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Physical gels with remarkable properties were obtained by copolymerization of acrylamide with the
hydrophobic monomer stearyl methacrylate (C18) in a micellar solution of cetyltrimethylammonium
bromide (CTAB) containing up to 15 mol% sodium dodecyl sulfate (SDS). The addition of SDS causes the
CTAB micelles to grow and thus enables solubilization of C18. The gels exhibit time-dependent dynamic
moduli, high elongation ratios at break (1800-5000%), and self-healing, as evidenced by rheological
and mechanical measurements and substantiated by dynamic light scattering. As the size of the micelles
in the gelation solution increases, both the degree of temporary spatial inhomogeneity and the lifetime
of hydrophobic associations in the gels increase while the elongation ratio at break decreases. Although
the physical gels were insoluble in water due to strong hydrophobic interactions, they could be
solubilized in surfactant solutions thus providing a means of characterization of the network chains.
Viscometric and rheological behaviors of polymer solutions show a substantial increase in the
associativity of the network chains with rising micelle size, which results in prolonged lifetime of
hydrophobic associations acting as physical cross-links in gels. The internal dynamics of self-healing gels
could thus be controlled by the associativity of the network chains which in turn depends on the size of
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Introduction

Synthetic hydrogels are very similar to biological tissues and,
therefore, have received considerable attention for use in tissue
engineering, drug release, soft contact lenses, sensors, and
actuators.’ One disadvantage of such hydrogels is mechanical
weakness and lack of ability to self-heal, which hinders their use
in many application areas. This poor mechanical performance
mainly originates from their very low resistance to crack prop-
agation due to the lack of an efficient energy dissipation
mechanism in the chemically cross-linked polymer network.>
To obtain self-healing gels with a high degree of toughness, one
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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.*> Numerous studies have been conducted in
recent years to improve the mechanical performance of
hydrogels.*>*

Recently, we presented a simple strategy to generate strong
hydrophobic interactions between hydrophilic polymers
leading to the production of self-healing hydrogels.”® Large
hydrophobes such as stearyl methacrylate (C18) or docosyl
acrylate (C22) could be copolymerized with the hydrophilic
monomer acrylamide (AAm) in a micellar solution of sodium
dodecyl sulfate (SDS). This was achieved by the addition of a salt
into the reaction solution. Salt leads to micellar growth*>¢ and
thus enables solubilization of large hydrophobes within the
grown wormlike SDS micelles. After their solubilization and
after incorporation of the hydrophobic sequences within the
hydrophilic polymer chains via a micellar polymerization
technique,”* strong hydrophobic interactions can be gener-
ated in synthetic hydrogels. It was shown that the hydrophobic
associations between the polymer chains prevent dissolution in
water and flow, while the dynamic nature of the junction zones
provides homogeneity and self-healing properties together with
a high degree of toughness.”*** However, drastic structural
changes were observed when SDS micelles were removed from
the physical gels.>* Several dynamic characteristics of the gels
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including their self-healing behavior completely vanish after
extraction of SDS micelles, indicating the loss of the reversible
nature of the cross-linkages. These findings suggest that the
presence of a surfactant is critically important for the unique
properties of self-healing hydrogels formed by hydrophobic
associations.

An alternative route to promote micellar growth is mixing of
surfactants of opposite charges. Aqueous mixtures of cationic
and anionic surfactants, called catanionic surfactants, exhibit
unique properties and several types of microstructures arising
from the strong electrostatic interactions between the oppo-
sitely charged head groups. Depending on the concentration
and composition of surfactant systems, temperature, and salt
addition, they form mixed micelles, vesicles, lamellar phases,
precipitates, spheres, or rod-like structures.***' Mixtures of the
anionic surfactant SDS and the cationic surfactant cetyl-
trimethylammonium bromide (CTAB) form mixed micelles in
both SDS-rich and CTAB-rich solutions while between these
compositions, vesicles and formation of a 1: 1 precipitate are
observed.*>*

