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ABSTRACT: A novel way for the production of shape memory hydrogels containing
crystalline domains is described. Hydrogels were prepared by micellar copolymeriza-
tion of acrylic acid with the hydrophobic comonomer n-octadecyl acrylate (C18) in
an aqueous NaCl solution of sodium dodecyl sulfate (SDS). The presence of NaCl
causes the SDS micelles to grow and thus enables solubilization of large amounts
(16% w/v) of C18 in the micellar solution. DSC measurements show that the swollen
hydrogels, possessing 61—84% water, melt and crystallize with a change in
temperature. Independent of the hydrophobe level between 20 and 50 mol %, the
melting and crystallization temperatures of the hydrogels are 48 + 2 and 43 + 2 °C,
respectively. The hydrogels exhibit 3 orders of magnitude change in the elastic
modulus when the temperature changes between below and above the melting
temperature of the crystalline domains. The blocky structure of the network chains
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formed by micellar polymerization is responsible for the drastic change in their mechanical properties and significant shape

memory effect.

B INTRODUCTION

Aqueous solutions of hydrophobically modified hydrophilic
polymers constitute a class of soft materials with remarkable
rheological properties.”” A simple method to obtain such
associative polymers is the free radical micellar polymerization
technique, as first described by Candau and co-workers."~
this technique, a water-insoluble hydrophobic monomer
solubilized within the micelles is copolymerized with a
hydrophilic monomer such as acrylamide (AAm) or acrylic
acid (AAc) 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
backbone. One limitation of this technique is that large
hydrophobes cannot be solubilized within the micelles due to
the very low water solubility of these monomers.”~"" We have
recently shown that n-alkyl (meth)acrylates with an alkyl chain
length longer than 16 carbon atoms can be solubilized in a
micellar solution of sodium dodecyl sulfate (SDS) provided that
an electrolyte, such as NaCl, has been added in sufficient
amount.' Salt leads to micellar growth and, hence, solubilization
of the hydrophobes within the grown SDS micelles. Copoly-
merization of AAm with large hydrophobes solubilized within the
wormlike SDS micelles produced physical hydrogels exhibiting
unique characteristics such as insolubility in water, non-
ergodicity, high elongation ratios at break, and self—healing.lz_15
Hydrophobe content of the physical gels having the ability to
self-heal was 2 mol % with respect to the total monomers while
the self-healing ability disappeared as the hydrophobe content is

increased.
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Here, we report that the micellar polymerization at a high
hydrophobe level (20—50 mol %) leads to the formation of
hydrogels containing crystalline domains and exhibiting shape
memory properties. Hydrogels were prepared by copolymeriza-
tion of AAc and n-octadecyl acrylate (C18) in aqueous SDS—
NaCl solutions. To stabilize the permanent shape of the
hydrogels, N,N’-methylenebis(acrylamide) as a chemical cross-
linker was also included in the monomer mixture. These
hydrogels possess 61—84% water and exhibit 3 orders of
magnitude change in the elastic modulus when the temperature
changes between below and above the melting temperature of
the crystalline domains. The hydrogels exhibit complete shape
recovery to the permanent shape within 20 s at 60 °C. To our
knowledge, the micellar polymerization technique has not been
reported before for the preparation of hydrogels with shape
memory effect. However, several studies report preparation of
shape memory hydrogels by hydrophobic associations.'¢™>*
Osada was the first to prepare such hydrogels by solution
copolymerization of AAc and C18 in an organic media.'®™" It
was shown that the gels exhibit up to 120-fold modulus change
with a change in temperature due to the presence of crystalline
domains. Since the blocky structure of hydrophobically modified
polymers formed by micellar polymerization enhances signifi-
cantly their associative properties, present hydrogels exhibit
1000-fold change in their elastic moduli in response to
temperature and thus stronger shape memory effect. The
synthesis strategy presented here could be extended to different
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Figure 1. Viscoelastic behavior of equilibrium swollen hydrogels during the cooling—heating cycle between 80 and 5 °C. The hydrogels were prepared
by random copolymerization of C18 with the hydrophilic monomers indicated. C18 = 35 mol %, X = 1/100, @ = 6.28 rad/s, and y, = 0.001.

hydrophilic and hydrophobic monomers as well as surfactant—
salt systems to generate shape memory hydrogels with tunable
properties.

