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a b s t r a c t

Polyacrylamide (PAAm) hydrogels possessing a very large extensibility at break have been prepared via
micellar crosslinking copolymerization of acrylamide monomer and N,N0-methylenebis(acrylamide)
crosslinker in the presence of hydrophobic comonomers. N-butyl-, N-hexyl-, N-octyl-, and N,N-dihex-
ylacrylamides were used as the hydrophobes in the hydrogel preparation. Incorporation of hydrophobes
with an alkyl chain length x> 4 results in an increase in the loss factor tan d of hydrogels due to the
formation of temporary junction zones inside the gel network. The number NH of the hydrophobes per
hydrophobic block together with the alkyl chain length x of the pendant hydrophobic group were used to
tune the loss factor of the hydrogels over two orders of magnitude. Tensile mechanical measurements
show that increasing NH or x also increases the degree of toughness of PAAm hydrogels. Keeping constant
the hydrophobe level (20 mol%) at an alkyl chain length x¼ 6, increasing NH from 9 to 30 increased
the elongation ratio at break from 125 to 250%. Hydrogels exhibiting a high toughness, i.e., about
300% elongation ratio at break were obtained by modification of PAAm network chains with 10 mol%
N-octylacrylamide.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction network. The driving force for the formation of associations is the
Design of hydrogels with good mechanical properties such as
a high toughness is crucially important in many application areas of
soft materials. However, hydrogels that are highly swollen in
a liquid are normally very brittle. This feature of hydrogels origi-
nates from their very low resistance to crack propagation due to the
lack of an efficient energy dissipation mechanism in the gel
network [1,2]. As schematically illustrated in Fig. 1A, the energy
stored very close to the crack tip cannot be dissipated in conven-
tional, chemically-crosslinked hydrogels, inducing the fracture of
the whole material. To obtain a hydrogel with a high degree of
toughness, one has to increase the overall viscoelastic dissipation
along the gel sample by introducing dissipative mechanisms at the
molecular level. A number of techniques for toughening of gels have
recently been proposed including the double network gels [3,4],
topological gels [5], nanocomposite hydrogels [6], and cryogels [7].

Recently, it was shown that hydrophobic modification of poly-
electrolyte hydrogels leads to a dramatic increase in the viscous
modulus G00 while the elastic modulus G0 remains almost
unchanged [8]. The increase in G00 reflects creation of energy
dissipation mechanisms due to the formation of hydrophobic
associations, i.e., temporary junction zones inside the hydrogel
: þ90 212 2856386.
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interaction between the hydrophobic groups that arises in order
to minimize their exposure to water. According to several models
[9–13], the activation energy for the disengagement of hydro-
phobes from the associations is in the order of the thermal energy
kT, so that the free and bonded hydrophobes in such hydrogels are
in a dynamic equilibrium. As a consequence, one may expect that
hydrophobically modified hydrogels prepared under certain
conditions should exhibit better mechanical performances
compared to the conventional hydrogels. As illustrated in Fig. 1B,
the crack energy may be dissipated by the reversible disengage-
ments of the hydrophobes from the hydrophobic associations so
that the growth of crack to a macroscopic level can be prevented.

Hydrophobically modified polyelectrolyte hydrogels mentioned
above were prepared by a complicated three step procedure [8]:
a) introduction of double bonds onto a poly(acrylic acid) (PAA)
backbone, b) hydrophobic modification of PAA with dodecyl amine,
and c) crosslinking of double bonds using a dithiol. However,
a simple, straightforward alternative for the preparation of such
materials is the micellar copolymerization technique. In this tech-
nique, a hydrophobic comonomer solubilized within the micelles is
copolymerized with a hydrophilic monomer in aqueous solutions
by free-radical mechanism [14,15]. Because of high local concen-
tration of the hydrophobe within the micelles, the hydrophobic
monomers are distributed as blocks randomly along the hydro-
philic polymer backbone. It was shown that the number of
hydrophobes per hydrophobic block (NH) and the number of blocks
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Scheme 1. Hydrophobic comonomers used in the preparation of PAAm hydrogels.
HM-4: N-butylacrylamide. HM-6: N-hexylacrylamide. HM-8: N-octylacrylamide.
HM-6/6: N,N-dihexylacrylamide.
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Fig. 1. Cartoon demonstrating crack of a chemically-crosslinked hydrogel due to the
localization of the crack energy (A) and, dissipation of the crack energy in a hydro-
phobically modified hydrogel (B).
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per chain (S) can be estimated from the concentration ratio of
hydrophobic monomer (HM) to the surfactant (SDS) by

