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Abstract Hydrogels are physically or chemically cross-linked polymers with the
ability to absorb large amounts of water without dissolving. Elasticity, smartness,
and high water sorption capacity make hydrogels extraordinary materials. Although
synthetic hydrogels resemble biological tissue, they generally exhibit poor mecha-
nical performance, which limits their use in stress-bearing applications. Hence,
synthetic hydrogels that combine good mechanical properties with stimuli-
responsiveness and self-healing ability are required for the development of
several new technologies. To create such high-toughness hydrogels with self-
healing abilities, hydrophobic modification of hydrophilic polymer chains has
attracted great interest in recent years. Incorporation of a small amount of hydro-
phobic units with long alkyl side chains into hydrophilic polymers creates an energy
dissipation mechanism. This mechanism appears as a result of the hydrophobic
associations, i.e., reversible cross-links within the polymer network. Hydrogels
formed via hydrophobic interactions in micellar solutions exhibit unique properties
such as a high stretchability (up to 5,000 %), high mechanical strength (up to
1.7 MPa tensile stress), and complete autonomous self-healing ability. Mixed

0. Okay (B)
Department of Chemistry, Istanbul Technical University, 34469 Maslak, Istanbul, Turkey
e-mail: okayo@itu.edu.tr

© Springer International Publishing Switzerland 2015 101
S. Seiffert (ed.), Supramolecular Polymer Networks and Gels, Advances in Polymer
Science 268, DOI 10.1007/978-3-319-15404-6_3


mailto:okayo@itu.edu.tr

102 0. Okay

micelles acting as physical cross-links in these hydrogels are formed by dynamic
hydrophobic association between the hydrophobic domains of the polymer chains
and grown surfactant micelles. This chapter describes some conditions for forma-
tion of hydrophobically modified hydrogels with extraordinary mechanical proper-
ties and self-healing abilities. Special emphasis is placed on the role of surfactant
micelles for the dynamic and mechanical properties of these hydrophobically
modified hydrogels.

Keywords Dynamics ¢ Hydrogels ¢ Hydrophobic associations ¢ Mechanical
properties * Self-healing

Abbreviations

AAc Acrylic acid

AAm Acrylamide

AIBN 2,2'-Azobis(isobutyronitrile)
APS Ammonium persulfate

CleM N-Hexadecyl methacrylate
C17.3M Stearyl methacrylate

C18A N-Octadecyl acrylate

C18sM N-Octadecyl methacrylate

C22A Dococyl acrylate

Co Initial monomer concentration

CTAB Cetyltrimethylammonium bromide

D Cooperative diffusion coefficient

Dy Apparent diffusion coefficient

DLS Dynamic light scattering

DMA N,N-Dimethylacrylamide

DMSO Dimethyl sulfoxide

E Tensile modulus

Jam Mole fraction of hydrophobic monomer in the comonomer feed
1y Fraction of associations broken during the loading
G Shear modulus

G(1) Relaxation modulus

G Elastic modulus

G" Viscous modulus

Gr Rouse modulus

HM Hydrophobically modified

<I>g Ensemble-averaged scattering intensity

Ic(q) Scattered intensity as a result of the frozen structure

<I(g)>t  Time-averaged scattering intensity
<Ig(q@)>T1 Scattered intensity as a result of the liquid-like concentration
fluctuations
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Scattering angle
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Maximum biaxial extension ratio
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Maximum strain

Effective cross-linking density

Dynamic correlation length

Hydrodynamic correlation length

Fracture stress

Nominal stress
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1 Introduction

Hydrogels are similar to biological tissue in that they consist of three-dimensional
networks of macromolecules and water as the main component. Elasticity, smart-
ness, and high water sorption capacity make hydrogels extraordinary materials
[1]. However, synthetic hydrogels prepared by classical chemical methods are
normally brittle, which limits their use in stress-bearing applications. Therefore,
design of hydrogels with good mechanical properties is crucial. Synthetic hydrogels
that combine high toughness with stimuli-responsiveness and self-healing ability
are promising for the development of several new technologies.

The poor mechanical performance of chemical hydrogels mainly arises from
their low resistance to crack propagation because of the lack of an efficient energy
dissipation mechanism in the gel network [2, 3]. As demonstrated by the cartoon in
Fig. 1a, the energy accumulated close to a crack tip cannot be dissipated in chemical
hydrogels, leading to fracture of the material [4]. Hence, to obtain high-toughness
hydrogels, the overall viscoelastic dissipation along the hydrogel sample should be
increased by introducing dissipative mechanisms at a molecular level. To improve
the mechanical properties of conventional hydrogels, many studies have been
conducted in recent years [5—11]. Moreover, inspired by natural healing processes,
different reversible molecular interactions have been used to generate hydrogels
with the ability to self-heal, autonomously or with the help of an external stimulus
[12-30].

To create high-toughness hydrogels with self-healing abilities, hydrophobic
modification of hydrophilic polymer chains has attracted great interest [4, 8, 31—
42]. Incorporation of a small amount of hydrophobic units with long alkyl side
chains in a hydrophilic polymer backbone dramatically increases the viscous
modulus, G”, of aqueous polymer solutions, reflecting creation of energy dissipa-
tion mechanisms as a result of the formation of hydrophobic associations (i.e.,
temporary junction zones inside the gel network). The driving force for the forma-
tion of these associations is the interaction between the hydrophobic groups, which
arises in order to minimize their exposure to water. The activation energy for the
disengagement of hydrophobes from these associations is in the order of the thermal
energy kT [43—47], so that the free and bonded hydrophobes in such physical gels
are in a dynamic equilibrium. As illustrated in Fig. 1b, the crack energy along the
hydrogel is dissipated by reversible disengagement of the hydrophobes from their
hydrophobic associations, so that growth of a crack to a macroscopic level can be
prevented. Over the past few years, intensive studies have been conducted with the
aim of developing high-toughness self-healing physical hydrogels via hydrophobic
interactions [32—42]. Figure 2a—c schematically depicts the strategy used for the
preparation of such hydrogels. Mixed micelles acting as physical cross-links in the
hydrogels are formed by dynamic hydrophobic association of the hydrophobic
domains of hydrophilic polymer chains and grown surfactant micelles. Hydrogels
formed via such hydrophobic interactions in micellar solutions exhibit unique
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Fig. 1 (a) Formation of a crack in a chemical hydrogel with no viscous dissipation. (b) Energy
dissipation in a hydrogel formed via hydrophobic interactions. From [4] with permission from
Elsevier
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Fig. 2 (a—c) Physical polymer-network cross-linking provided by mixed micelles in hydrogels
formed via hydrophobic interactions in surfactant solutions. Mixed micelles are formed by
aggregation of hydrophobic blocks of per-se hydrophilic polymers and surfactant alkyl tails. (b)
Nonionic polymer and ionic surfactant gel system at the state of preparation. For clarity, charges
are not shown. (c¢) Ionic polymer and oppositely charged surfactant gel system after extraction of
free micelles. (d) Structure of the hydrophobic monomers used in the micellar polymerization

properties such as a high stretchability (up to 5,000 %), high mechanical strength
(up to 1.7 MPa tensile stress), and complete autonomous self-healing.

This chapter discusses formation conditions as well as rheological and mecha-
nical properties of hydrogels formed via hydrophobic associations in micellar
solutions; it also discusses why the dynamic and mechanical properties of such
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hydrogels significantly differ from conventional gels formed by chemical cross-
linkers. The extraordinary mechanical properties, including self-healing, are also
discussed.

2 Preparation of Hydrophobically Modified Hydrogels

Hydrogels formed via hydrophobic interactions are mainly prepared by copolymer-
ization of a hydrophilic monomer with a small amount (1-5 mol%) of a hydro-
phobic comonomer, most typically by a free-radical mechanism. Acrylamide
(AAm), N,N-dimethylacrylamide (DMA), or acrylic acid (AAc) are mainly used
as the hydrophilic monomer in the precursor-polymer preparation. Several hydro-
carbon hydrophobes, including N-alkyl-, N,N-dialkyl-acrylamides or -(meth)acry-
lates of various alkyl chain length, and fluorocarbon hydrophobes such as 2-(N-
ethylperfluorooctane sulfonamido)ethyl acrylate have been used for the preparation
of physical gels from these precursor polymers [4, 31, 48, 49]. To create strong
hydrophobic interactions between the hydrophilic polymer chains, hydrophobic
acrylates or methacrylates with an alkyl chain length of between 12 and 22 carbon
atoms are generally used (Fig. 2d). In this chapter, the hydrophobes are named CxR,
where C represents carbon, x is the number of carbons in side alkyl chain, and R
refers to A or M for acrylates and methacrylates, respectively. For instance, C18M
and C16M stand for n-octadecyl methacrylate and n-hexadecyl methacrylate,
respectively. Because stearyl methacrylate (C17.3M) consists of 65 % C18M and
35 % C16M, its average chain length, 17.3, is used in its short name.

Because hydrophilic monomers are soluble in water, whereas hydrophobes are
insoluble, a common solvent or solvent mixture needs to be used for their copoly-
merization. Ethanol is a common solvent able to dissolve both AAc and C18A, so
that their copolymerization can be conducted in this medium using free-radical
initiators such as 2,2'-azobis(isobutyronitrile) (AIBN) [50]. Similarly, free-radical
copolymerization of DMA with 5-22 mol% of 2-(N-ethylperfluorooctane
sulfonamido)ethyl acrylate can be conducted in dioxane [48]. Another approach
for the creation of hydrophobically modified hydrophilic polymers is polymer-
analogous hydrophobic modification of preformed hydrophilic chains. For instance,
hydrophobically modified poly(acrylic acid) (PAAc) can be prepared by grafting
dodecyl amine onto the carboxylic acids of a PAAc backbone in the presence of
dicyclohexylcarbodimide [8]. In contrast to this complicated procedure, a simple
way for the synthesis of hydrophobically modified polymers is the micellar poly-
merization technique [51-58]. A particular advantage of this approach is the blocky
structure of the resulting polymers, significantly enhancing their associative prop-
erties. In this technique, a hydrophobic monomer is first solubilized within micelles,
and then it is copolymerized with a hydrophilic monomer in aqueous solution by a
free-radical mechanism. Surfactants such as sodium dodecylsulfate (SDS) or
cetyltrimethylammonium bromide (CTAB) serve for the solubilization of the
hydrophobes in aqueous solution. Usually, redox-initiators such as ammonium
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persulfate (APS) along with N,N,N',N'-tetramethylethylenediamine (TEMED) or
APS along with sodium metabisulfite (SMS) are used to initiate the reactions at
ambient temperatures. Because the Krafft point for CTAB in water is around 20—
25 °C [59], the reactions in CTAB solutions are carried out at elevated tempe-
ratures, 35-50 °C. As a result of the high concentration of hydrophobic monomer
within the micelles, the hydrophobes are randomly distributed as blocks along the
hydrophilic polymer chains. The number of hydrophobic monomeric units per
hydrophobic block (Ny) and the number of blocks per chain (S, can be estimated
from the molar concentration ratio of hydrophobic monomer (HM) to the surfactant
(S) by:

HM|N
N = 5] cuie (12
5, =T (1b)

where N g, is the aggregation number of the surfactant, CMC is its critical micelle
concentration, fiy is the mole fraction of HM in the comonomer feed, and N is the
chain length of polymer [53]. Because incorporation of a small amount of hydro-
phobic groups in a hydrophilic polymer backbone results in polymers with extra-
ordinary rheological properties in aqueous solutions, many studies have been
carried out during the past two decades on the synthesis and solution properties
of hydrophobically modified hydrophilic polymers [54, 55]. Candau and coworkers
investigated the preparation and rheological behavior of polyacrylamides (PAAms)
modified with various amounts of N-alkyl- or N,N-dialkylacrylamides of various
alkyl-chain lengths [51-54, 56-58]. The zero-shear viscosity of semidilute solu-
tions of hydrophobically modified polymers significantly increases as the number
of hydrophobes per block (Ny) or the number of blocks per chain (S,) is increased
[52, 56, 57]. Hydrophobically modified PAAms are of great interest due to their
possible application areas, including oil recovery and paints.

Physical hydrogels derived from hydrophobically modified hydrophilic poly-
mers drew much less interest in the past, but they have recently attracted intense
attention because of their extraordinary properties [4, 8, 31-42]. To produce mecha-
nically strong hydrogels via micellar copolymerization, blocks of hydrophobes with
long alkyl side chains such as n-octadecyl acrylate (C18A) or dococyl acrylate
(C22A) should be incorporated into the hydrophilic backbone [32, 34]. However,
although hydrophobes with an alkyl-chain length of up to 12 carbon atoms can
easily be copolymerized with hydrophilic monomers, larger hydrophobes cannot be
copolymerized in micellar solutions. This is a result of the low solubility of large
hydrophobes in water (e.g., 107 mL mL~"' for C18M [60]), which limits their
transport into the micelles [61, 62]. To solve this challenge, salts such as NaCl or
NaBr were added to the micellar solution [32]; this weakened electrostatic inter-
actions and caused the micelles to grow [63—-67], which, in turn, provided solubili-
zation of large amounts of hydrophobes in the micellar solution. Figure 3a, b
demonstrates the NaCl-induced solubilization of C18A in an aqueous 22 % (w/v)
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Fig. 3 (a) Hydrodynamic correlation length, &y, of a 22 % (w/v) SDS solution and (b) solubility
of C18A plotted against NaCl concentration; temperature =55 °C. From [38] with permission
from the American Chemical Society. (c¢) Solubilities of C17.3M, C18A, and C22A in surfactant
solutions plotted against NaCl concentration; SDS =7 % (w/v), temperature =35 °C. From [34]
with permission from Elsevier

SDS solution [34, 38]. The hydrodynamic correlation length of the solution, &y
(Fig. 3a), and the solubility of C18A (Fig. 3b) are plotted as a function of the NaCl
concentration. As the salt concentration is increased, £y also increases, indicating
growth of SDS micelles. The micellar growth occurs as a result of transformation of
the structure of SDS micelles from spherical to rodlike and then to flexible
wormlike micelles [63—-67]. Assuming a prolate ellipsoidal shape for the SDS
micelles in aqueous NaCl and equating the semi-minor axis with the radius of the
minimum-spherical micelle (2.5 nm) [68, 69] allows estimation of the semi-major
axis of the micelles using Perrin’s equations [70]. The calculations indicate that at
1.5 M NaCl, the major axis between the entanglements becomes 19 +4 nm, with
corresponding aggregation numbers of 450 £ 100, as compared with only 60 for the
minimum-spherical SDS micelle.

The growth of SDS micelles is accompanied by increased solubilization of
hydrophobes. As seen in Fig. 3b, the solubility of the C18A monomer in a micellar
solution increases from 0 to 16 % (w/v) as the salt concentration increases from 0 to
1.5 M [38]. Figure 3c shows the solubility of three different hydrophobes in 7 %
(w/v) SDS solution plotted against the additional-NaCl concentration [34]. The
increase in solubility as a result of salt addition is the largest for C18 A monomer,
followed by C17.3M and C22A. Although the average alkyl side chain of C17.3M
is shorter than that of C18A, the methacrylate group of the former molecule seems
to be responsible for its lower solubility in the micellar solution. After addition of
the monomers to the solution of grown micelles, the hydrodynamic correlation
length & decreases again due to the oil-induced structural change of the wormlike
micelles [32, 33, 42]. Even visual inspection of the micellar solutions provides
evidence that solubilization of the monomers reduces the viscosity. This change
probably occurs as a result of accumulation of monomers in the surfactant palisade
layer and in the core of the micelles, which increases the curvature of the micelles
and leads to a rod—sphere transition of the micellar shape [71-75].
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Fig. 4 Preparation of physical PAAm hydrogels in aqueous solutions of SDS—NaCl via hydro-
phobic C17.3M blocks. From [33] with permission from the American Chemical Society

An alternative route to promote micellar growth and, hence, to solubilize large
hydrophobes is mixing of cationic and anionic surfactants. Aqueous solutions of
surfactants of opposite charges, called catanionic surfactants, exhibit unique prop-
erties originating from the strong electrostatic interactions between their oppositely
charged head groups. Mixtures of the anionic surfactant SDS and the cationic
surfactant CTAB form mixed micelles in both SDS-rich and CTAB-rich solutions,
whereas between these compositions, vesicles and formation of a 1:1 precipitate are
observed [76—79]. It was shown that the correlation length of 0.24 M CTAB-SDS
increases from 0.4 to 2.5 nm as the SDS content of the surfactant mixture is
increased from O to 15 mol%, leading to increased solubility of the hydrophobic
monomer C17.3M in the micellar solution [37].

After solubilization of large hydrophobes within the wormlike surfactant
micelles of salt solutions, they can be copolymerized with hydrophilic monomers
to obtain physical gels with tunable properties (Fig. 4). The following sections
focus on the properties of hydrogels formed via micellar polymerization in the
absence of any chemical cross-linker; hybrid gels formed by both covalent and
noncovalent cross-links are not reviewed. If not otherwise indicated, the mole
fraction of the hydrophobic monomer in the comonomer feed (fiy) is 0.02; that
is, the hydrophilic chains of the hydrogels discussed below contain about 2 mol% of
hydrophobic units forming intermolecular hydrophobic associations. They were
mainly prepared in 0.5 M NaCl solutions of 7 % (w/v) SDS, in which the aggre-
gation number of SDS micelles is 200 [32].

3 Microstructure of the Network Chains

Polymer hydrogels formed via hydrophobic interactions of large hydrophobes such
as C17.3M, C18A, or C22A are insoluble in water, with a gel fraction close to unity.
This indicates the existence of strong associations between the hydrophobic blocks
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Fig. 5 FTIR (left) and "H NMR (right) spectra of HM PAAm network chains (P-12 and P-23)
together with spectra of unmodified PAAm. P-12 and P-23 denote the polymers isolated from
hydrogels with Ny =12 and 23, respectively. The inset to the figure shows the structure of HM
PAAm. The peaks denoted by A and B in NMR spectra arise due to the protons indicated in the
inset. From [34] with permission from Elsevier

that cannot be destroyed during expansion of the polymer network in water.
However, the networks can be dissolved in solutions of surfactant or in DMSO at
high temperatures, which allows microstructural characterization of the polymers.
In this section, typical results are reported for hydrophobically modified polyacryl-
amide (HM PAAm) hydrogels prepared using 2 mol% of C17.3M [34]. The
blockiness of the polymer chains was demonstrated using physical gels synthesized
at two different initial monomer concentrations (Cy),5 % and 10 % (w/v). Because
the aggregation number of SDS micelles in 0.5 M NaCl solution is 200, the length
of the hydrophobic blocks in the polymer chains, Ny, is 12 and 23 for hydrogels
prepared at Co=5 and 10 % (w/v), respectively [34]. Polymers isolated from
hydrogels with Ny =12 and 23 are designated P-12 and P-23, respectively.

FTIR and 'H NMR spectra of HM and unmodified PAAm chains are shown in
Fig. 5 [34]. In these FTIR spectra, HM PAAm network chains (P-12 and P-23) show
characteristic peaks at 2,920 cm~! and 2,850 cm~ ! caused by the stretching
vibrations of CH, groups of the C17.3M units. These peaks are absent in
unmodified PAAm (dashed curve in Fig. 5). '"H NMR spectra of HM PAAm
dissolved in dg-DMSO exhibit characteristic signals arising from the C17.3M
units. In Fig. 5, peak A at 0.9 ppm corresponds to the protons of the a-methyl
backbone and the terminal methyl of the alkyl chain, whereas peak B at 1.2 ppmisa
result of the protons attached to carbon atoms on the alkyl side chain of the C17.3M
units. Although NMR is not sensitive enough to determine the copolymer micro-
structure because of the low hydrophobe content (2 mol%), the increasing peak
intensities with increasing Ny indicate blockiness of the polymers.