Here, we prepared physical polyacrylamide (PAAm) hydro-
gels by micellar copolymerization of AAm with 2 mol% C18 in
aqueous CTAB-SDS solutions. Since the Krafft point for CTAB in
water was reported to be around 20-25 °C,*® both the gelation
reactions and the characterization of the physical gels were
carried out at 35 °C. The surfactant and the initial monomer
concentrations during gelation were set to 0.24 M and 5 w/v%,
respectively. We first investigated the growth of CTAB micelles
upon addition of SDS in the CTAB-rich region up to the onset of
turbidity. Simultaneously, the solubilization extent of C18 was
determined in dependence on the size of the mixed micelles.
The micellar copolymerization reactions were then carried out
and the physical gels formed were characterized by dynamic
light scattering, rheological and mechanical measurements. As
will be shown below, the internal dynamics of self-healing gels
are controlled by the associativity of the network chains, which
in turn depends on the size of CTAB micelles. The results also
show that replacement of SDS-NaCl with a CTAB-SDS mixed
micellar system further improves the mechanical performance
of self-healing hydrogels.

Experimental part
Materials

Acrylamide (AAm, Merck), cetyltrimethylammonium bromide
(CTAB, Sigma), sodium dodecylsulfate (SDS, Merck), ammo-
nium persulfate (APS, Sigma-Aldrich), and N,N,N',N'-tetrame-
thylethylenediamine (TEMED, Sigma) were used as received.
Commercially available stearyl methacrylate (C18, Aldrich)
consists of 65% n-octadecyl methacrylate and 35% n-hexadecyl
methacrylate. An APS stock solution was prepared by dissolving
0.8 g APS in 10 mL of distilled water. 0.24 M stock solutions of
each of the surfactants were prepared by dissolving 4.373 ¢
CTAB and 3.460 g SDS separately in 50 mL water at 35 °C. CTAB-
SDS solutions of various compositions were prepared by mixing
these stock solutions at 35 °C to obtain a final volume of 10 mL.

In accordance with previous works,**°

we observed that the
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surfactant solutions became opaque if the SDS content was
between 20 and 70 mol% while homogeneous and transparent
solutions were obtained outside of this concentration range. We
conducted the gelation reactions in CTAB-rich regions of the
solutions, i.e., in 0.24 M CTAB-SDS solutions containing 0 to
15 mol% SDS.

Hydrogel preparation

Micellar copolymerization of AAm with C18 was conducted at 35
°C in the presence of an APS (3.5 mM)-TEMED (0.25 v/v%) redox
initiator system. Following parameters were fixed:

Total monomer (acrylamide + C18) concentration: 5 w/v%.

Hydrophobe content of the monomer mixture: 2 mol%.

Total surfactant (CTAB + SDS) concentration: 0.24 M.

To illustrate the synthetic procedure, we give details of the
preparation of hydrogels in CTAB-SDS solutions containing
15 mol% SDS. An SDS stock solution (1.50 mL) was mixed with a
CTAB stock solution (8.50 mL) at 35 °C to obtain a transparent
solution. Then, C18 (0.044 g) was dissolved in this CTAB-SDS
solution under stirring for 2 h at 35 °C. After addition and
dissolving acrylamide (0.456 g) for 30 min, TEMED (25 uL) was
added into the solution. Finally, 100 uL of an APS stock solution
was added to initiate the reaction. A portion of this solution was
transferred between the plates of the rheometer to follow the
reaction by oscillatory small-strain shear measurements and to
perform additional rheological experiments. For the dynamic
light scattering measurements, the solution was filtered
through Nylon membrane filters with a pore size of 0.2 um into
light scattering vials. The remaining part of the solution was
transferred into several plastic syringes of 4.65 mm internal
diameters and the polymerization was conducted for one day
at 35 °C.