NH ¼
½HM� NAgg

½SDS� � CMC
(1a)

S ¼ fHM N
NH

(1b)

where NAgg is the aggregation number of the surfactant, CMC is its
critical micelle concentration, fHM is the mole fraction of HM in the
comonomer feed and N is the chain length of polymer [16]. Since
incorporation of a small amount of hydrophobic group in a hydro-
philic backbone results in systems with unique rheological char-
acteristics in aqueous solutions, intensive work has been conducted
in the past two decades on the preparation and solution properties
of hydrophobically modified hydrophilic polymers [17,18]. Candau
and co-workers investigated in detail the formation and rheological
properties of polyacrylamides modified with various amounts of
N-alkyl-, N,N-dialkylacrylamides of various alkyl chain length
[14–17,19–21]. A strong enhancement of the zero-shear viscosity of
semi-dilute solutions of such polymers was observed upon
increasing the number NH of hydrophobes per block or the number
S of blocks attached to each chain [15,19,20]. Hydrophobically
modified polyacrylamides attract great interest because of their
possible applications in various industrial areas, including oil
recovery, paints, pharmaceuticals, cosmetics, and food. However,
chemically-crosslinked analogs of such polymers as well as their
toughness vs hydrophobicity trends draw much less attention [8].

In the present work, a series of hydrophobically modified
polyacrylamide (PAAm) hydrogels were prepared via micellar
crosslinking copolymerization of acrylamide (AAm) monomer and
N,N0-methylenebis(acrylamide) (BAAm) crosslinker in the presence
of a hydrophobic comonomer. N-butyl-, N-hexyl-, N-octyl-, and
N,N-dihexylacrylamides were used as the hydrophobic comonomer
in the hydrogel preparation (Scheme 1). Our aim was to investigate
whether the degree of toughness of such hydrogels could be tuned
with the extent of viscous dissipation of energy during their
deformation. To our knowledge, no such investigation has yet been
conducted for this kind of materials. We first monitored the gela-
tion reactions of AAm, BAAm and the hydrophobic comonomer in
aqueous solutions by rheometry using oscillatory deformation
tests. The gelation reactions were carried out in the presence of
various amounts of the hydrophobic comonomer between 0 and
10 mol%. The complex shear modulus G* measured can be resolved
into its real and imaginary components, i.e.,

G* ¼ G0 þ iG00 (2)

where the elastic (or storage) modulus G0 is a measure of the
reversibly stored deformation energy, and the viscous (or loss)
modulus G00 represents a measure of the irreversibly dissipated
energy during one cycle. As will be seen below, after passing
a critical length and concentration of the hydrophobic side group,
the loss factor tan d¼G00/G0 was found to be much larger for the
hydrophobically modified hydrogels in comparison with conven-
tional polyacrylamide (PAAm) hydrogels. The increase in tan
d depending on the size and the amount of the hydrophobe in
PAAm hydrogels is well correlated with the degree of toughness, as
determined by the tensile mechanical measurements.

2. Experimental section

2.1. Materials

Acrylamide (AAm, Merck), N, N0-methylenebis(acrylamide)
(BAAm, Merck), sodium dodecylsulfate (SDS, Sigma), ammonium
persulfate (APS, Fluka), and N,N,N0,N0-tetramethylethylenediamine
(TEMED, Fluka) were used as received. Stock solutions of APS and
TEMED were prepared by dissolving 0.080 g APS and 0.25 mLTEMED
each in 10 mL of distilled water. Stock solution of BAAmwas prepared
by dissolving 0.123 g of BAAm in 10 mL of distilled water. The
hydrophobic monomers N-butylacrylamide, N-hexylacrylamide,
N,N-dihexylacrylamide, and N-octylacrylamide were prepared by
the reaction of the corresponding N-alkyl- or N,N-dialkylamines with
acryloyl chloride in methylene chloride in the presence of triethyl-
amine as a catalyst, as described in the literature [22–24]. The purity
of the monomers was checked by elemental analysis. In the
following, the hydrophobic monomer (HM) used in the gel prepa-
ration was denoted by HM-x, where x denotes the alkyl chain
length of the hydrophobic side group. Thus, the values of x varied
were 4, 6, 8, and 6/6, where 6/6 denotes N,N-dihexyl group.