To demonstrate the associativity of the network chains, viscosity and rheological
measurements were performed on HM PAAms dissolved in 0.7 % SDS solutions.
These measurements also show a strong enhancement of the associativity with
increasing Ny (i.e., with increasing length of the hydrophobic blocks) [34]. Figure 6a
shows the dependence of the viscosity of 0.5 % (w/v) solutions of HM and
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Fig. 6 (a) Shear-rate dependence of the viscosity and (b) frequency-sweeps of the elastic (G') and
viscous (G”) shear moduli for solutions of P-12, P-23, and PAAm; polymer=0.5 % (w/v),
SDS =0.7 % (w/v), NaCl = 0.5 M, temperature = 35 °C. From [34] with permission from Elsevier

unmodified PAAm on the shear rate. A significant increase in the viscosities of HM
PAAm solutions (P-12 and P-23) compared with PAAm solution illustrates the
existence of hydrophobic blocks in the network chains. The solutions of P-12 and
P-23 exhibit a Newtonian plateau at low shear rates, followed by an abrupt shear
thickening region before the onset of shear thinning. The shear thickening region
is characteristic for associative flexible polymers and appears as a result of
intermolecular hydrophobic associations [80-82]. Although these associations are
favorable at a certain degree of coil deformation, they are disrupted at higher shear
rates. The critical shear rate for the onset of shear thickening (y.) leads to a
characteristic time, 7. = 1/y., scaling with the zero-shear viscosity, which is verified
by the data in Fig. 6. For P-23 and P-12 solutions, 7. is 0.53 and 0.16 s, with zero-
shear viscosities of 1.18 and 0.11 Pa s, respectively. Thus, despite the same hydro-
phobe level, solutions of P-23 (N =23) exhibit longer 7z, and higher viscosities
than solutions of P-12 (Ny=12), demonstrating increasing associativity of the
polymers as a result of the increasing length of their hydrophobic blocks. These
results are also confirmed by frequency-sweep tests (Fig. 6b). The characteristic
relaxation times (zg) calculated from the cross-over frequency (w.) at which G’ and
G" are equal (g = a)cfl) are 0.31 and 0.53 s for P-12 and P-23 solutions, respec-
tively. This finding also reveals strong associativity of the network chains of the
physical gels described.

4 Swelling Properties

Figure 7a shows typical swelling kinetics of HM PAAm hydrogels where the
relative gel mass in water (m,) is plotted against the swelling time [33]. In
Fig. 7b, the amount of SDS released from the gel is plotted as a function of the
swelling time. As a result of the osmotic pressure of SDS counterions within the



112 0. Okay

m,, SDS released %

100
br __o--2000q
[ Cumulative ]
20 release (%) —80
60
10 40

Swelling time / days Swelling time / days

Fig. 7 (a) Relative weight swelling ratio (m,.;) of HM PAAm hydrogel formed in 7 % (w/v) SDS
+0.5 M NaCl solution and (b) released amount of SDS from the hydrogel, both shown as a
function of the time of swelling in water; Co=10 %, C17.3M =2 mol%. From [33] with
permission from the American Chemical Society

hydrogel, the gel initially behaves like an ionic gel and, therefore, attains a large
swelling ratio m,.. However, as the surfactant is gradually released from the
hydrogel, the osmotic effect vanishes and the hydrogel progressively changes into
a nonionic hydrogel with a distinctly reduced swelling ratio. The cumulative SDS
release data in Fig. 7b reveal that all SDS was extracted from the gels after a
swelling time of 8 days. Indeed, sulfur analysis of freeze-dried gel samples revealed
no sulfur, indicating complete SDS extraction [33]. The swelling measurements
carried out in aqueous salt solutions confirm this interpretation of the course of the
swelling curves [33]. NaCl addition to the external solution reduces the swelling
degrees at short times as a result of reduction of the osmotic pressure difference
between the inside and outside of the hydrogel. The maximum of the swelling
curves totally disappears if the salt concentration in the external solution
approaches the counterion concentration in the hydrogel.

The swelling kinetics of hydrophobically modified nonionic hydrogels such as
HM PAAm and HM poly(N,N-dimethylacrylamide) (PDMA) prepared in salt
solutions of SDS, CTAB, or CTAB-SDS are similar to those illustrated in Fig. 7
[37, 41]. In contrast, HM PAAc hydrogels formed in SDS solutions exhibit high
swelling ratios in water because of the osmotic pressure of the AAc counterions
[39]. The equilibrium swelling ratio (#eq) Of these hydrogels formed at
Co=20 % (w/v) is around 500, corresponding to a PAAc concentration of
0.04 % (w/v) in the swollen gel. Even at such a high degree of dilution, the
hydrophobic associations acting as physical cross-links of the highly stretched
PAAc network remain stable in equilibrium with water.

A completely different swelling behavior is observed for ionic hydrogels formed
in solutions of oppositely charged surfactants. Figure 8a, b shows m,; of HM PAAc
hydrogels formed in CTAB—NaBr solutions plotted against the swelling time in



Self-Healing Hydrogels Formed via Hydrophobic Interactions 113

rel

1.0 %

C,wiv%=

08 |1
06

04 [

0.2 5l

Time / days Time / days

Fig. 8 (a, b) Relative mass () of HM PAAc gels formed at a CTAB/AACc ratio (f3y) in the feed
of 1/8 (a) and at Cy of 30 % (w/v) (b) plotted against the swelling time in water. (c¢) Photographs of
HM PAACc hydrogels after preparation (a) and in equilibrium with water (b); Co=20 % (w/v),
C17.3M =2 mol%, fo=1/8, NaBr=0.25 M. From [42] with permission from the American
Chemical Society

water [42]. The hydrogels deswell in water, with 40—-60 % reduction of the gel mass
as a result of the onset of complexation between PAAc and CTAB upon immersion
in water. Indeed, polymers isolated from hydrogels that were in thermodynamic
equilibrium with pure water contained nitrogen, indicating the presence of
polymer-bound CTAB molecules. It was shown that, on average, 8—15 AAc units
of the physical network carry CTA counterions that cannot be extracted with water
[42]. The CTAB/AAc ratio (f) of the polymer increases as the CTAB/AAc ratio in
the feed (f) is increased or as the initial monomer concentration (Cy) is decreased.
The increase in f also leads to a more collapsed state of the gels in water, as seen in
Fig. 8a, b. Because the pH inside the hydrogel after its preparation is equal to 1.5,
PAAc is mostly protonated, so that no complexes form between PAAc and CTAB.
However, upon immersion in water, the pH increases to 6.7, leading to ionization of
the AAc units and, hence, to the onset of complexation [83, 84]. The formation of
PAAc-CTAB complexes is also obvious from inspection of the gel samples
(Fig. 8c): the hydrogels that are transparent after preparation become opaque in
water, and the opacity increases with the f ratio [42].

S Dynamics of Hydrogels With and Without Free
Surfactant Micelles

Hydrogels formed via hydrophobic interactions in aqueous micellar solutions
present two faces, depending on their state, namely:

1. The state of preparation, in which they contain surfactant micelles
2. The state of equilibrium in pure water, where free surfactant micelles have been
removed
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This section summarizes the dynamic properties of hydrophobically modified
hydrogels in both these states. Those hydrogel systems forming no complexes with
surfactants are mainly discussed, including PAAm, PDMA, or PAAc hydrogels, all
formed in SDS solutions. Hydrogels capable of forming complexes with surfac-
tants, such as polyelectrolyte hydrogels formed in solutions of oppositely charged
surfactants, are discussed later in this section. Moreover, for a better understanding
of the dynamics of these complex aqueous systems composed of surfactant
micelles, salts, hydrophobic associations, and hydrophilic polymer chains, the
dynamics of the hydrogels are also compared to those of the surfactant solutions.

Dynamic light scattering (DLS) is a powerful tool for investigating the associ-
ative and aggregation phenomena in polymer solutions and gels. DLS measure-
ments on hydrogels formed by hydrophobic associations have been reported at
various preparation steps of the gelation solutions: before and after addition of salt
and monomers to the surfactant solution, after micellar copolymerization, and after
removal of surfactant micelles from the hydrogels [32, 33, 37]. Figure 9a, b shows
typical time-average intensity correlation functions (ICFs) obtained at a scattering
angle (0) of =90° from SDS solutions and HM PAAm hydrogels, respectively
[33]. The ICF of the 7 % SDS solution shows both fast and slow relaxation
modes (Fig. 9a). These relaxations merge into just one after addition of salt and
the monomers C17.3M and AAm to the surfactant solution, leading to disappear-
ance of the slow mode. After formation of physical HM PAAm hydrogels, a slow
mode appears again on an even longer time scale (Fig. 9b). However, when the
surfactant micelles are removed from the hydrogels, the slow mode disappears.

The scattering-vector dependencies of the relaxation rates give additional infor-
mation on the dynamic properties of the physical gels [33]. In Fig. 9c, d, the
relaxation rates of the fast (I't,) and slow modes (I'qow) calculated from the
peak positions in the relaxation-rate distribution functions, G(I'), are plotted against
the square of the scattering vector, ¢ = (4nn/4) sin(6/2), with n being the refractive
index of the solvent and 4 =633 nm. Both fast and slow relaxation modes for SDS
solutions in water are proportional to ¢°, indicating diffusive processes. The
hydrodynamic correlation length () based on the fast mode is 0.5 nm for SDS
micelles in water, but after NaCl addition, it increases to 6.1 nm due to formation of
wormlike micelles [32, 33, 69, 85]. Addition of C17.3M and AAm to the SDS—-
NaCl solution re-decreases &y to 3 nm as a result of an oil-induced structural change
of the wormlike micelles [32, 33, 42]. In contrast to the slow mode of the SDS
solution, the slow mode of HM PAAm hydrogels containing SDS (~30 ms) is
independent of ¢ (filled symbols in Fig. 9d). This reveals that the slow mode of the
hydrogels is associated with the structural relaxation of the physical PAAm
hydrogels on a time scale of milliseconds. This relaxation takes place if the
surfactant micelles are present within the gel network whereas it vanishes in the
absence of surfactants.

The internal dynamics of the physical hydrogels formed by hydrophobic asso-
ciations was also investigated by rheological tests. In Fig. 10a—c, the elastic
modulus, G’ (filled symbols), the viscous modulus, G” (open symbols), and the
loss factor tan § (G”/G’; lines) of HM PAAm hydrogels with and without SDS are
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Fig. 9 (a,b) Intensity correlation functions (ICFs) of SDS solutions (a) and HM PAAm hydrogels
(b), recorded at a detection angle of § =90°. Data are shown for solutions of SDS without (open
circles) and with NaCl (open up-triangles), NaCl+C17.3M (open down-triangles), and NaCl
+C17.3M + AAm (open squares). C17.3M and AAm concentrations correspond to the synthesis
recipe of a hydrogel at Co =10 % (w/v). Filled and open symbols in (b) show data for hydrogels
with and without SDS, respectively. (¢, d) Relaxation rates of the fast (I',s) (¢) and slow (I'gow)
(d) modes shown as a function of q2 for hydrogels and solutions probed by these studies. The
symbols are the same as for (a, b). From [33] with permission from the American Chemical
Society