Quantification of the solubilization of C18 in CTAB-SDS
solutions

The amount of C18 solubilized in the micelles was estimated by
measuring the transmittance of CTAB-SDS solutions contain-
ing various amounts of C18 at 35 °C on a T80 UV-visible spec-
trophotometer. The transmittance at 500 nm was plotted as a
function of the added amount of C18 in the CTAB-SDS solution
and, the solubilization extent of C18 was determined by the
curve break.

Rheological experiments

Gelation reactions were carried out at 35 °C within the rheom-
eter (Gemini 150 Rheometer system, Bohlin Instruments)
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
measurements, a solvent trap was used to minimize the evap-
oration. The reactions were monitored at an angular frequency
wof 6.3 rad s " and a deformation amplitude v, = 0.01. After a
reaction time of 5 h, the dynamic moduli of the reaction solu-
tions approached limiting values. Then, frequency-sweep tests
and stress-relaxation experiments were carried out at 35 °C, as
described before.*
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Dynamic light scattering (DLS) measurements

DLS measurements were performed at 35 °C using an 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). Details about the instrument have been
described before.”® The scattering angle § was varied between
50° and 130° corresponding to scattering vector amplitudes g =
(4mn/2)sin(6/2) between 1.1 x 107 and 2.4 x 10" m . Several
time average intensity correlation functions gt?(g,7) (ICF) of the
physical gels were acquired applying exceptionally long
measuring times of 2 hours, while for most experiments the
acquisition time was limited to 100 s allowing sampling of 100
different positions selected by randomly moving the CRTU
before each run.

When such position dependent measurements had been
made, the partial heterodyne method was applied to divide the
time-averaged scattering intensity into its two components:**°

(@)1 = Ic(q) +{Ix(@))r (D

where I(q) and (Ig(g))r are the scattering intensities due to the
frozen structure and liquid-like concentration fluctuations,
respectively. This procedure also gave the cooperative diffusion
coefficient D.

For ergodic media like surfactant solutions, the scattering
intensity contains only a fluctuating component and is inde-
pendent of the sample position. gi?(g,7) is then equivalent to an
ensemble-averaged intensity correlation function and can be
written as the Laplace transform of the distribution of relaxa-
tion rates, G(I') (we disregard a coherence factor):

2

(¢~ 1= JG(P)exp(—mdr @
0

where I' is the characteristic relaxation rate. G(I') values at five
angles (50°, 70°, 90°, 110°, and 130°) were evaluated with an
inverse Laplace transform of g?)(g,7) — 1 with the integrated
ALV software (Fig. S1}). Relaxation rates of the fast (I',s) and
slow modes (I'sjow) Were obtained from the peak values of I' in
G(I')s. The hydrodynamic correlation length £ was evaluated
using the Stokes-Einstein relation:

L 3)

" 6Tty D
where 7 is the viscosity of the medium (0.72 mPa s~ ') and kT is
the Boltzmann energy.

Uniaxial elongation measurements

The measurements were performed on cylindrical hydrogel
samples of about 4.6 mm diameter at 31.0 & 0.5 °C on a Zwick
Roell test machine using a 10 N load cell under the following
conditions: crosshead speed = 50 mm min "', sample length
between jaws = 14 £ 2 mm. The tensile strength and percentage
elongation at break were recorded. For reproducibility, 11
samples were measured for each gel and the results were
averaged.
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Gel fractions and swelling measurements

Cylindrical hydrogel samples (diameter: 4.65 mm, length: about
2 cm) were immersed in a large excess of water at 35 °C for at
least 15 days by replacing water every day to extract any soluble
species. 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 equi-
librium swollen gel samples with relative masses M oq were
taken out of water and freeze dried. The gel fraction Wy, that is,
the conversion of monomers to the water-insoluble 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.

Solubilization of gels and characterization of network chains

Although the physical gels formed by the associations of C18
blocks were insoluble in water, they could be solubilized in
surfactant solutions. The following procedure was applied in
the solubilization experiments: the gel sample (1 g) at the state
of preparation was immersed into 10 mL of a 0.24 M CTAB-SDS
solution at 35 °C and shaken for a duration of 3 days until
complete solubilization. The composition of the external CTAB-
SDS solution was the same as that of the surfactant solution in
the gel sample. The solution thus obtained with a polymer
concentration of 0.5 w/v% was then subjected to frequency-
sweep tests at vy, = 0.01 and viscosity measurements at various

shear rates between 10~ and 10° s™*.