2.2. Polymerization

The hydrogels were prepared by free-radical micellar cross-
linking copolymerization of AAm, HM-x, and BAAm in aqueous SDS
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solutions at 25 �C. The concentration of SDS in the reaction solution
was 7 w/v%, which is much above its critical micelle concentration
(0.25 w/v%) [25]. The initial concentration of the total monomer
(AAmþHM-x) was set to 5 w/v% throughout the experiments
while the HM-x content in the comonomer mixture was varied
between 0 and 10 mol%. The crosslinker ratio X, that is the molar
ratio of BAAm to the total monomer was also fixed at 1/80.
APS (3.5 mM) and TEMED (0.25 mL/100 mL reaction solution) were
used as the redox initiator system. To illustrate the synthetic
procedure, we give details for the preparation of hydrogels with
10 mol% HM-8:

N-octylacrylamide (0.113 g) was added to the solution of SDS
(0.7 g) in 7.05 mL of water and stirred for 30 min to obtain
a transparent solution. After addition of AAm (0.388 g) and stock
solutions of BAAm (0.95 mL) and TEMED (1 mL), the solution was
purged with nitrogen gas for 10 min. Then, stock solution of APS
(1 mL) was added to initiate the reactions. For the rheological
experiments, portion of this solution was transferred between the
parallel plates of the rheometer. For the swelling and mechanical
measurements, the solution was transferred into several plastic
syringes of 4 and 10 mm internal diameters and the polymerization
was conducted for one day at 25 �C.

It should be noted that, due to the crosslinked structure, the
hydrophobe content of the network chains cannot be determined
directly. However, previous work shows that, in case of linear
micellar copolymerization, hydrophobe content in the comonomer
feed equals to that in the copolymer [26]. Further, incorporation of
the hydrophobic comonomers into the network structure was
checked by conducting gel fraction measurements as well as by the
swelling tests in water at 21 �C. After polymerization in syringes,
hydrogel samples were immersed in a large excess of water for
three months to extract any soluble polymers, unreacted mono-
mers and the initiator. Since the extraction time used was
extremely long and the swelling ratio of gel samples after this time
attained a limiting value (Fig. 2), we assume that SDS is completely
extracted from the gel samples. In order to dry the equilibrium
swollen gel samples, they were first immersed in methanol over
night and then dried under vacuum. The conversion of monomers
to the crosslinked polymer (mass of crosslinked polymer/initial
mass of the monomer) was found to be complete in all the exper-
iments. For the swelling tests, gel samples of initial mass mo just
after preparation were immersed into an excess of water and water
was replaced every week. The masses m of the gel samples were
monitored as a function of swelling time by weighing the samples.
Fig. 2. Swelling ratio m/mo of PAAm hydrogels with various amounts of HM-6 shown
as a function of the swelling time. Swelling temperature¼ 21 �C. HM-6 mol% in the
comonomer feed is indicated.
Fig. 2 shows typical swelling ratio m/mo vs swelling time curves
of hydrogels prepared with various amounts of HM-6 in the
comonomer feed. It is seen that the gels after preparation first swell
in water to attain a maximum value. This initial swelling period is
due to the osmotic pressure of the counterions of SDS, convering
the gels into polyelectrolyte gels. However, as the swelling time is
increased, that is, as SDS moves from the gel to the solution phase,
the swelling ratio decreases again until attaining an equilibrium
value at long times. Equilibrium swelling ratio measurements
showed that increasing amount of HM-x in the comonomer feed
from 0 to 10 mol% decreases the equilibrium swelling ratio of the
resulting hydrogels in water. This also indicates that the HM-x mol%
of the comonomer feed is proportional to the HM-x content of the
network chains.

