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ABSTRACT: Large hydrophobic monomers stearyl methacrylate (C18)
and dococyl acrylate (C22) could be copolymerized with the hydrophilic
monomer acrylamide in a micellar solution of sodium dodecyl sulfate
(SDS). This was achieved by the addition of salt (NaCl) into the reaction
solution. Salt leads to micellar growth and, hence, solubilization of the
hydrophobes within the SDS micelles. The hydrogels thus obtained
without a chemical cross-linker exhibit unique properties due to the strong
hydrophobic interactions. They can only be dissolved in SDS solutions
demonstrating the physical nature of cross-links. Results of dynamic light
scattering, rheological and mechanical measurements show that the
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hydrophobic associations between the blocks of C18 or C22 units prevent water solubility and flow, while the dynamic nature
of the junction zones provides homogeneity and self-healing properties together with a high degree of toughness. When fractured,
the hydrogels formed using C18 associations can be repaired by bringing together fractured surfaces to self-heal at room
temperature, after which, they again exhibit the original extensibility of about 3600%. The existence of free, nonassociated blocks in

C18 hydrogels is accounted for their high self-healing efficiencies.

B INTRODUCTION

Self-healing is one of the most remarkable properties of
biological materials such as skin, bones, and wood. 2 The special
ability of natural materials to heal cracks often involves an energy
dissipation mechanism due to the so-called sacrificial bonds that
break and reform dynamically before the fracture of the molec-
ular backbone.? Although synthetic hydrogels are very similar to
biological tissues, they are normally very brittle and lack the
ability to self-heal, which hinders their use in any stress-bearing
applications. Numerous studies have been conducted in recent
years to improve the mechanical performance of hydrogels
formed by free-radical cross-linking copolymerization.*” '

The poor mechanical performance of chemically cross-linked
hydrogels mainly originates from their very low resistance to crack
propagation due to the lack of an efficient energy dissipation
mechanism in the gel network.'"'” To obtain a gel with a high
degree of toughness, one has to increase the overall viscoelastic
dissipation by creating a polymer network where cross-linking occurs
via reversible breakable cross-links with finite lifetimes, instead of
permanent cross-links."> Design of self-healing materials capable of
recovering their original mechanical performance after fracture also
requires intermolecular noncovalent interactions.'"”"*"” Tt was
shown that a rubber-like material formed via hydrogen bonds self-
heals due to the hydrogen bond-forming groups located in excess at
the fractured surfaces so that healing can be induced by pressing these
surfaces together."*
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Hydrophobic interactions play a dominant role in the forma-
tion of large biological systems. These interactions can be generated
in synthetic hydrogels by incorporation of hydrophobic sequences
within the hydrophilic polymer network chains.'® Recently, we have
shown that hydrogels formed by hydrophobic associations exhibit a
high degree of toughness due to the mobility of the junction zones
within the gel network, which contributes to the dissipation of the
crack energy along the hydrogel sample.'> Hydrophobically mod-
ified hydrogels were prepared by copolymerization of the hydro-
philic monomer acrylamide (AAm) in the presence of a small
amount of a hydrophobic comonomer via micellar polymerization
technique. In this technique, a water insoluble hydrophobic como-
nomer solubilized within the micelles is copolymerized with a
hydrophilic monomer in aqueous solutions by free-radical addition
polymerization.'”>® Because of high local concentration of the
hydrophobe within the micelles, the hydrophobic monomers are
distributed as random blocks along the hydrophilic polymer back-
bone. It was shown that n-alkylacrylamides or n-alkyl methacrylates
with an alkyl chains length between 4 and 12 carbon atoms can easily
be copolymerized with AAm to obtain tough hydrogels."**” How-
ever, larger hydrophobes such as stearyl methacrylate (C18) or
dococyl acrylate (C22) cannot be copolymerized with AAm simply
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in a micellar solution of sodium dodecyl sulfate (SDS). This is due to
the very low water solubility of these monomers (e.g, 10~ ° mL/mL
for C18”®), which restricts the monomer transport through the
continuous aqueous phase into the micelles.””** Incorporation of
blocks of large hydrophobes into the polyacrylamide backbone
would produce strong and long-lived hydrophobic associations
making self-healing efficient.

It has been known for a long time that the addition of
electrolyte into aqueous ionic surfactant solutions weakens
electrostatic interaction and causes the micelles to grow.”"*>
The micellar structure changes from sphere to rod and then, to
large cylindrical aggregates or flexible worm-like micelles.”* The
worm-like micelles are similar to polymers in that they are quite
flexible, while they differ from classical polymers in that they are
constantly breaking and forming.>® The sphere-to-rod growth in
the SDS micelles occurs by the addition of inorganic or organic
salts.** % Spherical SDS micelles of radius 2.5 nm grow sig-
nificantly bigger at NaCl concentrations above 0.45 M.** For
example, the micelle aggregation number increases from about
801in 0.15 M NaCl to about 1000 in 0.60 M NaCl at 25 °C.** It s
also known that solutions of rodlike micelles can solubilize rather
large amouts of hydrocarbons, whereupon they transform into
large spherical micelles for thermodynamic feasibility.*' ~**

Here, we show, for the first time to our knowledge, that
acrylamide can be copolymerized with large hydrophobes such as
C18 or C22 in a micellar system provided that an electrolyte,
such as NaCl, has been added in sufficient amount. As will be
seen below, the hydrogels thus obtained without a chemical
cross-linker exhibit unique properties. Strong hydrophobic asso-
ciations between the blocks of C18 or C22 prevent dissolution in
water and flow, while the dynamic nature of the junction zones
between the network chains provides self-healing properties
together with a high degree of toughness.

