE) 38

polysaccharides 62, 71

poly(styrene) 34, 294, 296

poly(styrene-maleic anhydride)-block-
polystyrene (PSMA-b-PS) 251

poly(THF) polymers 285

poly(urea-formaldehyde) (PUF) nanocapsules
218, 251

polyurethane 234

— crosslinked 185, 188

— foam system 83, 84

— healing agents 228
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— molecular design containing

— — dihydroxy coumarin derivatives
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— — monohydroxy coumarin derivatives
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— reversible photochemical reaction 177

— self-healing additives for 84

— self-repairing capacity of 85

polyvinyl chloride (PVC) 84

poly(vinylpyrrolidone) 38

potentiostatic measurements, for study of
healing capabilities 352

powder coating 160

protection against corrosion, methods for
healing of 351

— electrochemical impedance spectroscopy
352

— potentiostatic measurements 352

— scanning electrochemical microscopy
353-356

— scanning vibrating electrode technique
352, 353
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proton NMR 218

pulsed field gradient nuclear magnetic
resonance (PFG-NMR) 117
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pyrenyl endgroups 37
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quasi-elastic dynamic scattering 121
quasi-elastic NSE spectroscopy 128
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radical chain growth 161

radical exchange reaction 27, 161

radical fission/recombination 234, 235

radical photoinitiator 224

radius of gyration 91, 118

Raman spectroscopy 344

redox-responsive systems

repair efficiency 82-85

retro-Diels—Alder (rDA) reaction 16, 22,
156, 231, 232, 237

reversible addition fragmentation chain
transfer (RAFT) copolymerization 176,
208, 233

reversible bond 2, 27, 140, 156, 229, 231,
281, 361

— formation of

— — anionic reactions 235, 236

— — Diels—Alder/retro-Diels—Alder reaction

231, 232

— — disulfide bridges 234

— — photochemical trigger 232-234

— — pH-responsive systems 236

— — radical fission/recombination 234, 235

reversible photodimerizable chromophores
233

reversible photodimerization 234

reversible polymerization 168, 382

reversible terminators 161

rheology analysis, for study of chain mobility
344

ring-closing metathesis (RCM) 44

ring-opening metathesis polymerization
(ROMP) 16, 17, 44, 139, 218-221, 237,
251, 403, 404, 406-409, 411

ring-opening reactions 10, 44, 45
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Rouse-rate 124

Rouse-type segment diffusion 128

rubber 39, 51, 67, 77, 79, 80, 84, 131, 132,
184, 232, 289

— crosslinked 27, 64

— self-healing supramolecular 50

— self-sealing process 64

— supramolecular 132, 290

— synthetic 38

— thermal expansion 80

263, 264

— thermoreversible 33, 34
- vulcanized 202, 203
rubber elasticity 155
Runge—Kutta algorithm 94
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sacrificial bonds 91, 92
sacrificial fibers 369

scanning acoustical microscope 341

scanning electrochemical microscopy
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scanning electron microscopy (SEM)
254, 340, 341, 387, 388

scanning laser confocal microscopy (SLCM)
340

scanning vibrating electrode technique
(SVET) 261, 352, 353, 392-395

sclerenchyma fibers 70

scratch resistance 347, 348

sealing cell 71, 72
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self-healing bulk materials 284-297

self-healing coatings

— adhesion to metal substrate 395

— anti-corrosion performance of 395

— barrier properties 386, 395

— current trends 395, 396

— design of 383

— healing of esthetic damage in 347, 348

— industrial application 385
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— — characterization of 389-395

— — schematic representation of 382

— —types of 386-389

— overview of 381, 382

— surface gloss properties of 347

self-healing elastomers

— bio-inspired  63-69, 77, 78

— development of 67

self-healing fiber-reinforced epoxies
366

self-healing materials

— bio-inspired 85

— challenges and limits for 265

— chemical healing processes 9

— classification of 381
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8-11

— development of 338
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materials