2.3. Rheological experiments

Gelation reactions were carried out between the parallel plates
of the rheometer (Gemini 150 Rheometer system, Bohlin Instru-
ments) equipped with a Peltier device for temperature control. The
upper plate (diameter 40 mm) was set at a distance of 500 mm
before the onset of the reactions, i.e., during the induction period.
During all rheological measurements, a solvent trap was used to
minimize the evaporation. A frequency of u¼ 1 Hz and a deforma-
tion amplitude go¼ 0.01 were selected to ensure that the oscilla-
tory deformation is within the linear regime. The reactions were
monitored in the rheometer at 25 �C up to a reaction time of about
2 h to avoid the effect of the solvent evaporation. After 2 h,
frequency-sweep tests at go¼ 0.01 were carried out at 25 �C over
the frequency range 10�2 to 101 Hz both in up and down directions.

2.4. Tensile mechanical tests

Tensile mechanical measurements were performed on cylin-
drical hydrogel samples just after preparation of the same size
(4 mm diameter� 50 mm length) using a Zwick Roell, 500 N test
machine at 25 �C under the following conditions: Crosshead
speed¼ 50 mm/min, sample length between jaws¼ 20 mm.
The tensile strength (from the initial crosssection of 12.57 mm2)
and percentage elongation at break were recorded. For reproduc-
ibility, at least six samples were measured for each gel and the
results were averaged. Standard deviations in the average values of
the tensile strength and the elongation ratio at break for each gel
were less than 15%.

3. Results and discussion

We discuss the results of our experiments in 2 subsections.
In the first subsection, characteristic features of the gelation reac-
tions and the rheological behavior of the hydrophobically modified
hydrogels are discussed. In the second subsection, the results of the
tensile mechanical measurements are discussed and experimental
observations are interpreted.

3.1. Formation conditions of tough hydrogels

By all the free-radical crosslinking micellar copolymerizations,
a certain induction period was observed, i.e., an initial reaction
period during which the moduli are below the detection level. The
duration of the induction period was found to vary between 30 and
60 min, much longer than that observed in usual crosslinking
copolymerizations [27–29]. However, repeated measurements
showed that the results are unaffected from these variations. In the
following, the reaction time t is defined as the total time elapsed
minus the time needed for the induction period. Fig. 3 shows
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Fig. 3. Elastic modulus G0 during the free-radical crosslinking micellar copolymeriza-
tion of AAm, BAAm, and HM-6 shown as a function of the reaction time t.
HM-6¼ 10 mol%. X¼ 1/80. SDS¼ 7 w/v%. The curve was calculated using Eq. (3).
u¼ 1 Hz. go¼ 0.01.

S. Abdurrahmanoglu et al. / Polymer 50 (2009) 5449–54555452
a typical elastic modulus G0 vs reaction time t plot during the free-
radical crosslinking micellar copolymerization of AAm and BAAm
in the presence of 10 mol% HM-6. G0 increases rapidly with
increasing reaction time and then approaches a plateau value after
about 90 min. To estimate the final elastic modulus G0N of the
hydrogel, the experimental time-dependent modulus data were
fitted to the equation

G0ðtÞ ¼ G0N
tn

tn þ qn (3)

where q is the half-gelation time for which G0(q)¼ 0.5G0N, and the
exponent n relates to the asymptotic slope at the half-gelation time
by (n/2)(G0(q)/q) (Fig. 3) [27–31]. The fitting result using Eq. (3) is
also shown in the figure by the solid curve, which yields
G0N¼ 1.57 kPa, q¼ 19 min, and n¼ 2.04. Similar plots were also
obtained for other HM-x comonomers with amounts between
0 and 10 mol% (Fig. S1). In Fig. 4, the final elastic modulus G0N, the
half-gelation time q, and the exponent n extracted from the fits are
shown as a function of the alkyl chain length x of HM-x. Each data
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Fig. 4. The final modulus of the hydrogels G0N (A), the half-gelation time q (B), and the coef
chain length x of HM-x. Open symbols represent data obtained using HM-6/6. X¼ 1/80. SD
point in Fig. 4 is the average of the values obtained between 0 and
10% HM-x. General trend is that G0N is a slightly increasing function
of the amount of HM-x or, of the alkyl chain length x of the
hydrophobe. The increase in G0N with HM-x mol% becomes
significant for alkyl chain length x> 6. As will be seen later, this
increase is due to the simultaneous increase of the viscous modulus
of hydrogels. Further, q¼ 28� 7 min and n¼ 2.2� 0.3 for all
hydrogels, indicating that dG0ðtÞ=dt y G0ðtÞ=t up to t¼ q, i.e., the
crosslinking occurs randomly up to the half-gelation time. Thus, the
gelation kinetics and the elastic properties of hydrogels are not
much affected by the presence of HM-x in the comonomer mixture.