B EXPERIMENTAL PART

Materials. Acrylamide (AAm, Merck), N,N'-methylenebis(acrylamide)
(BAAm, Merck), sodium dodecyl sulfate (SDS, Sigma), ammonium
persulfate (APS, Merck), N,N,N',N'-tetramethylethylenediamine (TEMED,
Merck), and NaCl (Merck) were used as received. Commercially available
stearyl methacrylate (C18, Fluka) used in the present work as one of the
hydrophobic monomers consists of 65% n-octadecyl methacrylate and 35%
n-hexadecyl methacrylate. The other hydrophobic comonomer dococyl
acrylate (C22) was prepared by the reaction of the 1-docosanol with acryloyl
chloride in THF in the presence of triethylamine as a catalyst, as described in
the literature.* The purity of each batch of C22 was checked by NMR, FTIR,
and elemental analysis. An APS stock solution was prepared by dissolving 0.8
g of APS in 10 mL of distilled water.

Hydrogel Preparation. Micellar copolymerization of AAm with
C18 or with C22 was conducted at 25 °C in the presence of an APS
(3.5 mM)—TEMED (0.25 v/v %) redox initiator system. Following
parameters were fixed:

o Total monomer (acrylamide + C18 or C22) concentration: S w/v %

e Hydrophobe content of the monomer mixture: 2 mol %

e SDS concentration: 7 w/v %

To illustrate the synthetic procedure, we give details for the prepara-
tion of hydrogels in 0.8 M NaCl solution: SDS (0.7 g) was dissolved in
9.9 mL of 0.8 M NaCl at 35 °C to obtain a transparent solution. Then,
C18 (0.0430 g) was dissolved in this SDS—NaCl solution under stirring
for 2 h at 35 °C. After addition and dissolving acrylamide (0.457 g) for
30 min, TEMED (25 uL) was added into the solution. Finally, 0.1 mL of
APS stock solution was added to initiate the reaction. For the rheological
experiments, a portion of this solution was transferred between the

plates of the rheometer. For the determination of the gel fraction and for
the mechanical measurements, the remaining part of the solution was
transferred into several plastic syringes of 4 mm internal diameters and
the polymerization was conducted for 1 day at 25 °C. For the dynamic
light scattering measurements, the solution was filtered through Nylon
membrane filters with a pore size of 0.2 ym into light scattering vials.

Quantification of the Solubilization of C18 in the Reaction
Solution. The amount of C18 solubilized in the micelles of the reaction
solution was estimated by static light scattering measurements per-
formed on gels made without filtration of the solution, in comparison to
those obtained after filtration. For this purpose, we used a multiangle
light scattering DAWN EOS (Wyatt Technologies Corporation)
equipped with a vertically polarized 30 mW gallium—arsenide laser
operating at A = 690 nm. Prior to the addition of the initiator APS, each
reaction solution was divided in two portions. One part was filtered
through a membrane filter with a pore size of 0.45 um while the other
part was not filtered. After 1 day of reaction time, the scattering
intensities were measured at a scattering angle of 90°. It was presumed
that undissolved/unsolubilized C18 causes strong scattering, while
filtration removes this undissolved material and the scattering intensity
is reduced correspondingly. The solubilization extent of C18 (s %) was
calculated as: § % = 10* (1 — AR,/AR, ), where AR, and AR, ¢ are the
differences of the scattered intensities between unfiltered and filtered
solutions at a given salt concentration Cy,; and at Cyy = 0, respectively.
s % was also determined by measuring the transmittance of SDS—NaCl
solutions containing various amounts of C18 on a T80 UV—visible
spectrophotometer. The transmittance at 500 nm was plotted as a
function of the added amount of C18 in the SDS—NaCl solution and,
the solubilization extent of C18 was determined by the curve break.