Results and discussion

The micellar copolymerization of AAm with 2 mol% C18 was
carried out at 35 °C in 0.24 M CTAB-SDS solutions of various
SDS contents between 0 and 15 mol%. In the following, we will
first discuss the growth of CTAB micelles upon addition of SDS,
allowing solubilization of the hydrophobe C18 in the gelation
solutions. Then, dynamic and mechanical properties of the self-
healing gels formed by the micellar copolymerization will be
discussed with regard to the size of mixed micelles. This section
also deals with the characterization of the associative properties
of the network chains isolated from the gels, which will explain
the results of our observations.

Gelation solutions

The structural changes in CTAB micelles induced by the addi-
tion of SDS were investigated at 35 °C by DLS measurements.
The CTAB solution exhibits both fast and slow relaxation modes
that merge into one upon addition of 15 mol% SDS (Fig. S1 and
S21%). This behavior is similar to that of polyelectrolyte solutions
after addition of a salt.*® In Fig. 1A, the relaxation rate of the fast
mode (I'¢.s) is plotted against ¢* for 0.24 M CTAB-SDS solutions
of various compositions between 0 and 15% SDS. g is
proportional to ¢* indicating the existence of diffusive processes
in the surfactant solutions. Most notably, the relaxation rates
decrease markedly with rising SDS content in the surfactant
mixture, obviously because of the growth of the micelles.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (A): Relaxation rate of the fast mode (I'1ast) plotted against q2 for0.24 M
CTAB-SDS solutions with various SDS contents. Temperature = 35 °C. (B):
Hydrodynamic correlation length &, of 0.24 M CTAB-SDS solutions with or
without the monomers plotted against the SDS content of the micellar solution.

Since the relaxation rate I' of a particular mode is related to
the diffusion coefficient D as I' = Dg*, we calculated D of the
micelles from the slope of I, versus ¢° plots and the corre-
sponding hydrodynamic correlation length &y; using the Stokes—
Einstein relation (eqn (3)). In Fig. 1B, £y is plotted against the
SDS content of CTAB-SDS solutions before and after addition of
the monomers C18 and AAm. While the correlation length &y
increases with rising SDS content, it does not change signifi-
cantly upon addition of the monomers. This behavior is
substantially different from that of wormlike SDS micelles
formed in NaCl solutions in which the micelles change their
shape from cylindrical to spherical after solubilization of the
hydrophobes,** so that £y decreases.?

Increasing size of the micelles also increased the solubility of
the hydrophobic comonomer C18 in the micellar solution.
Fig. 2A shows the transmittance T at 500 nm of CTAB-SDS
solutions at 35 °C as a function of the amount of C18 added. In
the absence of SDS, T starts to decrease at 0.3% C18, indicating
the appearance of insolubilized C18 particles in the solution,
while with rising amount of SDS in the micellar solution, this
decrease starts at higher C18 concentrations. In Fig. 2B, the
solubilization extent of C18 determined by the curve break is
plotted against the SDS content of CTAB-SDS solutions. In