However, the viscous modulus G00 of hydrogels is strongly
affected by the comonomer composition. Fig. 5A shows the loss
factor tan d plotted as a function of the reaction time t during the
crosslinking micellar copolymerization of AAm, BAAm, and HM-6.
tan d decreases with time and approaches a limiting value at longer
times. The quantity tan d represents the ratio of dissipated energy
to stored energy during one deformation cycle. For the reaction
system without HM-6, the limiting value of tan d is less than 0.01,
indicating formation of a strong gel with negligible viscous prop-
erties. With the addition of HM-6 in the comonomer feed, the
limiting tan d increases and this increase is significant between 1
and 5 mol% HM-6; at 10 mol%, tan d becomes larger than 0.1, which
is a typical feature of a so-called weak gel [32,33]. Similar tan d vs
time plots were also obtained for other hydrophobic comonomers
(Fig. S1).

In Fig. 5B, the limiting values of the loss factor tan d of all
hydrogels are shown as a function of HM-x content in the feed.
Hydrophobic comonomer with an alkyl chain length of x¼ 4 does
not induce an increase in tan d over the whole range of the
hydrophobe contents. On the contrary, the comonomers with x> 4
result in an increase in tan d beyond a critical concentration of the
hydrophobe. This critical concentration decreases and tan d reaches
to larger values as x is increased. The marked increase in tan d with
HM-x % or with x is due to the increasing number of carbon atoms
in associations creating stronger hydrophobic interactions [10].
Further, since the association energy is about x times of the thermal
energy kT [10,12,13], the results suggest that a critical length of x¼ 6
is required to detect the associations within the experimental time
scales. As a result, the viscous properties of hydrogels are raised
strongly while their elastic properties remain almost unchanged by
incorporation of HM-6, HM-8, or HM-6/6 units into the network
chains. Fig. 5B also shows that, as compared to the monohexyl
groups, the use of dihexyl groups leads to increased associativity in
the gel network due to the higher density of the hydrophobic
domains, which is in accord with the viscosity results of the dilute
solutions of the corresponding copolymers [26].
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Fig. 5. (A): The loss factor tan d shown as a function of the reaction time t during the free-radical crosslinking micellar copolymerization of AAm, BAAm, and HM-6. u¼ 1 Hz.
go¼ 0.01. X¼ 1/80. SDS¼ 7 w/v%. HM-6 mol% indicated. (B): tan d shown as a function of HM-x mol% in the comonomer feed. x¼ 4 (C), 6 (B), 8 (;), and 6/6 (6). X¼ 1/80.
SDS¼ 7 w/v%. The solid curves are guide to the eye.
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To correlate the experimental observations with the two char-
acteristic numbers of hydrophobically modified hydrogels, namely
with the values of NH and S given by Eqs. (1a) and (1b), respectively,
the aggregation number of SDS was assumed to be 62 [25]. Solution
of Eq. (1b) also requires the effective chain length N of the network
chains. Assuming that G0 at u¼ 1 Hz equals to the equilibrium shear
modulus G, one may estimate the effective length N of the network
chains. For a phantom tetrafunctional network, G at the state of gel
preparation is given by

G ¼ 0:5
�

r

Mc

�
RT n0

2 (4a)

N ¼ Mc=Mr (4b)

where r is the polymer density Mc is the molecular weight of the
network chains, Mr is the average molecular weight of the repeat
units, n0