— healing efficiencies of 166

— hydrolysis of 235

224,
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materials
— mechanically induced self-healing in, see
mechanically induced self-healing
— methods for encapsulation of
— — electrospinning 250, 251
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247-250
— pH responsive nanocontainers for
260-263
— responsiveness to environmental stimuli
36
— stimuli-responsive, see stimuli-responsive
self-healing materials
— supramolecular bonds in 28
self-healing mechanism
— application of polymer chains in
130-133
— chemical principles of 15-48
— — categories of 15
— — covalent network formation 16-28
— — mechanochemical network formation
38-44
— — supramolecular network formation
28-37
— — “switchable” network formation 44-48
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— irreversible covalent network formation
concepts for 18,19
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induced self-healing
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— mechanochemical induced 38-44
— multiple versus one-time self-healing
49-53
— nanoparticle-based 11, 14
— physical principles of 11-14
— reversible covalent network formation
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— visualization techniques
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— — optical microscopy 338-340
— — scanning electron microscope (SEM)
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self-heal, triggered 10, 297
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— multiple evolution of self-repair processes
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— overview of 62, 63

— phases of 62

— succulent plants  72-75

self-sealing foam coatings 81, 82
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— bio-inspired physical transfer

— repair efficiency of 84

semi-interpenetrating polymer network
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shape-memory alloy (SMA) 219, 363, 365

shape memory assisted self-healing 155

shape-memory polymer (SMP) matrix 116,
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silica (SiO,) nanoparticles 261, 389, 393

siloxane-based healing system 221, 222

single capsule healing system 365

single edge notched bending (SENB) 373

single edge notched tension (SENT) 374

single molecule force spectroscopy
measurements (SMES) 201

size-exclusion chromatography (SEC)
165

small-angle neutron scattering (SANS)
119-121, 133

small-angle X-ray scattering (SAXS)
132, 286-288, 319

soft matter 115, 116

sol-gels 148, 393

— anticorrosion coating 261

— coatings 256, 263, 385, 386, 393, 395

— transition

— — healing efficiencies 231

— — viscoelastic properties of 143-147

solid-phase healing agents 373, 374

solid state materials 200, 306

solvodynamic shear 198
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82-84

131,

423



424

Index

sonication of polymer 196, 198, 203-205,

210
soxhlet extraction 154
spectrophotometers 194, 262

spectroscopic analysis, for monitoring
progress of healing 344

spiropyran (SP) 45, 197, 199

stable free radical polymerization (SFRP)
161

stacking 37, 130, 277, 282, 285, 291, 297,
301, 327

static damage, healing after

static loading 345

stimuli-responsive metallopolymers
305-307

stimuli-responsive self-healing materials

343-345

— light-responsive capsules 258-260
— pH-responsive systems 260-263
— redox-responsive systems 263, 264