T%

SDS mol % =

100

80

Solubility wiv %

60

40

00 05 10 15 20 0 2 4 6 8 10
C18 wiv% SDS mol %

Fig. 2 (A): Transmittance T at 500 nm of aqueous 0.24 M CTAB-SDS solutions
plotted against the amount of C18 added. SDS content as indicated. Temperature =
35 °C. (B): Solubility of C18 in CTAB-SDS solutions plotted against SDS content. The
dashed line indicates the C18 concentration used in the experiments (0.44 w/v%).
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parallel with increasing size of the micelles (Fig. 1B), C18
solubility also increases with rising SDS content of the solu-
tions. The dashed horizontal line in the figure representing the
amount of C18 used in the micellar polymerization reveals that
C18 could be completely solubilized in CTAB-SDS solutions so
that a comonomer composition with 2 mol% C18 is realized.
However, in a pure CTAB solution, only 2/3 of C18 is soluble, i.e.,
the comonomer mixture in the micellar solution will contain 1.4
mol% C18. We note that, in contrast to the partial solubilization
of C18 in a 0.24 M CTAB solution, it is insoluble in a 0.24 M SDS
solution.”® The larger solubilization power of CTAB micelles is
attributed to its larger aggregation number and longer alkyl
chain length as compared to SDS micelles.*

Dynamics of physical gels

After addition of the monomers and the initiator into the
micellar solution and after completion of the copolymerization
reactions, physical gels were obtained in the whole range of SDS
contents studied. Both the gelation solutions and the physical
gels were transparent as long as the temperature remained
above the Krafft point of CTAB (~25 °C), while they became
cloudy at lower temperatures. Therefore, all measurements
were conducted at 35 °C.

Fig. 3A shows an example of the time average intensity
correlation function (ICF) obtained with a measurement time of
2 hours at § = 90° on a gel formed with 15% SDS. It exhibits two
relaxation modes: a major fast one at 40 pus and a minor one
smeared out over several decades of time in the range 1-1000 s.
When the DLS measurements were performed as usual with

A B
: 10.9 S
< ~ @
&
10.6
1L 0.3
ooL—L L 1 7 ;\J

A 0.0
10" 10" 10% 105 107
7/ ms

10210 10" 10° 10°
7/ ms

<I>, | kHz c
d

0 oD B

Sample position

Fig. 3 (A and B): ICF and distribution of relaxation times G(I') obtained with a
measurement time of 2 h at § = 90° on a gel formed with 15 mol% SDS.
Temperature = 35 °C. (Q): Variation of (/)1 at § = 90° with hundred different
sample positions for gels formed at 0 (a), 5 (b), 10 (c) and 15 mol% SDS (d).
Measurement time per position = 100 s.
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measurement times around 100 s, the longer relaxations are lost
or erroneously appear at shorter times. The CONTIN analysis of
the ICF reveals the distribution of relaxation times displayed in
Fig. 3B: The longest relaxation time peaks at 700 s (=12 min)
indicating very slow dynamics in such gels. We think that these
long relaxations are characteristic of the temporary nature of
the network.

When the measuring time is chosen to be appreciably
shorter than the longest relaxation time, the system behaves
like a permanent gel that could be simply recognized by
observing speckles, i.e., random fluctuations in the intensity of
scattered light as a function of sampling position. Fig. 3C shows
such variations of time-averaged scattering intensity (I) for gels
with SDS contents between 0 and 15%. These data were
obtained with a measurement time per position of 100 s at § =
90°. The solid lines represent the ensemble-averaged scattering
intensity, (I)g, while the dashed lines represent the scattering
intensities (Iz)r due to liquidlike concentration fluctuations.
(Dr (I)g for all gels indicates inhomogeneity on a short time
scale: 100 s are far too short for the gel to explore the whole
configuration space. (Ir)r monotonically increases with rising
SDS content due to the fact that an appreciable portion of the
thermal scattering in these gels is due to the presence of large
CTAB-SDS mixed micelles. The static component (frozen
structure) of the scattered intensity, Ic/(I)g, increases from 10 to
30 % with rising SDS content indicating that the gel inhomo-
geneity increases as the micelles grow bigger. This increase is
possibly related to the increasing lifetime of the hydrophobic
associations acting as physical cross-links (see below). Visual
observations indeed showed that the gels formed without or
with 5% SDS were too weak while those formed at higher SDS
contents were relatively strong.

Rheological measurements are another means of studying
the dynamic properties of the gels. Fig. 4A shows the frequency
dependencies of the elastic modulus G’ (filled symbols) and

G, G" | Pa

0% ‘ 5%

102 | L& i g e Foag thy poeg wnng ”
107 10° 10" 102107 10° 10' 102 10% 10° 10' 102 107 10° 10' 10°
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G| Pa _ &
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Fig.4 (A): G (@)andG” (O) of gels shown as a function of angular frequency w.