Rheological Experiments. Gelation reactions were carried out
within the rheometer (Gemini 150 Rheometer system, Bohlin In-
struments) equipped with a cone-and-plate geometry with a cone angle
of 4° and diameter of 40 mm. The instrument was equipped with a
Peltier device for temperature control. During all rheological measure-
ments, a solvent trap was used to minimize the evaporation. A frequency
of 1 Hz (corresponding to an angular frequency @ = 6.3 rad/s) and a
deformation amplitude y, = 0.01 were selected to ensure that the
oscillatory deformation is within the linear regime. The reactions were
monitored in the rheometer at 25 °C up to a reaction time of about 3 h.
After 3 h, frequency-sweep tests at /, = 0.01 were carried out at 25 °C
over the frequency range 0.01 to 40 Hz (0.063—250 rad/s). The gels
formed within the rheometer were also subjected to stress-relaxation
experiments at 25 °C. A constant shear deformation 7y, was applied to
the gel samples in a stepwise manner and the resulting stress o (¢, ¥,,)
was monitored as a function of time. Such experiments were conducted
with increasing strains ), ranging from 0.01 to 100. For each gel, stress-
relaxation experiments at various 7y, were conducted starting from a
value of the relaxation modulus deviating less than 10% from the
modulus measured at y,, = 0.01.

Dynamic Light Scattering (DLS) Measurements. DLS mea-
surements on SDS—NaCl solutions with and without the monomers
C18 and AAm were performed in the instrument Zetasizer Nano S from
Malvern. The instrument contains a 4 mW He—Ne laser operating at a
wavelength 4 of 633 nm with a fixed detector angle of 173° and
incorporates noninvasive backscatter optics. The measurements were
performed at both 35 and 25 °C, which are the solubilization tempera-
ture of C18 in SDS—NaCl solution and the reaction temperature,
respectively. The data were analyzed by the cumulant method using
Malvern application software, and the hydrodynamic correlation lengths
£ were obtained from the first cumulant.

DLS measurements on hydrogels were performed at 25 °C after a
reaction time of 24 h using ALV/CGS-3 compact goniometer (ALV,
Langen, Germany) equipped with a cuvette rotation/translation unit
(CRTU) and a He—Ne laser (22 mW, A = 632.8 nm). The scattering
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Figure 1. (A) Hydrodynamic correlation length &;; of SDS solutions at 35 °C (@), and the solubilization extent of C18, s % (O) shown as a function of
C.a- (B) Images of the reaction solutions in inverted glass vials after 1 day of the reaction time. C,,; (in M) as indicated.

angle 0 was fixed to be 90° which corresponds to the scattering vector g =
1.87 x 10" m ™", where q = (47n/A) sin (6/2), n the refractive index of the
solvent. A fiber optical detection unit based on three-mode detection was
used, which includes an appropriate collimator/GRIN-lens fiber and the
ALV/STATIC and DYNAMIC enhancer. To protect the detector, the
intensity of the incident light is automatically attenuated at each measure-
ment by an eight-step automatic software-controlled attenuator and
measured with a monitor diode. Thus, the intensity of incident light can
be different within a series of measurements. When discussing scattering
intensities, we therefore use data that were rescaled to a preset value of the
monitor diode assuming a linear count rate dependence. Toluene was used
as the index matching liquid. The temperature was controlled with an
external thermostat. The time averaged intensity correlation functions were
acquired at 100 different sample positions selected by randomly moving the
CRTU before each run. The acquisition time for each run was 30 s.

DLS provides the time average intensity correlation function
gT(Z)(q, 7), defined as*

(I(g,0)I(q,7))r

@) _ \DE)\D )T
gr'(g7) (g, 0)>T2 (1)

whose short-time limit can be related to an apparent diffusion coeffi-
cient, Dy, via:*o47

1 d(in(gr®(g7) — 1))

Dy = —2—612 rhino dr (2)
where 7 is the decay time, and {...) denotes time average. For a nonergodic
medium like polymer gels, D, and likewise, the time-averaged scattering
intensity (I(q))r varies randomly with sample position. (I(q))r has two
contributions, one from static inhomogeneities (frozen structure) and the
other from dynamic fluctuations according to the following equation:**~**

{I(q))r = Ic(q) + Le(q)r (3)

Here I(q) and (Ix(q))r are the scattered intensities due to the frozen
structure and liquidlike concentration fluctuations, respectively. To separate
(I(g))rinto its two parts, we follow the method proposed by Joosten et al*
Treating the system by the partial heterodyne approach, one obtains

I(q))r _ 2I(q))r o (Ir(q))r

Dy D D

(4)

The cooperative diffusion coeflicient D and the fluctuating compo-
nent of the scattering intensity (Ir(q))r of the present hydrogels were
obtained by plotting (I(q))7/ Da vs {I(q))r data recorded at 100
different sample positions (Figure S1, Supporting information). The
dynamic correlation length & was evaluated by & = kT /(67117D), where 17
is the viscosity of the medium (0.89 mPa-s) and kT is the Boltzmann
energy.