shown as a function of the angular probe frequency @ [34]. The hydrogels were
prepared using three different hydrophobes: C17.3M, C18A, and C22A [34]. The
dynamic moduli of the hydrogels containing SDS are dependent on time, with a
plateau region at high frequencies (102 rad s_l), and they exhibit a loss factor, tan 6,
above 0.1. This result reveals the temporary nature of the associations, with
lifetimes of the order of seconds to milliseconds. Upon removal of the surfactant,
the elastic moduli become nearly independent of time, and tan § decreases below
0.1, revealing formation of a strong hydrogel with negligible viscous properties.
The drastic change in the dynamics of this gel is a result of the strengthening of the
hydrophobic associations in the absence of surfactant micelles, so that the dynamic
behavior approaches that of conventional chemically cross-linked hydrogels.
Thus, in the presence of SDS micelles, the cross-links are reversible because of
the local solubilization of the hydrophobic associations. As a consequence, the
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Fig. 10 (a—d) G’ (filled symbols), G" (open symbols), and tan & (lines) of hydrophobically
modified hydrogels shown as a function of the angular probe frequency w; hydrophobe
content =2 mol%, yo=0.01. (a—c) HM PAAm hydrogels with 7 % (w/v) SDS and without
SDS; hydrophobe =C17.3M (a), C18A (b), and C22A (c¢); Co=10 % (w/v). From [34] with
permission from Elsevier. (d) HM PAAc hydrogels formed in CTAB solutions after preparation
and after swelling in water; Co =10 % (w/v), hydrophobe = C17.3M, f,=1/8. From [42] with
permission from the American Chemical Society

hydrogels containing SDS belong to the category of weak gels. Without surfactant
micelles, the lifetime of the hydrophobic associations increases as a result of their
direct exposure to the aqueous environment, so that they behave like strong
chemical gels, with time-independent moduli and a single relaxation mode in
DLS (Fig. 9b). These findings also suggest that the existence of surfactant micelles
is responsible for the slow mode of the physical gels. Previous work shows a slow
relaxation mode in the micellar kinetics on a time scale of milliseconds to seconds,
which corresponds to the dissolution of a micelle into individual surfactant mole-
cules [86]. Because the disintegration of a micelle around the hydrophobic blocks
increases the extent of hydrophobic interactions at this site, whereas its
re-formation reduces these interactions again, one may expect that the micellar
kinetics and resulting transient strong associations are responsible for the slow
relaxation mode in physical gels containing surfactant micelles.

The water insolubility of the physical gels formed via hydrophobic interactions,
even in a critical gel state [32], is in accord with the above findings. During the
swelling process, removal of surfactants from the hydrogels increases the lifetime
of the associations, so that the gels become increasingly stable as the surfactant is
gradually extracted. By contrast, if swelling is carried out without extraction of the
surfactants, the hydrogels should dissolve because of the weak hydrophobic asso-
ciations. As mentioned in Sect. 3, this was indeed observed. At or above 5 % SDS
concentration, HM PAAm hydrogels formed in 7 % SDS solution totally dissolve
within 7-21 days. As a result of weakening of the hydrophobic associations with
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rising surfactant concentration, physical gels dissolve faster as the SDS amount in
the external solution increases.

The rheological behavior of HM PAAc hydrogels formed in CTAB solutions is
similar to that of the nonionic hydrogels summarized above, as long as they are
probed at a state of preparation (Fig. 10d) [42]. Both moduli of the hydrogels are
dependent on frequency, and the loss factor tan 6 remains above 0.1 in a range of
frequencies between 0.08 and 400 rad s~ '. However, upon immersion in water and
after extraction of free CTAB micelles, a different behavior is observed. As seen in
Fig. 10d, the dynamic moduli of HM PAAc hydrogels increase by one order of
magnitude, suggesting the effect of complex formation between PAAc with CTA
counterions (Fig. 8). Nevertheless, both moduli of the gel are still dependent on
frequency, and tan 6 remains above 0.1 in equilibrium with water (i.e., after
extraction of free CTAB micelles). This finding emphasizes the viscous character
of the HM PAAc hydrogels in aqueous environment as a result of the presence of
polymer-bound CTA counterions.

The size of the micelles also affects the dynamics of the hydrogels. This effect
was investigated in HM PAAm hydrogels formed in aqueous solutions of CTAB
containing 0—15 mol% of SDS [37]. Similarly to the addition of NaCl, addition of
SDS—CTAB solution increases the size of the micelles (see Sect. 2). Because an
increasing micellar size also increases the number of hydrophobic molecules
solubilized in a given micelle (Eq. 1a), the length of the hydrophobic blocks of
the hydrophilic network chains can be changed by varying the SDS content of the
cationic surfactant solution. Figure 11a shows the frequency dependencies of G’
(filled symbols) and G” (open symbols) for HM PAAm hydrogels formed in 0.24 M
CTAB-SDS solutions with varying SDS content [37]. Figure 11b shows the
relaxation moduli, G(f), of the same gels in the linear regime as a function of
time (7) at different strains (y,). The hydrogels show frequency- or time-dependent
dynamic moduli, with G’(w) being a mirror image of G(7). At time scales spanning
two decades (1-100 s), they exhibit a power-law behavior, G(t)~t0'31i0'08, as
indicated in Fig. 11b by the solid red lines. At times shorter than 1 s, Rouse-type
relaxation is seen, which is fitted using a stretched-exponential function, G(f) = Gg
exp[—(t/rl)ﬁ], with an exponent = 0.46 & 0.04, where Gy is the Rouse modulus
and 7; is the lifetime of associations (i.e., the average residence time of a hydro-
phobic block in a given association, shown by dashed red curves in Fig. 11b) [49,
87-89].

The Rouse modulus, Gy, and the lifetime z; derived from the fits are plotted
against the SDS content in Fig. 12 [37]. The elastic moduli of the gels, G',, at
®=250 rad s}, corresponding to an experimental time scale of 4 ms, are also
shown in Fig. 12. As the SDS content of the hydrogels is increased (i.e., as the
micelles grow), the lifetime of the hydrophobic associations also increases, whereas
the modulus Gg or G, decreases at short times. These results highlight the effect of
the size of the micelles on the length of the hydrophobic blocks. Because the
hydrophobe level is fixed (2 mol%, except for the gels formed in CTAB solutions,
where it is 1.4 mol%), increasing micellar size also increases the number of C17.3M
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Fig. 11 (a) G’ (filled circles) and G” (open circles) of HM PAAm hydrogels plotted against the
angular probe frequency (@); yo=0.01. SDS amounts (mol%) in the gel-formation media, which
are CTAB-SDS mixtures, are indicated in the panels; temperature =35 °C, Co=5 % (W/v),
C17.3M =2 mol%, CTAB + SDS = 0.24 M. (b) Relaxation modulus, G(¢), of the hydrogels plotted
against time (f) for strains (yo) ranging from 0.15 to 0.50. SDS amounts (mol%) in the gel-
formation media are indicated in the panels. From [37] with permission from the Royal Society
of Chemistry

molecules solubilized in a given micelle, so that longer hydrophobic blocks form
after polymerization, but the number of blocks per primary polymer chain
decreases. This increases the lifetime of the associations but decreases their concen-
tration, as evidenced by the Rouse modulus of the physical gels. The lower modulus
of the gels formed in the absence of SDS is attributed to the incomplete solubility of
C17.3M in the reaction solution, leading to less hydrophobic associations in the
final gels.

An experimental proof of this mechanism requires microstructural characteriza-
tion of the network chains isolated from the physical gels. The hydrogels can be
dissolved in CTAB—SDS solutions to prepare a polymer solution [0.5 % (w/v)]
having the same concentration and composition of the surfactant mixture as that
used for gel preparation [37]. This way, although the gels are solubilized, the
surfactant environment of the disintegrated network chains remains unchanged.
Figure 13a presents flow curves for 0.5 % (w/v) polymer solutions obtained by this
approach from gels made with SDS contents between 0 % and 15 % [37]. The
solutions of polymers with 0 % and 5 % SDS show low viscosities, whereas those
with 10 % and 15 % SDS exhibit higher viscosities at low shear rates, along with
marked shear thinning. Because the increase in the viscosity with rising SDS
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Fig. 12 Rouse modulus, Gy (filled triangles), elastic modulus, G',, at @ =250 rad 5! (open
triangles), and the lifetime 7; of hydrophobic associations in HM PAAm hydrogels formed in
0.24 M CTAB-SDS solutions ( filled circles), plotted against the SDS content. From [37] with
permission from the Royal Society of Chemistry
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Fig. 13 (a) Viscosity versus shear rate and (b) frequency sweeps for 0.5 % (w/v) HM PAAm
solution in 0.24 M CTAB-SDS solutions. The SDS amounts (in mol%) of CTAB-SDS mixtures
are indicated. In (b), the elastic modulus G’ and viscous modulus G” are shown by filled and open
symbols, respectively. Inset to (a) shows the specific viscosity, 7, of polymer solutions plotted
against their SDS content; temperature =35 °C. From [37] with permission from the Royal
Society of Chemistry
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content can be attributed to micellar growth rather than to the increasing associa-
tivity of polymers, the viscosities of the surfactant solutions without polymers were
also measured. The relative viscosity increase as a result of the polymer is
represented as the specific viscosity, 7,, defined as #g, =10 polymer/N0,solvent — 15
where 1 potymer @d 7o solven: are the zero-shear viscosities of CTAB-SDS solutions
with and without polymers. The inset to Fig. 13a shows the specific viscosity 7, of
polymer solutions plotted against their SDS content. The value of #g, sharply
increases with rising SDS content, indicating increasing associativity of the net-
work chains as the amount of SDS present during gel preparation is increased.

In Fig. 13b, the dynamic moduli G’ and G” of HM PAAm solutions are plotted
against the angular probe frequency. The characteristic relaxation times (zgr) calcu-
lated from the cross-over frequencies at which the G’ and G” curves intersect (w,)
are 0.09, 0.83, and 1.3 s for SDS contents of 5, 10, and 15 mol%, respectively. This
finding indicates increasing associativity of the polymer chains with increasing
content of SDS in the gel system. Figure 13b also shows that at 5 % SDS, a distinct
plateau appears in G’ at high frequencies. The height of this plateau increases and its
width enlarges with increasing amounts of SDS. For HM PAAm solution
containing 15 % of SDS, the elastic modulus at the plateau is two orders of
magnitude higher than that for the polymer solution with just 5 %. Thus, the
polymers prepared in CTAB-SDS solutions with 10 % and 15 % of SDS show
remarkable associativity. This effect can be attributed to the noticeable blockiness
of the polymer chains and to the increasing size of the wormlike CTAB micelles
around the hydrophobic blocks.