Yo = 0.01. SDS amounts in CTAB-SDS mixtures (in mol%) are indicated. Temper-

ature = 35 °C. (B): The relaxation modulus G(t) of gels as a function of time t for

various strains v, indicated.
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Fig.5 Rouse modulus G, (filled triangles), elastic modulus G,, at w = 250 rad s~
(open triangles), and the lifetime t; of hydrophobic associations in gels (filled
circles), shown as a function of SDS content.

viscous modulus G” (open symbols) for the gels with varying
SDS contents. In Fig. 4B, the relaxation moduli G(¢) of the same
gels in the linear regime, obtained from stress relaxation
measurements, are plotted against time ¢ at different strains v,,.
The gels exhibit frequency- or time-dependent dynamic moduli
indicating the temporary nature of the hydrophobic associa-
tions having lifetimes of the order of seconds to milliseconds,
with G'(w) being a mirror image of G(t). At time scales over
2 decades (1-100 s), they exhibit a power-law behavior, G(f) o«
{031 £ 0-08 45 indicated by the solid red lines. At times shorter
than 1 s, a Rouse-type relaxation is seen which was fitted using
the stretched exponential function G(£) = Grexp(—(t/z,)°) with
an exponent § = 0.46 + 0.04, where Gy is the Rouse modulus
and 1, is the lifetime of associations, i.e., the average residence
time of a hydrophobic block in a given association (dashed red
curves in the figures).?***>*

Rouse modulus Gi and the lifetime 7, derived from the fits
are plotted in Fig. 5 against SDS %. The elastic moduli G, of the
gels at w = 250 rad s~ ', corresponding to an experimental time
scale of 4 ms, are also shown in the figure. As the SDS content of
gels is increased, that is, as the micelles grow bigger, the life-
time of the hydrophobic associations also increases while the
limiting modulus Gy or G, at short times decreases. These
findings can be explained with the effect of the micellar size on
the length of the hydrophobic blocks. Since the hydrophobe
level is fixed in the experiments (2 mol%, except for the gels
formed in CTAB solutions, which is 1.4 mol%), increasing size
of the micelles also increases the number of C18 molecules
solubilized in a given micelle so that longer hydrophobic blocks
will form after polymerization but the number of blocks per
primary polymer chain will decrease. This would increase the
lifetime of the associations but decrease their concentration, as
evidenced by the Rouse modulus of the physical gels. We note
that the lower modulus of gels formed in the absence of SDS is
attributed to the incomplete solubility of C18 in the reaction
solution leading to the formation of a lesser amount of hydro-
phobic association in the final gels.

An experimental proof of this mechanism requires micro-
structural characterization of the network chains isolated from

This journal is © The Royal Society of Chemistry 2013
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the physical gels. However, all the physical gels were insoluble
in water as well as in organic solvents. When put in a large
excess of water, they swell and eventually attain equilibrium
(relative) degrees of swelling around 4. Temporarily, the degree
of swelling passes through a distinct maximum due to the large
osmotic pressure of the enclosed ionic surfactants that are
gradually extracted, as has been discussed in detail before*
(Fig. S31). Gel fractions (mass of dry, extracted network/mass of
the monomers in the comonomer feed) were close to 1 over the
whole range of the SDS content studied confirming the exis-
tence of strong hydrophobic associations that are not destroyed
during the expansion of the gel in water.