Gel Fractions and Swelling Measurements. After polymeri-
zation in syringes, hydrogel samples were immersed in a large excess of
water at 24 °C for at least 30 days by replacing water every second or
third day to extract any soluble species. SDS concentration in the
external solutions was estimated using the methylene blue method.*
The masses m of the gel samples were monitored as a function of
swelling time by weighing the samples. Relative weight swelling ratio m,,;
of gels was calculated as m,.; = m/my, where my is the initial mass of the
gel sample. Then, the equilibrium swollen gel samples were taken out of
water and immersed in liquid nitrogen for 5 min before they were freeze-
dried. The gel fraction W,, that is, the conversion of monomers to the
cross-linked polymer (mass of cross-linked polymer/initial mass of the
monomer) was calculated from the masses of dry, extracted polymer
network and from the comonomer feed. Swelling measurements in
aqueous NaCl or SDS solutions were also carried out as described above,
except that the mass of the hydrogel sample and the volume of external
solution were fixed at 1.0 g and 100 mL, respectively, and the solutions
were refreshed every day. The polymers dissolved in SDS solutions were
precipitated by adding the solutions into an excess of methanol and the
precipitate was dried under vacuum. FTIR spectra of the polymers were
recorded on a Perkin-Elmer FT-IR Spectrum One-B spectrometer.
Since the polymers could only be dissolved in rather concentrated
SDS solutions, a (highly desirable) molecular characterization with
regards to molecular weight, block length, etc. could not be achieved.

Uniaxial Compression Measurements. The measurements
were performed on equilibrium swollen hydrogels. All the mechanical
measurements were conducted in a thermostated room at 24 £ 0.5 °C.
The stress—strain isotherms were measured by using an apparatus
previously described by our group.50 The elastic modulus Gy, Was
determined from the slope of the linear dependence f = Goien (O —
o), where f is the force acting per unit cross-sectional area of the
undeformed gel specimen, and  is the deformation ratio (deformed
length/initial length).

Uniaxial Elongation Measurements. The measurements were
performed on cylindrical hydrogel samples in the state of preparation (4 mm
diameter x S0 mm length) and after equilibrium swelling in water using a
Zwick Roell, 10 N test machine at 25 °C under the following conditions:
crosshead speed = 50 mm/min, sample length between jaws = 20 mm. The
tensile strength (from the initial cross section of 12.57 mm?) and percentage
elongation at break were recorded. For reproducibility, at least six samples
were measured for each gel and the results were averaged.

B RESULTS AND DISCUSSION

In the following, we will mainly discuss the results obtained
using stearyl methacrylate C18 as the hydrophobic comonomer
of acrylamide (AAm). The micellar copolymerization of AAm

4999 dx.doi.org/10.1021/ma200579v [Macromolecules 2011, 44, 4997-5005



Macromolecules

<I>; | kHz A §lnm
8t o0M | 010 M | 0.20 M 10 : B
|
|
|
|
8 |
|
|
L\
6k
[
|
[
|
4|“I|I‘|‘I‘|‘|I|||wlw
0.0 0.2 0.4 0.6 0.8
CsaItIM

100 25 50 75

Sample position

Figure 2. (A) Variation of (I) with the sample position for reaction solutions at various C,,; indicated. The figure in the bottom right is for a chemical
PAAm hydrogel (X =1/125). (B) Dynamic correlation length & plotted against C,;. The dashed line indicates the minimum salt concentration required

for gel formation.

with 2 mol % C18 was carried out at various NaCl concentrations
C.ar- SDS concentration was fixed at 7 w/v %, which is much
above the overlap concentration of SDS micelles.”" The last
paragraph will then summarize the specific features of the gels
formed using dococyl acrylate C22 comonomer.

Solubilization of C18 in SDS Micelles. The major synthetic
challenge consists of creating suitable conditions so that ade-
quate amounts of large hydrophobes, such as C18 or C22 having
very poor water solubility, can be solubilized. It was found that
the addition of salt into micellar SDS solutions provides solubi-
lization of these hydrophobes and thus permits their copolym-
erization with AAm in aqueous media. Figure 1A demonstrates
the salt-induced solubilization of C18 in an aqueous SDS
solution (7 w/v %). The solubilization extent of C18 (s%) is
plotted against NaCl concentration, Cg,y, and also the hydro-
dynamic correlation length, &y, of these solutions is shown. As
Caart is increased, &y increases first slowly and then rapidly above
Csait = 0.3 M, clearly indicating that the micelles grow bigger. If
one assumes a prolate ellipsoidal shape for SDS micelles in
aqueous NaCl and equates the semiminor axis with the radius of
the minimum spherical micelle (2.5 nm),>**® one may estimate
the semimajor axis of the micelles using Perrin’s equations.”>*>
Such calculations show that, at C,,= 0.5 and 0.8 M, the major
axis between the entanglements becomes 8 and 34 nm, respec-
tively, with corresponding aggregation numbers 200 and 800, as
compared to 60 for the minimum spherical SDS micelle. Open
symbols in Figure 1A showing the solubilization extent of C18 in
the reaction solution reveal that the growth of SDS micelles with
rising salt concentration is accompanied by enhanced solubiliza-
tion of C18, and complete solubilization (0.48 w/v %) occurs at
0.3 M NaCl and above.

We have to mention that, after addition of C18 and AAm into
the micellar solution, the hydrodynamic correlation length &y
decreased again due to the oil-induced structural change of
wormlike micelles, as has been reported for several surfactant
systems (Figure S2, Supporting Information).* ~**** Even
visual inspection of the solutions provided evidence that the
solubilization of C18 reduces the viscosity of SDS—NaCl solu-
tions. This change likely occurs due to the accumulation of the

5000

monomers in the surfactant palisade layer and in the core of
micelles, which increases the curvature of the micelle making
rod—sphere transition in micellar shape favorable.