6 Structural Inhomogeneity

Polymer gels are known to exhibit pronounced scattering of light, neutrons, and
X-rays at low scattering vectors, corresponding to concentration fluctuations at
length scales between 10° and 10? nm [90, 91]. Such large-scale concentration
fluctuations, which are absent in polymer solutions, are a result of the mesoscopic
static structures in gels, called the spatial gel inhomogeneity [90—94]. This inhomo-
geneity can be visualized as strongly cross-linked nanogel clusters embedded in a
less densely cross-linked environment. Because the gel inhomogeneity results in a
drastic reduction in the mechanical performance of hydrogels and is thus undesir-
able in many gel applications, preparation of homogeneous gels is a challenging
task. As the gel inhomogeneity is connected to the spatial concentration fluctua-
tions, it is widely investigated using scattering methods such as DLS. This tech-
nique provides the time-average intensity correlation function, gr+*(g,7), whose
short-time limit is related to an apparent diffusion coefficient, D 5, via [95, 96]:
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where 7 is a decay time. For a nonergodic system containing an infinite network
such as polymer gels, D, and the time-averaged scattering intensity <I(q)>t
fluctuate randomly with the sample position. <I(¢g)>t has two contributions: one
from static inhomogeneities (frozen structure) and another from dynamic fluctua-
tions, as represented by the following equation [95-97]:

(1(q))r = Ic(q) + {Ie(q))r 3

~—

where Ic(q) and <Ig(q)>t represent the scattered intensity as a result of static
inhomogeneity and dynamic fluctuations, respectively. By applying the partial
heterodyne approach [95], <I(g)> can be separated into its two parts:

{(@)r _2U(@)r _ Ue(@))r (4

Da D D
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where D is a cooperative diffusion coefficient related to the dynamic correlation
length by & = kT/(6nnD), with 5 the viscosity of the medium and kT the Boltzmann
thermal energy. Equation (4) applies to each sample position. Thus, for different
sample positions, different D and <I(g)>r are obtained. Using DLS measure-
ments conducted at different sample positions together with Eq. (4), one may
calculate the cooperative diffusion coefficient D and the dynamic part of the
scattering intensity <Ig(q)>t.

Figure 9b shows a significant decrease in the initial amplitude of the ICF upon
removal of the surfactant from HM PAAm hydrogels, indicating an increasing
extent of frozen concentration fluctuations. Figure 14a shows the time-averaged
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Fig. 14 (a) </ > at various sample positions for HM PAAm hydrogels formed using 2 mol% of
C17.3M with 7 % (w/v) of SDS ( filled circles) and without SDS (open circles). Cy is indicated in
the panels. (b, ¢) Cy dependences of /o/</>g (b) and & (¢). From [33] with permission from the
American Chemical Society
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scattering intensity </>t at 8 =90° for randomly chosen sample positions within
HM PAAm gels with 7 % (w/v) of SDS (filled symbols) and without SDS (open
symbols) [33]. The solid lines in Fig. 9b represent the ensemble-averaged scattering
intensity, </>g, obtained by averaging </>t over many sample positions. The
dashed lines represent that part of the scattering intensities </g>t that is due to
liquid-like concentration fluctuations. It is seen that the removal of surfactant from
the hydrogels results in an almost one order of magnitude increase in the spatial
fluctuations in </>t. To capture the spatial gel inhomogeneity, the relative contri-
bution of the static component (frozen structure) of the scattered intensity, I/ </>g,
is plotted against Cy in Fig. 14b. A considerable portion of the thermal scattering
from the surfactant-containing gels is due to the presence of large SDS micelles; I/
<I>g monotonically increases from 20 % to 60 % with rising C, as a result of
suppression of the fluctuations by the polymer chains. Without surfactant, Io/</>g
of the hydrogels is independent of Cy and equals 83 £3 %. Thus, the degree of
spatial gel inhomogeneity considerably increases after extraction of the surfactant
molecules. This increase is possibly related to a loss of reversibility of the cross-
linkages and a resulting increase in the apparent cross-linking density of the gels at
long experimental time scales. In Fig. 14c, the correlation length & of the gels based
on their fast modes is plotted against Cy. The value of & of the surfactant-containing
gels decreases slightly from 6 to 4 nm, indicating a decreasing gel-network mesh
size with rising Cy; it further decreases after extraction of the SDS micelles.

7 Mechanical Properties

Uniaxial compression and tensile measurements on hydrophobically modified
hydrogels serve to evaluate their elastic properties such as moduli, fracture stresses,
and deformation ratios at break [33-35, 39-42]. The stress is presented by its
nominal, 6,,om,, OF true values, oy, (equal to Ao,.m), defined as the forces per unit
undeformed and deformed area, respectively; 4 is the deformation ratio. Cyclic
mechanical tests are powerful tools for investigating the large-strain properties and
the reversible nature of cross-links of physical gels. These tests are carried out by
stretching or compressing hydrogel samples at a constant cross-head speed to a
predetermined maximum load below failure, followed by immediate retraction to
zero displacement. After a fixed wait time, the cycles are repeated several times. As
no standard method exists to evaluate the self-healing abilities of hydrogels, healing
of cylindrical samples after being cut in half is monitored as a function of the
healing time in closed containers to prevent water evaporation [33]. The healing
efficiency is calculated from the mechanical properties of the virgin and healed gel
samples.

Typical compressive stress—strain curves of  surfactant-containing
hydrophobically modified hydrogels are shown in Fig. 15a, where 6,0y, and oyye
are plotted against the deformation ratio A [41]. The results obtained from 15 sep-
arate HM PDMA hydrogel samples at a state of preparation are presented. The
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Fig. 15 (a) Typical stress—strain curves of a surfactant-containing HM PDMA hydrogel formed
using 2 mol% of C17.3M under compression, represented as the dependences of nominal 6,0,
(blue solid curves) and true stresses oy (gray dashed curves) on the deformation ratio 4;
SDS =7 % (w/v). Results of 15 separate tests are shown. Red circles represent the points of
failure of the gel samples. The inset shows o, versus 4 curves of two successive tests conducted
on the same gel sample for up to 99.99 % compression. (b) Stress—strain curve of the same HM
PDMA hydrogel with 7 % (w/v) of SDS (solid blue curve) and without SDS (solid dark red curve);
Co=15 % (w/v), C17.3M =2 mol%, NaCl = 0.5 M. From [41] with permission from Elsevier

samples do not break, even at a strain of about 100 % compression and, therefore,
the nominal stress o, increases continuously with increasing strain (solid curves
in Fig. 15a). However, the corresponding oy, versus A plots pass through maxima,
indicating the onset of failure in the gel specimen (gray dashed curves in Fig. 15a).
The fracture nominal stress and stretch at failure (4¢), calculated from the maxima in
the 6. versus 4 plots, are 2.4 +0.2 MPa and 0.04 (96 % compression), respec-
tively [41]. However, successive compression tests conducted on the same gel
sample show that this failure is recoverable in nature. This is illustrated in the
inset to Fig. 15a, where two successive test results are given. Good superposition of
the stress—strain curves indicates that the damage in the hydrogel is self-healed
upon unloading. The results reveal that the gel can be compressed up to about
100 % strain without any permanent failure. This is a typical behavior of surfactant-
containing hydrogels formed via hydrophobic associations. Next, the fracture
nominal stress and stretch at failure are reported from the maxima in oy, versus
A plots.

Figure 16a represents stress—strain data of surfactant-containing HM PAAm
hydrogels; seven different hydrophobes with linear alkyl side chains of 12-22
carbon atoms were used in their synthesis [34]. In compression tests (1 < 1), 4 at
fracture is 0.04, indicating that all these hydrogels are mechanically stable up to
96 % compression. In elongation tests (4 > 1), 4 at break is larger than 16, meaning
that the elongation at break is above 1,500 % for these HM PAAm hydrogels. The
tensile strength of the hydrogels prepared using hydrophobic acrylates is larger (30—
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Fig. 16 (a, b) Stress—strain curves of HM PAAm (a) and HM PAAc hydrogels (b) after
preparation in 7 % SDS +0.5 M NaCl solutions; hydrophobe content =2 mol%. (a) Co=10 %
(w/v). From [34] with permission from Elsevier. (b) Hydrophobe C17.3M; Co=15 % (1), 20 %
(2), and 30 % (3). From [39] with permission from the Royal Society of Chemistry

65 kPa) than that of those formed using methacrylates (20-30 kPa). This is a result
of the restricted mobility of the methacrylate backbones, reducing the number of
hydrophobic associations acting as physical cross-links [34].

In addition to the alkyl side chain length of the hydrophobes, the type of
hydrophilic chains also affects the mechanical performance of hydrogels formed
via hydrophobic interactions. For instance, replacing PAAm by a PAAc backbone
leads to mechanically stronger hydrogels as a result of stabilization of the hydro-
phobic associations by cooperative hydrogen bonding between the PAAc carboxyl
groups [39]. Figure 16b represents tensile stress—strain data of surfactant-containing
HM PAACc hydrogels formed at three different concentrations (Cyp). At Co=15 %
(curve 1 in Fig. 16b), the gel withstands 41 & 11 kPa stresses, and the fracture stress
further increases up to 173 433 kPa if Cy is increased [39]. The stretch at break (4¢)
of the hydrogels is between 19 and 51 (1,800-5,000 % elongation), which is a
decreasing function of Cy. Similar improvement of the mechanical performance
was observed by replacement of PAAm with a PDMA backbone (solid curve in
Fig. 15b). A HM PDMA hydrogel with 7 % (w/v) of SDS ruptures when stretched to
43 +4 times its original length, corresponding to 4,200 =400 % elongation
[41]. By contrast, PAAm hydrogels formed under identical conditions exhibit
elongation at break of only about 2,000 % [33, 34]. This suggests that the hydrogen
bonding and hydrophobic interactions between the DMA units additionally con-
tribute to the mechanical properties of these gels.