Although the physical gels were insoluble in water, they could
easily be solubilized in aqueous 0.1-0.3 M SDS or CTAB solu-
tions. These solutions exhibited low viscosities (~107> Pa s~ )
independent of the type of the gel, this fact being attributed to
the weakening of the hydrophobic interactions due to the
extensive number of surfactant micelles. Likewise, when
swelling tests are conducted in a limited volume of water, e.g. 10
mL of water per 1 g of gel sample, complete dissolution of the
physical gel takes place typically within several days. The
surfactant concentration then drops to approx. 1/10 of the orig-
inal one (24 mM), but this is still far above the cmc and the
micelles provide for the temporary nature of the associations.
These solutions containing 0.5 w/v% polymer also exhibited
similar and low viscosities. Thus, the necessity of the presence of
the surfactant micelles in the solutions prevents visualization of
the blockiness of the network.

To gain insight into the extent of hydrophobic interactions
inside the physical gels, they were dissolved in CTAB-SDS
solutions at 35 °C having the same concentration (0.24 M) and
composition (0 to 15% SDS) as those used for gel preparation. A
surfactant solution of 10 mL volume was applied per 1 g of the
gel sample so that the polymer concentration became 0.5 w/v%.
In this way, we were able to solubilize the physical gels while the
surfactant environment of the disintegrated network chains
remained unchanged.

Fig. 6A presents the flow curves (viscosity versus shear rate)
for 0.5 w/v% polymer solutions obtained from physical gels
made with SDS contents between 0 and 15%. The solutions of
polymers with 0 and 5% SDS show rather low viscosities, and
those with 10 and 15% SDS exhibit higher viscosities at low
shear rates and marked shear thinning. Since the increase in
the viscosity with rising SDS content may be attributed to the
micellar growth rather than to the increasing associativity of
polymers, we also measured the viscosities of the surfactant
solutions without the polymers (Fig. S4%). The relative viscosity
increase due to the polymer was represented as the specific
viscosity 7, defined as:

Ny = "o polymer — Mo solvent )

Mo solvent
where 7o polymer aNd 7o solvent are the zero-shear viscosities of
CTAB-SDS solutions with and without the polymers. The inset
to Fig. 6A shows the specific viscosity 7, of polymer solutions
plotted against SDS content. 7y, rapidly increases with rising
SDS content indicating increasing associativity of the network
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Fig. 6 Flow curves (viscosity vs. shear rate) (A) and frequency-sweeps (B) for the
polymer solutions in 0.24 M surfactant solutions with various SDS contents indi-
cated. In (B), G" and G are shown by the filled and open symbols, respectively.
Polymer concentration = 0.5 w/v%. Inset to (A): specific viscosity 5, of polymer
solutions as a function of SDS content. Temperature = 35 °C.

chains as the amount of SDS during the gel preparation is
increased.

The frequency-dependent G' and G” for the polymer solu-
tions are shown in Fig. 6B. The characteristic relaxation times
T, as determined by the crossover frequency w. where the G’
and G” curves intersect (tg = w. '), are 0.09, 0.83, and 1.3 s for
SDS contents 5, 10, and 15 mol%, respectively. This also indi-
cates increasing associativity of the network chains with rising
amount of SDS in the gelation solutions. Fig. 6B also shows that
at 5% SDS, a distinct plateau emerges in G’ at high frequencies;
the height of the plateau increases and its width expands with
increasing SDS content. For instance, the plateau value of G’ for
the polymer solution with 15% SDS is two orders of magnitude
higher than that with 5% SDS.

From these results, it is clear that the network chains formed
in surfactant solutions with 10 and 15% SDS show remarkable
associativity. We may attribute this to the pronounced block-
iness of the network chains as well as to the increasing size of
wormlike CTAB micelles surrounding the hydrophobic blocks.