Formation of Physical Gels. After addition of the monomers
and the initiator into the micellar solution and, after the
copolymerization reactions, physical gels were obtained in the
range of C,;; between 0.15 and 3 M. Figure 1B shows the optical
images of the reaction solutions in inverted vials after 1 day of the
reaction time. No gel forms in the absence of NaCl and a turbid
polymer solution was obtained due to the insolubility of the
hydrophobic comonomer in SDS solution. The gel starts to form
above 0.1 M NaCl; simultaneously, the turbidity decreases as
Ciait is increased. Transparent gels were obtained in the range of
Csait between 0.3 and 0.8 M due to the complete solubilization of
C18 in the SDS micelles. At larger salt contents, although the
initial reaction solutions were transparent, opaque gels or solu-
tions (Cyqy = 3.0) were obtained after the polymerization
suggesting that a phase separation occurs during the course of
the reactions due to the aggregation of micelles.*’ In the
following, salt concentrations in the reaction solutions were
limited below 1 M NaCl to obtain transparent hydrogels.

Gel formation could be simply recognized by observing
speckles, i.e., random fluctuations in the intensity of scattered
light as a function of sampling position, when performing
dynamic light scattering measurements. Figure 2A shows the
variations of time-averaged scattering intensity (I)r with ran-
domly chosen sample position for gels formed by micellar
copolymerization at various C, (after 24 h of reaction time).
Note that the reaction solutions were filtered before the addition
of the initiator to eliminate the effect of undissolved C18 at low
salt contents. In comparison, the lower right panel shows the data
obtained for a polyacrylamide (PAAm) hydrogel prepared using
a chemical cross-linker (BAAm) at a cross-linker ratio X = 1/125
(molar ratio of BAAm to the monomer AAm). The chemical gel
was prepared at the same monomer concentration as the physical
gels made by micellar copolymerization, and it exhibits a
comparable modulus of elasticity, i.e., 1.1 kPa at 1 Hz. The solid
lines in the figures represent the ensemble-averaged scattering
intensity, (I);, obtained by averaging (I)r over all sample

dx.doi.org/10.1021/ma200579v |Macromolecules 2011, 44, 4997-5005
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positions. As expected, (I)7 = (I)g for C,,;; = 0 M due to the
formation of a PAAm solution which is an ergodic medium. By
increasing the salt concentration above 0.1 M, spatial fluctuations
in (I)7 appear, indicating that the system has become a none-
rgodic medium, a gel. This parallels closely the macroscopic
behavior as seen in Figure 1B, and it supports the notion that a
minimum salt concentration around 0.15 M is necessary to
solubilize enough C18 in order to achieve cross-linking of the
polymer chains via blocks of hydrophobic moieties.

The dashed lines in Figure 2A represent that part of the
scattering intensities (Ir) which is due to liquidlike concentration
fluctuations. (Ip)r monotonically increases with C,, and its
magnitude at high salt contents is larger than that in chemical
hydrogels of the same polymer concentration. This is attributed to
the fact that an appreciable portion of the thermal scattering
in these gels is due to the presence of large SDS micelles. Moreover,
the frozen component I of the scattered intensity, represented by
the height of the double arrows in Figure 2A, decreases with
increasing C,,y, from 0.2 to 0.5 M indicating an increasing degree of
homogeneity of the physical gels. Figure 2A also shows that the gels
formed by the associations of C18 blocks are more homogeneous
than the corresponding chemical PAAm hydrogel. Stated other-
wise, the inhomogeneity is suppressed due to the reversible nature
of the cross-linkages. This is in accord with previous reports
showing that the incorporation of mobile cross-link zones into a
gel network reduces the spatial gel inhomogeneity.>**°

The time average intensity correlation functions exhibit two
relaxation modes: a major fast one at several 10 us and a minor
slow one around 1 s (Figure S3, Supporting Information). We
calculated the dynamic correlation length & on the basis of the
fast mode. In Figure 2B, & is plotted against Cy. (& was
computed from D as obtained by eq 4 when there was an
appreciable speckle pattern, at Cy,; = 0.15 M, or just from the
arithmetic average of D, for ergodic solutions, at C, < 0.15 M.
The dashed line in the figure indicates the minimum salt
concentration required for gel formation.) & of the physical gels
is slightly increasing with rising C,,,. It is in the same range as that
of chemical gels.5 Since the elastic modulus and thus, the
effective cross-link density of the gels does not change much
over the whole range of C,,; (see below), the increase of £ is

probably related to the increasing size of the micelles or the
increasing size of intermolecular hydrophobic associations in the
gel network. We expect the slow mode to indicates the clusters
(hydrophobic associations, surfactant agglomerates) within the
network, on the spatial scale of 1/4.