2 is the volume fraction of crosslinked polymer in the gel, R
and T are in their usual meanings [34,35]. Since r n0

2 equals to 50
kg/m3, from the elastic moduli of hydrogels together with Eqs. (1b),
(4a), and (4b), the number S of hydrophobic blocks per network
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chain was calculated. The results show that as HM-x mol% is
increased from 0 to 10, the number NH of the hydrophobes per
hydrophobic block increases up to 17 while the number S of blocks
between two elastically active junctions remains between 3 and 4.
Thus, the length of the hydrophobic blocks together with the alkyl
chain length of the hydrophobes can be used to tune the loss factor
of PAAm hydrogels over two orders of magnitude.

After a reaction time of 2 h, frequency-sweep tests at go¼ 0.01
were carried out over the frequency range 0.01–40 Hz. Fig. 6A
shows frequency-dependence of G0 (filled symbols) and G00 (open
symbols) for the hydrogels with 0–10% HM-6. The hydrogel without
any hydrophobe shows a solid-like response, i.e., G0 shows a plateau
over the whole frequency range while G00 remains on a low level
about 2 orders of magnitude smaller than G0. This situation changes
drastically for the hydrophobically modified hydrogels; G00

increases significantly with the frequency and this increase starts at
lower frequencies as the amount of HM-6 is increased, indicating
decreasing disengagement rate of the hydrophobes from associa-
tions leading to longer relaxation times. Moreover, at high-
frequency range, the elastic modulus G0 also increases with
frequency because the viscous modulus increases, so that the width
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of the plateau of G0 becomes shorter as the HM-6 content is
increased. At x¼ 8, the plateau of G0 disappears for hydrophobe
contents above 5 mol% (Fig. S2). Fig. 6B compares the mechanical
spectra of all hydrophobically modified hydrogels containing
5 mol% HM-x. For x> 4, increasing alkyl chain length x of the
hydrophobe significantly increases the viscous modulus, which is
also reflected in the increase of elastic modulus G0 and its
frequency-dependence. At x¼ 6/6, G00 vs u plot shows a shallow
maximum at about 1 Hz followed by a final slow decrease at the
highest frequencies.
3.2. Mechanical properties of hydrogels

The hydrogels at various levels of HM-x were subjected to
tensile mechanical measurements just after their preparation. Pure
PAAm hydrogels or hydrogels modified with HM-4 were too weak
to carry out the measurements; they always broke before obtaining
precise mechanical data. On the contrary, it was observed that the
hydrogels containing larger hydrophobic side groups exhibited
very large extensibility before fracture. For example, at 5 mol% HM-
x, although the hydrogels with x¼ 6 were still too fragile, those
with x> 6 withstand very large elongation ratios. The curves in
Fig. 7A and B represent tensile stress–strain data of hydrogels
containing 5 and 10 mol% HM-x with different alkyl chain length x,
respectively. Compared to HM-6, HM-6/6 produces a gel exhibiting
a high elongation ratio at break (214–265%) and ultimate tensile
strength (40–51 kPa). This is due to the increased associativity in
the gel network containing dihexyl groups (Fig. 6B) so that more
energy is dissipated under deformation at large strains. Further,
both the elongation ratio at break and the strength remarkable
increase as the alkyl chain length x is increased above 6; At x¼ 8,
150% elongation ratio at 30 kPa were measured before the fracture
of the hydrogel samples containing 5 mol% hydrophobes.
Increasing HM-x content from 5 to 10 mol% further improved the
tensile mechanical properties of all hydrophobically modified
hydrogels. Thus, the general trend is that increasing the size and the
amount of hydrophobic side chain improves the mechanical
performance of the hydrogels. Modification of PAAm hydrogels
with 10 mol% N-octylacrylamide (HM-8) produced hydrogels of
extremely high toughness (313% elongation ratio at 71 kPa). Fig. 7C
showing the pictures of a hydrogel sample with 10 mol% HM-8
indicates that the gel is able to withstand not only high level of
deformation, but also knotting, such as the nanocomposite hydro-
gels made by Laponite crosslinkers [6].
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The results thus show that both the length NH of the hydro-
phobic block and the alkyl chain length x are the main parameters
determining the toughness of PAAm hydrogels. To highlight the
effect of NH, experiments were conducted using hydrogels prepared
at a crosslinker ratio X¼ 1/80 with 20 mol% HM-6 in the como-
nomer feed. Two different surfactant concentrations were used
during the hydrogel preparation to obtain hydrophobic blocks of
length NH¼ 9 and 30. Fig. 8A and B show the mechanical spectra
and the stress–strain curves of these hydrogels, respectively. As
expected, the viscous modulus starts to increase at a lower
frequency while the elastic modulus remains almost unchanged by
increasing NH from 9 to 30 (Fig. 8A). Simultaneously, an increase in
the elongation ratio at break from 125 to 250% was observed,
demonstrating the important role of the number NH of hydro-
phobes per block in the toughening of PAAm hydrogels (Fig. 8B).