The results of the mechanical tests presented so far were obtained from
hydrogels just after preparation (i.e., from surfactant-containing hydrogels).
Because the dynamic features of the hydrogels formed via hydrophobic interactions
drastically change after removal of surfactant micelles, similar changes were
observed in their mechanical properties. In Fig. 17a, the stress relaxation data of
HM PAAm hydrogels with and without SDS are shown in form of the variation of
the relaxation modulus of the gels, G(f), with increasing strain at fixed times
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Fig. 17 (a) Relaxation modulus G(¢) plotted against strain (y,) for various times (f) for HM PAAm
hydrogels with 7 % (w/v) of SDS ( filled symbols) and without SDS (open symbols); t=0.1
(circles), 1.0 (triangles up), and 10 s (triangles down); Co=10 % (w/v), C17.3M =2 mol%,
NaCl = 0.5 M. (b) Stress—strain curves of HM PAAm gels with 7 % (w/v) of SDS and without SDS
formed at Co = 8-10 % (w/v), as indicated on the curves; C17.3M =2 mol%, NaCl = 0.5 M. From
[33] with permission from the American Chemical Society

[33]. For surfactant-containing hydrogels, the linear viscoelastic regime extends up
to approximately 100 % strain, whereas it is restricted to strains up to ~10 % for
surfactant-free hydrogels. This difference shows a significant decrease in the
stretchability of these hydrogels upon removal of surfactant [33, 40]. Figure 17b
represents tensile stress—strain data of HM PAAm hydrogels prepared at three
different concentrations (Cp). With SDS, the elongation at break exceeds
1,700 %, and it increases further as Cy is decreased. Without SDS, however, the
hydrogels break at about 700 % strain and exhibit an order of magnitude larger
ultimate strength than the SDS-containing gels. Highly stretchable HM PDMA
hydrogels also become brittle after extraction of SDS micelles, and the elongation
ratio at break decreases from 43 £4 to 5+ 1 (dark red curve in Fig. 15b) [41].
The amount of surfactant within the hydrogels also affects their mechanical
properties [34]. This is illustrated in Fig. 18 for HM PAAm hydrogels where the
tensile moduli, the ultimate strength, the elongation at break, and toughness are
summarized for samples containing various amounts of SDS. Enhancement of the
mechanical strength is seen when the SDS content is decreased, becoming dramatic
between 1 % and 0 % of SDS. Hydrogels without SDS exhibit high moduli
(~50 kPa), high ultimate strength (~200 kPa), and high toughness (~1 MJ m>)
because of the increased lifetime of hydrophobic associations in the absence of SDS
(Fig. 10). The elongation at break decreases from 1,600 % to 800 % as the amount
of SDS in the hydrogels is decreased. These results demonstrate that the mechanical
properties of the physical hydrogels can be tuned by varying their SDS content.
Ionic hydrogels formed in oppositely charged surfactant solutions exhibit a
significant enhancement of their mechanical properties when they are immersed
in water [42]. For instance, Fig. 19 shows the stress—strain data of HM PAAc gels
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Fig. 18 Tensile modulus, elongation ratio A at break, ultimate strength, and toughness of HM
PAAm hydrogels prepared using 2 mol% of C17.3M plotted against their SDS contents; Co = 10 %
(w/v). From [34] with permission from Elsevier

formed in CTAB-NaBr solutions. Dashed and solid curves show the data obtained
from gels after preparation and in equilibrium with water, respectively. Extraction
of free CTAB micelles from the physical gels results in a drastic increase in their
Young’s moduli (from 8-30 to 180-600 kPa) and tensile strengths (from 0.1-0.2 to
0.7-1.7 MPa) as a result of complex formation between PAAc and CTAB [42]. The
largest modulus and fracture stress are 605 4= 20 kPa and 1.66 &+ 0.24 MPa, respec-
tively, obtained at the highest § ratio of 1/8.3. Such a drastic change in the
mechanical properties of the gels upon immersion in water is a result of extraction
of CTA counterions from the micelles by AAc anions and simultaneous formation
of ionic bonds at neutral pH [42].

7.1 Large-Strain Properties

For a deeper understanding of the nature of physical cross-links in HM PAAm
hydrogels, the gels were subjected to loading and unloading experiments [34]. Fig-
ure 20a, b shows the typical stress—strain curves of HM PAAm hydrogels from
tensile tests composed of three repeated cycles [34]. The tests were conducted on
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Fig. 19 Stress—strain curves of HM PAAc gels after preparation in CTAB solutions (dashed
curves) and in equilibrium with water (solid curves) under compression (4 < 1) and elongation
(A>1); C17.3M =2 mol%, NaBr=0.25 M. (a) o= 1/8; percentage concentrations C (W/v) as
indicated. (b) Cy=30 % (w/v); po values as indicated. From [42] with permission from the
American Chemical Society

hydrogels with (Fig. 20a) and without surfactant (Fig. 20b) up to a stretch (4,,x) of
5, with a relaxation time of 7 min until the next tensile cycle started. The surfactant-
containing hydrogel sample undergoes reversible cycles with a substantial hyster-
esis, revealing that the original microstructure can be restored by allowing the
damaged hydrogel to rest for 7 min. Visually, it was observed that the residual
stretch after each cycle decreases with increasing wait time between cycles and
disappears after 7 min, so that the next loading curve follows the path of the first
loading. In accord with DLS and rheological measurements, these cyclic tensile
tests also indicate the existence of reversible cross-links in surfactant-containing
hydrogels.

In contrast, the hydrogel sample without SDS behaves differently (Fig. 20b).
Although the loading curve of the first tensile cycle is different from the unloading
curve, and although a substantial hysteresis occurs (similar to that seen for the SDS-
containing hydrogel), the subsequent cycles are nearly elastic with just a small
amount of hysteresis; they also closely follow the path of the first unloading. This
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Fig. 20 (a, b) Loading—unloading curves of HM PAAm hydrogels with 7 % of SDS (a) and
without SDS (b); Anax =5, C17.3M =2 mol%. Waiting time between the cycles was 7 min. Cross-
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Fig. 21 (a) Eight successive loading—unloading cycles for different maximum strains (A,x) as
indicated on the curves. The dotted red curve represents the cycle conducted on a virgin gel sample
(Amax =5). The tests were conducted using HM PAAm hydrogel samples without SDS;
C17.3M =2 mol%. (b) Idealized view of two successive cycles. From [34] with permission
from Elsevier

finding indicates occurrence of an irrecoverable damage to the hydrogel sample
during the first cycle, leading to a permanent residual elongation. In Fig. 21a, eight
successive loading—unloading cycles are shown where the maximum strain, Aax,
increases from 2 to 9, corresponding to increasing elongation from 100 % to 800 %
[34]. Successive cycles in Fig. 21a are represented by solid and dashed curves.
Figure 21b shows an idealized view of two successive cycles. Each loading curve
after the first cycle consists of two regions [34]:

1. Elastic region that closely follows the path of the unloading curve of the previous
cycle
2. Damage region continuing the loading curve of the previous cycle
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The passage from the elastic to the damage region takes place at the A,,,x of the
previous cycle. For instance, the loading curve of cycle 5 with A,,,,x =5 follows the
unloading and loading curves of cycle 4 between 1 = 1-4 and 1 =4-5, respectively.
This means that, because of the irreversible damage during the previous cycle,
additional damage only occurs at a higher maximum strain. The dotted red curve in
Fig. 21a shows the cycle conducted on a virgin hydrogel sample up to A,.x =5.
Because there was no previous damage to the gel sample, the loading curve follows
the second region of the loading curves of cycles with A,,,x <5. Thus, the hysteresis
of the first cycle is related to irreversible fracture of a part of the hydrophobic
associations, whose extent increases with increasing A,,,x during the loading step.
This behavior is similar to that of double-network (DN) hydrogels [3, 98], where the
first-cycle hysteresis occurs as a result of the irreversible fracture of covalent bonds
in the highly cross-linked primary network.

Similar to the results of cyclic tensile tests, cyclic compression measurements
also confirm the presence of reversibly breakable cross-links in hydrogels
containing surfactant micelles. Figure 22a shows successive loading—unloading
compression (4 < 1) and tensile cycles (4 > 1) of HM PDMA hydrogels containing
7 % of SDS [41]. The tests were carried out with increasing A,,,x and with a waiting
time of 7 min between cycles. In all cases, the loading curve of the compressive or
tensile cycle is different from the unloading curve, indicating damage in the gel
samples and dissipation of energy during the cycle. The good superposition of the
successive loading curves demonstrates that the damage done to the gel samples
during the loading cycle is recoverable. However, after swelling in water, these HM
PDMA gels exhibit irreversible cycles with less significant hysteresis.
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Fig. 22 (a) True stress (o) versus deformation ratio (1) of a surfactant-containing HM PDMA
hydrogel from cyclic compression (4 < 1) and elongation (4 > 1) tests. The tests were conducted
with increasing strain, with a waiting time of 7 min between cycles. (b) G’ ( filled symbols), G”
(open symbols), and tan o (curves) of a HM PDMA hydrogel shown as a function of the strain (y)
atw=63rads .. Sweep tests were conducted in up (dark red circles) and down directions (blue
triangles), as indicated by the arrows; Co=15 % (w/v), C17.3M =2 mol%, SDS =7 % (w/v),
NaCl = 0.5 M. From [41] with permission from Elsevier
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Strain-sweep tests conducted on HM PDMA hydrogels with 7 % (w/v) of SDS
also demonstrate recoverability of the damage in the gel samples. Figure 22b shows
up and down strain-sweep experiments, where the dynamic moduli G’ and G”
together with the loss factor tan § are plotted as a function of strain yq [41]. The
upward curves show a linear viscoelastic region at low strains (yo < 0.1), beyond
which the dynamic moduli decrease while the loss factor increases. Comparison of
the up and down curves indicates that the gel exhibits an almost reversible strain-
sweep spectrum; the breakdown of the microstructure caused by the strain is
recovered at low strain amplitudes. Thus, this surfactant-containing HM PDMA
hydrogel softens with increasing deformation and exhibits a liquid-like response
(tan 6 > 1) at high strains, but reversibly; if the force is removed, the solution turns
back to the same gel state.

The reversibility of the mechanical cycles of surfactant-containing gels indicates
that the energy associated with the hysteresis is a result of the hydrophobic
associations that break and reform dynamically, preventing fracture of the polymer
backbone. The energy dissipated during the cycles, Uyys, is calculated from the area
between the loading and unloading curves. Because uniaxial compression is equiv-
alent to biaxial stretching [98], the maximum strain during compression (4,.x) 1S
converted to the maximum biaxial extension ratio (Abiax,max) DY Abiax.max = Ama{o'S
In Fig. 23a, the hysteresis energies (Uy,s) calculated from the cycles in Fig. 22a are
plotted against the maximum strain in terms of uniaxial (4,,,x) and biaxial (Apjax max)
extension ratios. All Uy, data collapse onto a single curve; hence, the hysteresis
energy only depends on the maximum extension of the polymer chains.
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Fig. 23 (a) Hysteresis energy Uyys and (b) fraction f, of dissociated cross-links during loading—
unloading compression (open symbols) and elongation cycles ( filled symbols) of a surfactant-
containing HM PDMA hydrogel, shown as a function of the maximum strain Amax O Abjax, max;
Co=15% (w/v), C17.3M =2 mol%, SDS =7 % (w/v), NaCl = 0.5 M. From [41] with permission
from Elsevier
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The energy dissipated during the reversible cycles (Upys) can be interpreted as
the sum of the dissociation energies of hydrophobic associations broken down
reversibly during the cyclic tests [98, 99]:

Uhys = Uxive fv (Sa)

where U, is the average dissociation energy of a single association (~10* kJ mol "
[44, 100]), v, is the cross-linking density of the gel (i.e., the concentration of
elastically effective hydrophobic associations), and f, is the fraction of associations
broken during the loading. The cross-linking density of the hydrogels, v., can be
estimated from their shear moduli, G [101, 102]:

G =v.RT (5b)

where R and T represent their usual meanings. Equation (5b) assumes affine
deformation of the network chains, which is a reasonable assumption for physical
gels formed by hydrophobic associations [33]. Using the values of Upys and v,
together with Eq. (5a), one can estimate the fraction of physical cross-links rever-
sibly broken during the mechanical cycles (f,). In Fig. 23b, f, is plotted against the
maximum strain (Apmax OF Apiax.max) achieved during the tensile and compression
cycles in Fig. 22a [41]. Like the hysteresis energy (Fig. 23a), f, only depends on the
maximum strain, indicating that the maximum extension ratio of the chains is the
only parameter controlling the fraction of physical cross-links broken during
loading. Thus, both compression and elongation have the same effect on the
physical cross-links of hydrogels formed by hydrophobic associations. Figure 23b
also shows that f, varies between 10~ and 10°, indicating that all of the physical
cross-links can dissociate under force, but they reversibly reform if the force is
removed.