The copolymerization reactions of AAm and C18 in micellar
solutions were also monitored by rheometry using oscillatory
deformation tests. Figure 3 shows the elastic modulus G’ (left)
and viscous modulus G’ (right) plotted against the reaction time
at various Cg,y. In the absence of NaCl, the dynamic modulus vs
time profile of the reaction system is similar to that of the micellar
polymerization of AAm alone. In the presence of NaCl, both
moduli increase rapidly and then approach plateau values after
1—2 h (for Cyy, > 0.1 M). The addition of just 0.1 M NaCl into
the reaction solution already leads to a marked increase of both
G’ and G”, demonstrating gel formation by incorporation of the
hydrophobic blocks into the PAAm chains and formation of
intermolecular associations.

Figure 4A shows the limiting values of G’ (filled circles), G’
(open circles), and the loss factor tan O (squares) after completion
of the reaction as a function of C,,. Both G’ and G” increase steeply
when C rises from 0 to 0.2 M, while, they do not change much
between Cg,; = 0.2 and 0.8 M, and hydrogels with G’ around 1 kPa
and a loss factor of 0.5 - 0.9 were obtained. Figure 4B shows the
frequency dependences of G (filled symbols) and G’ (open
symbols) for the gels formed at various salt contents. The data
are vertically shifted by one or several decades to avoid overlapping,
At Cyye = 0.10 M, the system shows a liquidlike response typical for a
semidilute polymer solution, i.e. G’ exceeds G’ at low frequencies
and there is a crossover between G’ and G” at 3.8 rad/s. The
crossover frequency shifts toward lower values as Cg; is increased
and at Cy; = 0.24 M, it shifts outside of the experimental window.
Between C; = 0.24 - 0.80 M, G’ is always slightly higher than G’ in
the whole frequency range with a plateau appearing in the G’ vs @
curve at high frequencies. At frequencies below 3 rad/s, both G' and
G" are congruent and show power-law behavior, G' o< ***0%
G o OO0 suggesting that the gels are close to the critical gel
state possessing self-similar fractal structure over a wide spatial scale.
According to Winter and Chambon, the frequency independence of
tan O provides a convenient method to determine the gel point and

5001 dx.doi.org/10.1021/ma200579v [Macromolecules 2011, 44, 4997-5005
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Figure 5. (A) Gel fraction W, shown as a function of Cy.. (B, C) Relative weight swelling ratio m,,; of C18 hydrogels prepared in 0.5 M NaCl in aqueous
solutions of NaCl (B) and SDS (C) shown as a function of the swelling time. NaCl and SDS concentrations in the external solutions are indicated.

the critical exponent.***” For the present hydrogels, the critical salt
concentration at which tan 0 at frequencies below 4 rad/s overlaps is
0.24 M NaCl yielding a critical exponent of 0.46, which is in good
agreement with the Kramers—Kronig relation for a gel network at
the sol—gel transition.”®

Swelling Behavior of Physical Gels and Their Solubiliza-
tion in SDS Solutions. The physical gels formed using hydro-
phobic associations were insoluble in water. Results of the gel
fraction W, measurements (mass of dry, extracted network/mass
of the monomers in the comonomer feed) shown in Figure SA
reveal that a NaCl concentration of 0.15 M is required for the
formation of insoluble gels. W, equals 0.86 =+ 0.04 over the range
of Cu between 0.15 and 1.2 M indicating that the hydrophobic
associations are so strong that they are not destroyed during the
expansion of the gel network in water.

The swelling kinetics of the physical gels in water is shown by the
filled symbols in Figure SB. Because of the osmotic pressure of SDS
counterions inside the gel network, the gel initially behaves like an
ionic gel and thus exhibits a large swelling ratio m,,.. However, as
SDS is progressively extracted from the gel network, the osmotic
effect disappears and the gel gradually converts into a nonionic gel
having a markedly reduced swelling ratio (1.3 & 0.3 for Cyy =
0.2—0.8 M). Indeed, SDS concentration in the external solutions
(before refreshing) rapidly dropped below the detection limit of
the methylene blue method (020 mg-L™"') after 10 d. This

5002

interpretation of the course of the swelling curves was confirmed
by conducting swelling tests in aqueous NaCl solutions (open
symbols in Figure SB). The addition of salt into the external solution
decreases the swelling ratios at short times because the osmotic
pressure difference between inside and outside of the gel is reduced.
As the NaCl concentration in the solution approaches to the
counterion concentration in the gel (0.74 M), the maximum of
the swelling curves entirely disappears.