Recently, it was shown that hydrophobic modification of poly-
electrolyte hydrogels mentioned in the introduction section only
leads to a moderate toughening in the gels [36]. This finding is
reasonable because the polyelectrolyte hydrogels contain randomly
distributed single hydrophobic units ðNHy1Þ instead of blocks of
hydrophobes. We should also note that, for comparison purposes,
the stress–strain tests were also conducted using nanocomposite
hydrogels prepared by in situ polymerization of N,N-dimethyla-
crylamide and N-isopropylacrylamide monomers in aqueous
Laponite dispersions [6,37]. The initial concentration of the
monomers was the same (5 w/v%) as that used in the preparation of
the hydrophobically modified hydrogels. The stress–strain curves
of these hydrogels containing 6 w/v% Laponite showed that their
elongation ratios at break were between 600 and 700%, i.e., much
larger than the present hydrogels. The action of Laponite as
a multifunctional crosslinker as well as the absence of a chemical
crosslinker in nanocomposite hydrogels seem to be responsible for
their better mechanical properties compared to those of the
hydrophobically modified PAAm hydrogels.

We should note that all the mechanical spectra of hydrogels
were taken from their after-preparation states so that they contain
surfactant (SDS) molecules at concentrations much above CMC.
Since the presence of SDS reduces the contacts of the hydrophobes
with water and consequently lowers the energy of the system, the
lifetime of hydrophobes in associations is expected to be longer
than that in systems containing no SDS. Moreover, a major problem
of micellar polymerization technique is the compositional hetero-
geneity observed for copolymers with monosubstituted acrylamide
hydrophobes, which increases strongly with increasing number NH

of hydrophobes per micelle [26]. Therefore the values NH reported
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in this work are only illustrative and they actually represent the
number of hydrophobic comonomers per micelle during the initial
stage of the gelation reactions.

4. Conclusions

Polymer hydrogels that are highly swollen in water are known
to be very brittle, which limits their application areas. In this work,
we demonstrated that PAAm hydrogels possessing a very large
extensibility at break can be prepared via micellar crosslinking
copolymerization of acrylamide monomer and N,N0-methyl-
enebis(acrylamide) crosslinker in the presence of a hydrophobic
comonomer. Hydrophobic side groups of an alkyl chain length x> 4
result in an increase in the loss factor tan d of hydrogels after
passing a critical amount of the hydrophobe. The number NH of the
hydrophobes per hydrophobic block together with the alkyl chain
length x of the hydrophobic side group were used to tune the loss
factor of PAAm hydrogels over two orders of magnitude. Tensile
mechanical measurements show that increasing NH or x also
increases the degree of toughness of PAAm hydrogels. At an alkyl
chain length x¼ 6, increasing NH from 9 to 30 increased the elon-
gation ratio at break from 125 to 250%. Hydrogels exhibiting a high
toughness, i.e., about 300% elongation ratio at break were obtained
by modification of PAAm backbone with 10 mol% N-octylacryla-
mide. Comparison of the results of the rheological and mechanical
tests thus show that temporary associations of hydrophobic blocks
within the hydrogel network lead to the formation of tough
hydrogels withstanding high levels of deformations. Since the
lifetime of the associations can be tuned by varying the size and the
concentration of the hydrophobic comonomers, the required
degree of toughness in hydrogels could be achieved by adjusting
the composition of the gelation system.
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