The cyclic mechanical test results presented above demonstrate the existence of
reversibly breakable cross-links in surfactant-containing hydrogels. In such
hydrogels, a large portion of the physical cross-links dissociate under force, but
they do so reversibly: if the force is removed, they reform again. However, swelling
in water (i.e., extraction of surfactant micelles from the physical network) results in
loss of the reversible nature of the cross-linking as a result of an increase in the
lifetime of the hydrophobic associations. Thus, one may propose that when the
surfactant alkyl chains are trapped electrostatically in an ionic hydrogel formed via
hydrophobic interactions, the cross-links in the resulting gel system exhibit rever-
sible behavior both after preparation and after swelling in water. This was indeed
observed [42]. HM PAAc hydrogels formed in CTAB solutions exhibit reversible
cycles, both at the state of preparation and in equilibrium in water. The hysteresis
energy (Uyy) of these gels in equilibrium with water is about one order of
magnitude larger than that of the gels after preparation, indicating formation of a
larger number of reversibly breakable cross-links upon gel swelling [42].
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8 Self-Healing

The reversible manner of disengagement of the hydrophobic units of surfactant-
containing physical gels under an external force forms a basis for their self-healing.
Figure 24 shows photographs of typical healing processes of HM PAAm hydrogels
[32, 33]. First, hydrogel samples were cut into two separate parts using a blade.
Then the two parts were put into contact and allowed to stand at 24 °C. After a few
minutes, it was not possible to separate the two parts by stretching manually.
However, in accord with the cyclic test results, such autonomous self-healing did
not occur in surfactant-free hydrogels [33].

The self-healing efficiency of HM PAAm hydrogels was quantified by uniaxial
tensile tests conducted on virgin and healed gel samples [33]. The healing effi-
ciency of surfactant-containing hydrogels depends on several factors, including the
healing time, the polymer and surfactant contents of the hydrogels, and the type and
amount of the hydrophobes. Figure 25 shows the elongation at break of healed
hydrogels, denoted by A, as a function of the healing time [33]. The value of 4,
rapidly increases with the healing time and, after 20 min, it approaches that of the
virgin gel sample 4, ¢, as represented by the horizontal solid line in Fig. 25. As the
inset to Fig. 25 demonstrates, the healing efficiency markedly decreases with
increasing polymer concentration of the gels. The efficiency also crucially depends
on the comonomer feed composition; efficiency decreases as the amount of
hydrophobe in the feed increases (i.e., as the fraction of dissociable cross-links
decreases) [33].

As mentioned in the previous section, surfactant-containing HM PDMA
hydrogels exhibit a high stretchability 4,200 £400 % as a result of additional
hydrogen bonding and hydrophobic interactions between the DMA units. It was
shown that this high stretchability can be recovered autonomously after sample
damage after just a short healing time. In Fig. 26a, stress—strain curves of virgin and
healed HM PDMA hydrogel samples are shown for different healing times [41]. In
Fig. 26b, the tensile modulus (E), the fracture stress (oy), and the elongation ratio at

Fig. 24 (a, b) Autonomous self-healing of HM PAAm hydrogels formed using 2 mol% of
C17.3M hydrophobe in 7 % SDS +0.5 M NaCl solution; Co=5 % (a) and 10 % (b). In (a), one
of the hydrogel samples is colored for clarity. From [32, 33] with permission from the American
Chemical Society
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Fig. 25 Elongation at break of healed HM PAAm gels (4,) plotted against the healing time;
Co=10%, C17.3M =2 mol%, SDS =7 %, NaCl = 0.5 M. The horizontal line represents 1, of the
virgin sample, denoted by A,o. The dashed area represents its standard deviation. The inset
illustrates the healing efficiency of the hydrogels as a function of Cy; healing time =30 min.
From [33] with permission from the American Chemical Society
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Fig. 26 (a) Stress—strain curves of virgin and healed HM PDMA hydrogel samples after prepa-
ration; Co =15 % (w/v), C17.3M =2 mol%, SDS =7 % (w/v), NaCl =0.5 M. Healing times are
indicated next to the curves; temperature = 24 °C. (b) Tensile modulus E, tensile fracture stress oy,
and elongation ratio Ar at break of healed HM PDMA gels plotted against the healing time. The
behavior of the original gel sample is represented by the solid lines. The dashed lines indicate the
corresponding standard deviations. From [41] with permission from Elsevier

break (4), of the healed gel samples are plotted as a function of the healing time.
The modulus E is recovered within 2 min, indicating a very rapid and autonomous
self-healing process in the PDMA hydrogel. After 10 min, the fracture stress of the
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Fig. 27 (a) Elongation at break of healed (4,) and original (4,p) HM PAAm gel samples. (b)
Healing efficiency ey for gels prepared using seven different hydrophobes in 7 % SDS+0.5 M
NacCl solution; hydrophobe content =2 mol%. From [34] with permission from Elsevier

healed gel is 15 kPa, which is 60 % of the fracture stress of the virgin sample. A
healing time of 20 min suffices to recover all the initial mechanical properties of the
physical hydrogel.

The side chain length of the hydrophobic monomers is another structural para-
meter that is crucially important for obtaining self-healing hydrogels with a high
autonomic healing efficiency [34]. Figure 27a shows the elongation at break of HM
PAAm hydrogel samples prepared using 2 mol% hydrophobic monomer of various
alkyl side chain length. The data denoted by 4, and 4, in Fig. 27a are obtained
from the healed and virgin gels, respectively. The healing efficiencies of the
hydrogels (ep), calculated as ey = (Ap/Ap0) X 102, are shown in Fig. 27b. The value
of Ay, approaches Ay, that is, ey increases as the length of the alkyl side chain
increases. A maximum healing efficiency is found in the physical hydrogel pre-
pared with C18M hydrophobe [34]. At longer side chain lengths, the healing
efficiency decreases again. This indicates that the self-healing ability of the
hydrogels depends critically on the length of alkyl side chains. Hydrophobes with
an alkyl side chain of 18 carbons produce the strongest self-healing in these
physical hydrogels.

Figure 27 also shows that hydrophobic monomers with methacrylate groups
produce physical hydrogels with a higher healing efficiency than those with acry-
late groups. For example, at an alkyl side chain length of 18 carbons, the efficiency
of healing rises from 34 % to 88 % if acrylate (C18A) is replaced by methacrylate
(C18M). A similar tendency is seen for hydrogels prepared with either C16A or
C16M hydrophobic monomers (29 % versus 49 %). The restricted mobility of the
methacrylate backbones as compared to acrylates is probably responsible for this
behavior. Previous studies on side-chain crystalline polymers indeed show that
hydrophobic methacrylates produce polymers with a lesser degree of crystallinity
than the corresponding acrylates [103]. This indicates that the methacrylate
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backbone restricts molecular mobility and the ability of alkyl side chains to align.
Thus, the number of hydrophobic associations decreases while the fraction of free
hydrophobic blocks increases in hydrogels formed by hydrophobic methacrylates.
Lower tensile strength and a higher tan § of gels prepared using hydrophobes with
methacrylate groups indicate a larger number of free associative groups and also
confirm this picture (Fig. 16a). Thus, as the number of free hydrophobic blocks at
the cut surfaces increases, they find their partners much faster so that hydrogels
prepared by methacrylates exhibit higher self-healing efficiencies than acrylate-
based gels that have lower numbers of nonassociated blocks.

The autonomous self-healing efficiency of hydrophobically modified hydrogels
decreases as their mechanical strength is increased. This is a result of the anta-
gonistic feature of the self-healing ability to the mechanical strength of these
hydrogels. For instance, the efficiency of self-healing increases with decreasing
lifetime of dynamic cross-links in the gel because of favorable chain diffusion
across fractured gel surfaces [34]. However, hydrogels with short-living cross-links
necessarily become mechanically weak on experimental time scales. It was shown
that self-healing in mechanically strong hydrogels can be induced by an external
stimulus such as temperature or addition of a healing agent. Figure 28a illustrates
stress—strain data of virgin HM PAAc gel samples (solid curves) together with those
of healed samples at various temperatures (dashed curves) [39]. In Fig. 28b, the
efficiency of healing based on the recovered fracture stress is plotted as a function
of the healing temperature. Without any external stimulus, healed gels formed at
Co=15 % (w/v) withstand 10 kPa stress, that is, autonomous self-healing takes
place with an efficiency of 60 %. Increasing Cy from 15 % to 30 % also increases
the fracture stress of self-healed gels up to 40 kPa while the healing efficiency
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Fig. 28 (a) Stress—strain curves of virgin (solid curves) and healed surfactant-containing HM
PAAc gel samples (dashed curves). Healing temperatures are indicated next to the curves;
C17.3M =2 mol%. (b) Efficiency of healing of hydrogel samples plotted against the healing
temperature; healing time = 30 min. (a, b) Co =15 % (1), 20 % (2), and 30 % (w/v) (3). From [39]
with permission from the Royal Society of Chemistry



136 0. Okay

decreases to 20 %. This is a result of the simultaneous increase in the cross-linking
density of the hydrogels, reducing the chain mobility [39]. Figure 28 also shows that
the efficiency of healing increases remarkably as the temperature is increased. For
instance, at Co=30 % (w/v), gels healed at 23 °C fail upon application of
42 + 5 kPa stress, whereas those healed at 80 °C withstand more than 120 kPa of
stress. All the hydrogel samples self-heal with at least 80 % efficiency at 80 °C. The
primary mechanism of temperature-induced healing in HM PAAc hydrogels is
attributed to increased solubility of hydrophobic moieties in aqueous solutions,
leading to a decrease in the association degree of the polymers [52]. Thus, increas-
ing ability of the hydrogels to self-heal at a high temperature is a result of a decrease
in the lifetime of hydrophobic associations, as already observed in semidilute
solutions of HM PAAms [52, 104]. This simultaneously increases the chain mobil-
ity, so that the polymer chains on the two cut surfaces can easily diffuse from one
side to the other, and the hydrophobes across the ruptured interface become more
accessible to each other. Indeed, the dynamic moduli of HM PAAc gels sharply
decrease with increasing temperature, indicating that the gels become weak with
rising temperature [39, 42].