— temperature-responsive systems 263

strain energy 139, 195, 343, 366

stress equilibrium 75

stress-induced isomerization 164

stress relaxation 27

styrene-maleic anhydride copolymer (PSMA)
251

SupraB 292, 294

supramolecular complexes

supramolecular co-networks

supramolecular forces 9, 53

supramolecular gels 280-284, 289, 329

supramolecular hydrogen-bonded networks

— bond dynamics of 279, 280

—in bulk 276

— elastic and viscous behavior 292

—in gels 276

— reversibility and dynamics of 275

— sticky-reptation 276

— sticky-Rouse 276

supramolecular hyperbranched polymer
(SHP) 176

supramolecular interactions 9, 10, 15, 36,
37,131, 133, 276, 277, 281, 292, 293

supramolecular polymers 115, 130, 210

- binding energy 277

— binding motifs utilizing hydrogen bonds
278

— bondings

— bulk materials

— concept of 275

— degree of polymerization 280

—gels 280-284

— healing efficiency 277, 291

— hydrogen bonds, dynamics of 279, 280

37,291
79, 80

282, 289
284-297

— network formation in  28-37

- self-healing in 277, 284

surface conduction, healing of 350

surface damage 176, 177, 339, 341, 347,
351

surface gloss 347

surface morphology 347

surface rearrangement 12, 13

surface roughness 12, 14, 343

suspension radical polymerization 200, 247

swelling 9, 11, 14, 73, 205, 263, 305, 340,
384

“switchable” healing 36

“switchable” network formation 44-48

“switchable” polymer systems 15

synthetic self-mending materials, design
principles 91

t

tapered double cantilever beam (TDCB)
344, 363, 364, 374, 405

tautomers 280

Taylor cone 250

temperature-responsive systems 263

tensile adhesion, for self-healing systems
343

tensile modulus 21, 37, 292, 297

tensile testing  198-200, 343

tetraethylorthosilicate (TEOS)

tetrafluoroethene 163

2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) 161

thermal conduction functionality, healing of
350

thermal cyclization 165

thermal cyloaddition reaction 163

thermal decomposition 163, 164, see also
mechanical decomposition

thermal diffusion 350, 402

thermal healing

— chemical methods for 155, 156

— — alternative mechanism 163
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— — perfluorocyclobutanes 163, 164
— — thermoreversible mechanisms 156-163
—cycle 372,373,374

— physical methods for
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interface 153, 154
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thermal interface materials (TIM) 346
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thermoplastics 139
— additives 218, 229
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— elastomers 33, 34, 294

— linear 154, 194, 373

— molecular interdiffusion of 228, 229

— self-healing of 11, 153
thermo-reversible gels 141
thermoreversible mechanisms, for thermal
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— Diels—Alder reactions 156-161
— NO-C bonds 161-163

thermoreversible rubber 33

thermosets 33, 34, 154, 164, 208

— self-healing in 10, 11

— viscoelastic properties of 144

thiocarbonyl bond 157

thiol chemistry 10

thiol-ene healing system 224, 225

thiol-ene polymerization 208

thiol-epoxy healing system 224

thiol-maleimide healing system 225

thiol-yne click reactions 21, 22

thymine (Thy) 34, 131, 132, 277, 285

time domain thermoreflectance (TDTR)

time flux 350

tissue regeneration 1, 8, 63

p-toluene sulfonic acid 84

torsional shear testing 200, 344

trans—cis photoisomerization 176

transesterification 44, 208

transition metals 36, 303, 304, 307, 316

transmission electron microscopy (TEM)
319, 340, 388, 389

triethylene glycol dimethacrylate (TEGDMA)
251

350

trifluorovinylethers (TFVE) 163, 164

trithiocarbonate (TTC) 176, 233

tube model, for short polymer chains 122,
124-130, 134

turbulent flow 201

u

ultramicroelectrode (UME) 353

ultra-microtomy 351

ultrasound transducer 198

ultraviolet irradiation 177

ultraviolet/ozone (UVO) treatment 102

upper critical solution temperatures
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UV-based healing system 232, 237
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UV-vis spectroscopy 186, 187, 196

v

van der Waals forces 195

vascular-based healing systems
375

— coatings, healing of 370, 371

— principle of 49, 50

— recovery of

— — fracture damage 369, 370

— — impact damage 370

— self-sensing, self-healing vascularized
composites 371

Verein Deutscher Ingenieure (VDI) 75,
76

vicinal fluorination 163

Vinca plant species 65

vinyl ester healing system 228

viscoelastic deformation 71

viscoelasticity 117, 320

— of sol-gel transition 143-147

viscoelastic polymer systems, self-healing in
344

viscous flow 195

368, 369,

w

waste storage system 63

Weiner process 104

welding 9, 11, 13, 14, 374, 402

wetting 12, 13, 154, 186, 187, 227

Wheatstone bridge circuit 349

Williams-Landel-Ferry (WLF) equation
287

wound healing 73, 91
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X-ray tomography 341, 402
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Young’s modulus 68
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