Swelling of the gels in SDS solutions exhibits a strikingly
different behavior (Figure SC). In solutions below S w/v % SDS,
the preferential absorption of SDS by the polymer network
produces an excess counterion concentration inside the gel and
leads to increased gel swelling.éo’61 However, at higher SDS
content, it was found that all of the hydrogels dissolve within 3 to
S days. This observation indicates that an excess of SDS
solubilizes the hydrophobic blocks so that the physical cross-
links can dissociate. The physical nature of the cross-links in
these hydrogels is thus clearly substantiated. An interesting
property of the polymer isolated from the dissolved gel networks
is their insolubility in water, even at high temperatures, but their
solubility in SDS micellar solutions. Although the hydrophobic
part is only a small fraction of the polymer chains (2 mol %), this
swelling feature is in agreement with Frevious reports on hydro-
phobically modified polyacrylamides'® and indicates the blocky
structure of the network chains. FTIR spectra of the polymers

dx.doi.org/10.1021/ma200579v |Macromolecules 2011, 44, 4997-5005
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Figure 6. The relaxation modulus G(t) as a function of time t for various strains y, indicated. SDS = 7 w/v %. The gels were prepared in 0.5 M NaCl with

BAAm (Gel-A), with BAAm + C18 (Gel-B), and with only C18 (Gel-C).

Figure 7. Photographs before (A) and after stretching of a hydrogel sample formed in 0.5 M NaCl (B). (C) Photographs of two hydrogel samples
formed in 0.5 M NaCl. One of the gel samples is colored with methylene blue for clarity. After cutting into two pieces and pressing the fractured surfaces

together, they merge into a single piece.

show the characteristic bands at 2920 and 2852 cm ™' due to the
stretching of the methylene groups of C18 units (Figure $4,
Supporting Information).

Physical vs Chemical PAAm Gels. In order to compare the
rheological properties of hydrogels formed using C18 with
conventional, covalently cross-linked hydrogels, three types of
gels were prepared in 0.5 M NaCl solutions of SDS:

(i) Conventional PAAm gel with BAAm cross-linker at a

cross-linker ratio X = 1/80 (Gel-A),

(i) PAAm gel containing both the chemical cross-linker

BAAm at X = 1/80 and 2 mol % C18 (Gel-B), and

(iii) PAAm gel with only 2 mol % C18 (Gel-C).

The gels were subjected to stress relaxation measurements.
Figure 6 shows the relaxation modulus G(¢) at different strains ¥,
as a function of time t. The chemically cross-linked gel prepared
with BAAm cross-linker (Gel-A) exhibits a time independent
modulus and breaks at about 100% strain. However, with the
incorporation of hydrophobic blocks into the covalently cross-
linked network (Gel-B), the modulus increases markedly at short
times due to the hydrophobic associations acting as additional,
temporary cross-links. This additional contribution relaxes on a
time scale of seconds. (The data at very short times, t < 0.03 s,
should be taken with care due to the response time of the
rheometer.) Gel-B seems to be in the linear regime for y, < 1.
At higher strains, the short-time behavior (f < 0.1 s) remains

essentially unchanged, while there is a drastic and nonlinear relax-
ation occurring between 0.1 and a few seconds. This is probably
due to the partial breakdown of the permanent network. Interest-
ingly, the long-time modulus, which is decreasing with rising strain,
remains on a markedly higher level than that of gel A. If the gel
contains only physical cross-links (Gel-C), the modulus decreases
significantly with time indicating the temporary nature of the
hydrophobic associations having lifetimes of the order of seconds.
This behavior observed here at large strains up to 6, agrees fully
with the frequency dependence of the small-strain storage mod-
ulus (Figure 4B). Figure 6 thus reveals that the finite lifetime of
hydrophobic associations between C18 blocks leads to the forma-
tion of gels with a high degree of toughness.

The toughness of the physical gels was also tested by tensile
mechanical measurements. Hydrogels were mechanically stable
up to very large extension ratios. However, due to the weakness
of the gels, precise mechanical data could not be obtained even by
use of a load cell of 10 N. Therefore, cylindrical gel samples of
S mm in diameter and 6 cm in length were firmly stretched by
hand to record the elongation ratio at break. For gels formed in
0.5 M NaCl, an average elongation ratio at break of 3600 3= 630%
was recorded at 20 °C (Figure 7). Considering the fact that the
chemical PAAm hydrogels prepared under the same experimental
conditions break at a few ten percent elongation, the results
demonstrate the extraordinary mechanical behavior of the present
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Figure 8. Stress—strain curves of C18 hydrogels after preparation
(solid curve) and after equilibrium swelling in water (dashed curve).
C18 = 2 mol %. Initial monomer concentration = 9 w/v %.

gels. This is due to the reversible disengagements of the hydro-
phobic units from the associations, which dissipate the crack
energy along the sample and prevent the crack propagation.

The reversible dissociation—association of the cross-link
zones in the gel network also provides self-healing property to
the present hydrogels. As illustrated in Figure 7, when the
fracture surfaces of a ruptured gel sample are pressed together,
the two pieces merge into a single piece. The joint reformed
withstands very large extension ratios as the original gel sample
before its fracture. To quantify the extent of healing in the
physical gels, 14 cylindrical gel samples of S mm in diameter and
6 cm in length were subjected to elongation tests with hand.
Before the tests, 7 gel samples were cut in the middle and then the
two halfs were merge together into a single peace by pressing
slightly for a few seconds without changing the original shape and
diameter. The original and healed gel samples broke at elonga-
tion ratios of 3600 £ 630 and 3580 % 520%, respectively,
indicating a healing efficiency of about 100%. The self-healing
performance of the hydrogels formed using C18 is also illustrated
in the attached movie.