Another stimulus to trigger self-healing in hydrogels formed via hydrophobic
interactions is the treatment of the damaged area of the gels with an aqueous
solution of wormlike surfactant micelles [40]. In Fig. 29a, stress—strain curves of
avirgin HM PAAm gel sample without SDS (dashed curve) and gel samples healed
by addition of an SDS solution (solid curves) are shown. The fracture stress after 1 h
of healing is 25 + 5 kPa, which is almost twice the fracture stress of the virgin gel
sample containing SDS [40]. For healing times ranging from 30 min to 9 h, the
healed region of the gels is more swollen than the gel bulk region. This is due to
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Fig. 29 (a, b) Stress—strain curves of a virgin HM PAAm gel sample without SDS (dashed curve)
and healed gel samples (solid curves). Healing times are indicated next to the curves. The blue
(dash-dot) curve in (b) represents the stress—strain data of a gel sample healed for 24 h and then
immersed in an excess of water for 2 weeks to extract SDS prior to the mechanical tests. From [40]
with permission from Springer
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absorption of SDS by the polymer at the welded interface, producing an excess of
counterion concentration inside the gel and leading to increased gel swelling
[40]. This interface also acts as a weak point in the healed gels, so that they always
rupture at this region. However, for longer healing times (>9 h), the welded
interface deswells again and becomes identical to the bulk region. Simultaneously,
the healed gel samples rupture in the bulk region, while the welded interface
remains unbroken. For all healing times indicated in Fig. 29a, the surfactant-
mediated healing is irreversible: when immersed in water to extract the healing
agent, the healed gel samples remain as stable as the virgin gels [40].

Figure 29a also shows that both the fracture stress and the elongation at break of
the gel samples rapidly increase with increasing healing time, and after 20 h they
reach the values of the virgin gel sample. For longer healing times, the gel samples
become stronger and tougher than the original gel, while the moduli of the healed
gels partially recover their original values. This was attributed to the presence of
SDS in the healed gel samples, weakening their hydrophobic interactions
[40]. Indeed, when the healed samples are immersed in an excess of water to extract
SDS micelles, their stress—strain curves approach the curve of the virgin sample.
This is illustrated by the blue (dash-dot) curve in Fig. 29b, representing the stress—
strain data of a gel sample healed for 24 h and then immersed in an excess of water
for 2 weeks to extract SDS prior to the mechanical tests. Both the fracture stress and
the elongation at break are 80 % of the original values. In conclusion, because the
surfactant-induced healing technique is applicable to physical gels formed by
hydrophobic associations, it overcomes the requirement of the presence of surfac-
tants in the gels for their healing, thereby allowing applications in aqueous
environment.

High-strength PAAc hydrogels formed in oppositely charged surfactant solu-
tions can also be healed by treatment of cut surfaces with surfactant solutions
[42]. In Fig. 30, the stress—strain curves of virgin and healed PAAc gel samples
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Fig. 30 (a—c) Stress—strain curves of virgin (solid curves) and healed HM PAAc gel samples in
equilibrium with water (dashed curves): (a) Co=15 %, fo=1/8; (b) Co=20 %, po=1/8; (c)
Co=30 %, po=1/6. From [42] with permission from the American Chemical Society
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in equilibrium with water are shown for various healing times in surfactant solu-
tions. The fracture stress of the healed gels increases with increasing healing time or
with increasing PAAc concentration. After a healing time of 60 min, the hydrogel
sample formed at Co=30 % and p,=1/6 sustains 1.5+0.2 MPa stresses and
ruptures at a stretch of 7+ 1 (Fig. 30c) [42]. To our knowledge, this fracture stress
is the highest value reported in the literature.

The hydrophobe content of the self-healing hydrogels described above is 2 mol
% (relative to the amount of monomers in total). It was shown that at a high
hydrophobe level, hydrogels containing crystalline domains and exhibiting shape
memory properties can be obtained [38]. These hydrogels can also be healed by
treatment of a potentially damaged area with surfactant solutions. Such self-healing
hydrogels with shape memory behavior were prepared by copolymerization of AAc
with 20-50 mol% of C18A in aqueous SDS—NaCl solutions [38]. After extraction
of the surfactant micelles, these HM PA Ac hydrogels possess 60—70 % of water and
exhibit three orders of magnitude change in their elastic moduli when the temper-
ature changes between below and above the melting temperature of the crystalline
domains (~50 °C). In addition, these hydrogels exhibit complete shape recovery to
the permanent shape at 60 °C, together with surfactant-triggered self-healing. The
blocky structure of the HM PAAc chains formed by micellar polymerization is
responsible for the drastic change in their mechanical properties and for their
significant shape memory effect.

9 Concluding Remarks

In this chapter, recent developments in the design of hydrogels formed via hydro-
phobic interactions are reviewed, with a special emphasis on the function of
surfactant in their dynamic and mechanical properties. Micellar copolymerization
is a simple technique for the synthesis of such hydrogels. A particular advantage of
this technique is the blocky structure of the resulting hydrophobically modified
polymers, significantly enhancing their associative properties.

Because preparation of mechanically strong hydrogels via micellar copolymer-
ization requires blocks of large hydrophobes, salts such as NaCl or NaBr should be
included in the micellar solution. These salts screen electrostatic interactions,
causing the micelles to grow. In turn, the growth of the micelles provides solubili-
zation of substantial amounts of hydrophobic monomers in the aqueous solution.
After solubilization of large hydrophobes within wormlike surfactant micelles of
salt solutions, they can be copolymerized with hydrophilic monomers to obtain
hydrophobically modified hydrogels with tunable properties.

Hydrogels formed via hydrophobic interactions in aqueous micellar solutions
present two faces, depending on which state they are in. These states are (i) the
preparation state, when the gels contain surfactant micelles, and (ii) the state in
equilibrium with pure water, when the free surfactant micelles have been removed
after preparation.
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At the state of preparation, the hydrogels exhibit a slow mode in DLS, indepen-
dent of the scattering vector, that is related to structural relaxation of their physical
polymer network. This relaxation only occurs in the presence of surfactant micelles
and disappears when SDS is removed. A gel containing surfactant micelles exhibits
time-dependent dynamic moduli with a plateau modulus at high frequencies and a
loss factor above 0.1. After removal of the surfactants, the dynamic moduli become
nearly independent of time, and the loss factor decreases to below 0.1, corres-
ponding to solid-like behavior. Simultaneously, the degree of spatial gel inhomo-
geneity increases considerably after extraction of surfactant molecules, also
demonstrating a loss of reversibility of the cross-linkages.

Thus, with surfactants, the cross-links are reversible as a result of local solubili-
zation of the hydrophobic associations, so that the hydrogels are weak. After
removal of surfactant, however, direct exposure of the hydrophobic associations
to the aqueous environment increases their lifetimes so that the hydrogels behave
mostly like chemical gels with time-independent dynamic moduli and a single
relaxation mode in DLS. These findings also demonstrate that the presence of
surfactant micelles is responsible for the slow mode of the physical hydrogels.
Because breakup of a micelle around the hydrophobic blocks enhances the hydro-
phobic interactions at this location, while its re-formation re-decreases these inter-
actions, the micellar kinetics and resulting temporary strong associations are
responsible for the slow network relaxation in surfactant-containing physical gels.

Hydrophobically modified ionic hydrogels formed in oppositely charged surfac-
tant solutions exhibit frequency-dependent dynamic moduli if they are in equili-
brium in water after extraction of free surfactant micelles. This is a result of
complex formation between the ionic polymer and the oppositely charged surfac-
tant, leading to polymer-bound surfactant counterions in the hydrogels.

The mechanical strength of hydrogels formed using hydrophobic acrylates is
higher than that of those formed using methacrylates. This is due to the limited
flexibility of the methacrylate backbones, reducing the number of hydrophobic
associations acting as physical cross-links. Similarly, the length of the alkyl side
chain of the hydrophobes as well as the type of hydrophilic chains also affect the
mechanical performance of hydrogels formed via hydrophobic interactions. For
instance, replacing PAAm by PAAc leads to mechanically stronger hydrogels
because of stabilization of the cross-linking hydrophobic associations by coopera-
tive hydrogen bonding between carboxyl groups. A similar improvement of the
mechanical performance is observed by replacement of PAAm by PDMA as a
result of additional hydrophobic interactions between the DMA units. Moreover,
because the dynamic features of the hydrogels drastically change after removal of
surfactant micelles, similar changes are also observed in their mechanical proper-
ties. Most importantly, a remarkable decrease in the stretchability of such hydrogels
is observed upon extraction of surfactant micelles. Ionic hydrogels formed in
oppositely charged surfactant solutions exhibit a significant enhancement in their
mechanical properties when they are immersed in water. This is a result of extrac-
tion of surfactant counterions from the micelles and simultaneous formation of
ionic bonds. By tuning the preparation conditions, hydrogels formed via
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hydrophobic interactions in micellar solutions exhibit a high stretchability (up to
5,000 %), high mechanical strength (up to 1.7 MPa tensile stress), and complete
autonomous self-healing ability.

Current research in the field of self-healing hydrogels is focused on improving
the mechanical performance of self-healing gels formed via reversible molecular
interactions. Because self-healing of a hydrogel is opposite to its mechanical
strength, the magnitude of the tensile strength recovered after repair for most
healable hydrogels is below 0.4 MPa. As discussed in this chapter, hydrophobically
modified hydrogels that are self-healed via heating and surfactant treatment of the
damaged areas withstand up to 1.5 MPa stresses and rupture at a stretch of 600 %.
Thus, hydrogels formed via hydrophobic interactions combine good mechanical
properties with a high self-healing efficiency and are promising materials for new
technologies.
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