Mechanical properties and self-healing behaviour

Tensile tests were conducted on cylindrical gel samples of
various SDS contents. Although those formed at 0 and 5% SDS
exhibited very high elongation ratios, they were too slippery to
be measured accurately due to the sample slippage from or
breakage at the grip. Fig. 7A represents tensile stress-strain data
of the physical gels formed at 10 and 15% SDS. Increasing
amount of SDS decreases the elongation ratio at break from
5000 + 300% to 1800 + 100%, while the ultimate strength
increased from 6 to 10 kPa. This finding is in accordance with
that of the previous section and confirms increasing associa-
tivity of the network chains. Moreover, as compared to the
present hydrogels, those formed in SDS-NaCl solutions were
too weak to obtain precise mechanical data even by use of a load
cell of 10 N.**

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 Fig. 7B, when the frac-
ture surfaces of ruptured gel samples are pressed together, the
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Fig. 7 (A): Stress—strain curves of the gels formed at 10 and 15% SDS. Standard
deviations are shown as error bars. Temperature = 31.0 £+ 0.5 °C. The dashed red
curve represents the data of a healed gel sample formed at 15% SDS. (B):
Photographs of two gel samples (one is colored with methylene blue for clarity)
formed at 15 mol% SDS. After cutting into three pieces and pressing the fractured
surfaces together for 3 min, they merge into a single piece. (C): Four successive
time-sweeps at vy, = 0.01 and strain-sweeps between vy, = 0.01 and 4 conducted
at 35 °Con a gel sample formed at 15% SDS. Duration between strain- and time-
sweep tests is about 30's. w = 63 rad s,

pieces merge into a single piece. The joint reformed withstands
very large extension ratios as the original gel sample before its
fracture. The healing efficiency of the physical gels could be
quantified using the gels formed at 15% SDS. The samples were
cutin the middle and then, the two halves were merged together
within a plastic syringe (of the same diameter as the gel sample)
at 35 °C by slightly pressing the piston plunger. The healing
time was set to 60 min and each experiment was carried out
starting from a virgin sample. The dashed red curve in Fig. 7A
represents typical stress-strain data of healed gel samples. An
average healing efficiency of 98% was found using several gel
samples. The healing behavior of gels was also demonstrated by
oscillatory deformation tests. The gel samples were subjected to
4 successive time-sweep tests for 200 s at a strain amplitude of
Yo = 0.01 followed by strain-sweeps between vy, = 0.01 and 4
(Fig. 7C). The dynamic moduli of all gels could be recovered
after each cycle indicating that the damage done to the gel
samples at large deformations is recoverable in nature.

Conclusions

Addition of SDS into an aqueous CTAB solution leads to the
growth of the micelles and, hence, solubilization of the hydro-
phobic monomer C18 in the micellar solution. Copolymeriza-
tion of AAm with 2 mol% C18 in these micellar solutions
produces physical PAAm hydrogels with remarkable properties.
The gels exhibit time-dependent dynamic moduli, high elon-
gation ratios at break (1800-5000%), and self-healing, as
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evidenced by rheological and mechanical measurements and
substantiated by DLS. As the size of the micelles in the gelation
solution increases, both the degree of temporary spatial inho-
mogeneity and the lifetime of hydrophobic associations in gels
increase while the elongation ratio at break decreases. Visco-
metric and rheological behaviors of the micellar solutions of
polymers isolated from the gels show, in parallel with micellar
growth, a substantial increase in the associativity of the network
chains that result in prolonged lifetime of hydrophobic asso-
ciations acting as physical cross-links in gels. The internal
dynamics of self-healing gels could thus be controlled by the
associativity of the network chains which in turn depends on
the size of CTAB micelles.

As compared to the present hydrogels, those formed in
solutions of grown SDS micelles were much weaker,* indicating
that replacement of SDS-NaCl with a CTAB-SDS mixed micellar
system further improves the mechanical performance of self-
healing hydrogels. For instance, both G' and G’ of the gel
formed in an SDS solution are congruent and show power-law
behavior, G’ « w** and G’ « w®**, suggesting that it is close to
the critical gel state possessing self-similar fractal structure over
a wide spatial scale.”® In contrast, the elastic modulus of the
present gel formed in a catanionic micellar solution is much
larger than the viscous modulus over the whole frequency range
investigated indicating that the present gels are more elastic
than those formed in SDS micelles. This difference is attributed
to the fact that CTAB is more hydrophobic due to its longer alkyl
chain length as compared to SDS contributing the extent of
hydrophobic interactions between C18 blocks.
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