We should note that all the mechanical tests reported above
were conducted on hydrogel samples just after their preparation
so that they contain surfactant molecules and micelles. Although
extracted swollen hydrogels formed between C,; = 0.2 and
0.8 M exhibit an average modulus of elasticity (Gqyopen) of 1 £ 0.2
kPa, similar to the modulus of the unextracted samples, they are
fragile and do not exhibit the extraordinary mechanical perfor-
mance. This is attributed to the effect of SDS on the stability of
the physical cross-links. When SDS micelles are present, the
hydrophobic moieties of the network chains can be solubilized so
that the associations are weakened and become reversible, while
with no SDS present (after extraction), the associations are so
strong that the gel behaves mostly like being covalently cross-
linked. The mechanical properties, in particular the relaxation
behavior and the self-healing properties, can thus be controlled
by the amount of surfactant present in the system.

To verify this hypothesis, hydrogels were prepared under the
same experimental condition but at a higher monomer concentra-
tion (9 w/v %) so that mechanical tests using Zwick test machine
could be conducted. Figure 8 represents tensile stress—strain data
of the hydrogels after preparation (solid curve) and after equilib-
rium swelling in water (dashed curve). The tensile strength of the
gel, which was originally 12 & 1 kPa, increased to 78 &= 6 kPa after
equilibrium swelling in water (m,,; = 1.3). Simultaneously, the

elongation ratio at break decreased from 2200 £ 350% to 650 +
80%, indicating an increased stiffness of the physical gels after
extraction of SDS micelles. These results also explain the insolu-
bility of the present self-healing hydrogels in water.

Experiments were repeated by replacing C18 with a more
hydrophobic comonomer, namely with dococyl acrylate (C22)
having an alkyl chain length of 22 carbons. Dynamic moduli vs
reaction time profiles of the micellar copolymerization of AAm
and C22 were similar to those given in Figure 3 (Figure SS,
Supporting Information). The limiting values of the dynamic
moduli do not change much up to 0.10 M NaCl while they
increase rapidly at higher salt contents. The loss factor tan 0
decreases below unity at 0.3 M NaCl, as compared to 0.10 M
obtained using the hydrophobe C18, indicating that a larger
amount of salt is required for the formation of a viscoelastic gel.
The critical salt concentration C,,;, where the loss tangent is
frequency independent, shifts from 0.15 to 0.60 M by replacing
C18 with C22 monomer (Figure S6, Supporting Information).
Hydrogels with a gel fraction W, = 0.9S + 0.01 could be obtained
at or above C,,; = 0.60 M. The tensile tests conducted on the
hydrogel samples gave an elongation ratio at break of
1300—1700% at 1.2—2.7 kPa (Figure S7, Supporting In-
formation). We have to note that the gels formed using C22
exhibit increasing elasticity with increasing salt concentration
and, they do not show any self-healing ability. However, C18 gels
are in a state close to the critical gel state over a wide range of Cy.
This reveals that many free C18 blocks are present in C18
hydrogels that are not participated into hydrophobic associa-
tions. As a consequence, the free, nonassociated C18 blocks
locating near the fracture surface of the gel samples link each
other to self-heal the broken hydrogels.

Il CONCLUSION

Acrylamide could be copolymerized with large hydrophobes
such as C18 or C22 in a micellar system provided that an
electrolyte, such as NaCl, has been added in sufficient amount.
Increasing NaCl content in the reaction solution causes micellar
growth, solubilization of the hydrophobes within the micelles
and thus, incorporation of the hydrophobic comonomer in the
form of blocks within the PAAm chains. Hydrogels with gel
fractions around 0.9 were obtained at or above C,,;; = 0.15 and
0.60 M NaCl, for C18 and C22, respectively, indicating that the
hydrophobic associations are so strong that they are not
destroyed during the expansion of the gel network in water.
The gels exhibit unusual swelling kinetics in water and, they can
only be dissolved in SDS solutions demonstrating the physical
nature of cross-links. Hydrogels exhibit an elastic modulus G at
1 Hz of around 1 kPa and aloss factor of 0.5 - 0.9. Both G’ and G of
C18 hydrogels formed between C,,; = 0.24—0.80 are congruent
showing power-law behavior, G’ o< @OHEO03 11 o ) OHAEOOL
which suggests that the gels are close to the critical gel state
possessing self-similar fractal structure over a wide spatial scale. The
hydrogels are more homogeneous than the corresponding chemi-
cal PAAm hydrogel due to the mobility of the cross-link zones. The
finite lifetime of hydrophobic associations between C18 or C22
blocks also leads to the formation of gels with a high degree of
toughness. Mechanical tests indeed show that C18 and C22
hydrogel samples broke at elongation ratios of 3600% and
1300—1700%, respectively. Dynamic nature of the junction zones
between the network chains in C18 hydrogels provides a self-
healing efficiency to elongation at break of about 100%.
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stress—strain curves of C22 hydrogels. This material is available
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