B EXPERIMENTAL PART

Materials. n-Octadecyl acrylate (C18, Aldrich), N,N’-methylenebis-
(acrylamide) (BAAm, Merck), N-isopropylacrylamide (NIPA, Aldrich),
N-tert-butylacrylamide (TBA, Fluka), acrylamide (AAm, Merck),
sodium dodecyl sulfate (SDS, Sigma), NaCl (Merck), ammonium
persulfate (APS, Sigma), sodium metabisulfite (SMS, Merck), 2,2'-
azobis(isobutyronitrile) (AIBN, Fluka), and ethanol (Merck) were used
as received. Acrylic acid (AAc, Merck) was freed from its inhibitor by
passing through an inhibitor removal column purchased from the
Aldrich Chemical Co. APS and SMS stock solutions were prepared by
dissolving 0.180 g of APS and 0.190 g of SMS separately in 10 mL of
water.

Quantification of the Solubilization of C18 in SDS—NaCl
Solutions. The amount of C18 solubilized in the micelles was estimated
by measuring the transmittance of SDS (22% w/v)—NaCl (0—1.5 M)
solutions at 55 °C containing various amounts of C18 on a T80 UV—vis
spectrophotometer. The transmittance at S00 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
(Figure S1).

Determination of the Size of the Micelles. The measurements
on SDS—NaCl solutions were performed at 55 °C in the instrument
Zetasizer Nano S from Malvern. The instrument contains a 4 mW He—
Ne laser operating at a wavelength A of 633 nm with a fixed detector
angle of 173° and incorporates noninvasive backscatter optics. The data
were analyzed by the cumulant method using Malvern application
software, and the hydrodynamic correlation lengths &y were obtained
from the first cumulant.

Hydrogel Preparation. To determine the best hydrophilic
comonomer of C18 for the synthesis of hydrogels containing crystalline
domains, preliminary experiments were carried out using the hydro-
philic monomers AAc, AAm, NIPA, and TBA. These experiments were
carried out by random copolymerization of the hydrophilic monomer
with C18 hydrophobe (35 mol % in the feed) in the presence of BAAm
at a fixed cross-linker ratio X (moles of BAAm per mole of the
monomers) of 0.01. The reactions were conducted at an initial
monomer concentration of 3 M in the presence of AIBN initiator (0.03
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M) in ethanol at 50 °C, as described previously.w Hydrogels with a gel
fraction of unity could be obtained after a reaction time of 24 h. It was
found that the chemical structure of the polymer backbone influences
significantly the crystallization behavior of the hydrogels. The melting
temperature of water-swollen hydrogels increased in the order TBA <
NIPA < AAm = AAc (Figure S2). Thus, as compared to AAc or AAm,
NIPA and TBA with bulky side groups decrease the melting temperature
of the hydrogels. In Figure 1, the variations of the elastic modulus G’ and
the viscous modulus G” of water-swollen hydrogels with AAc, AAm,
NIPA, and TBA units in the polymer backbone are shown during the
cooling—heating cycle between 80 and 5 °C. In hydrogels containing
NIPA or TBA units, the large energy dissipation at the transition regions
is due to the association—dissociation of these units with temperature.
Moreover, as compared to the hydrogels formed using AAm as the
hydrophilic monomer, those formed using AAc exhibit a drastic change
in the elastic modulus, which is attributed to the cooperative hydrogen
bonding between the carboxyl groups stabilizing the crystalline
domains.”" These results reveal that AAc is the best choice for the
preparation of hydrophobically modified hydrogels with most stable
crystalline domains. In the following, the results obtained using AAc
monomer will be presented.

Micellar polymerization of AAc with C18 hydrophobe and BAAm
cross-linker was conducted at 55 °C in the presence of an APS (0.79
mM)—SMS (1 mM) redox initiator system. A 22% w/v SDS solution
prepared in 1.5 M NaCl was used as the micellar solution. The cross-
linker ratio X was set to 0.01. Three sets of gelation experiments were
carried out at 20, 35, and 50 mol % C18 (with respect to the monomers),
while the total monomer concentration was set to 0.75 and 1.0 M. To
illustrate the synthetic procedure, we give details for the preparation of
hydrogels at an initial monomer concentration of 1.0 M with 50 mol %
C18 in the feed: SDS (2.2 g) was dissolved in 8.5 mL of water containing
0.8766 g of NaCl at 55 °C to obtain a transparent solution. Then, C18
(1.622 g) was dissolved in this SDS—NaCl solution under stirring for 30
min at 5§ °C. After addition and dissolving AAc (0.3603 g) and BAAm
(0.0154 g) for 30 min, stock solutions of SMS (0.1 mL) and APS (0.1
mL) were added to obtain a final reaction volume of 10 mL. For the
rheological experiments, a portion of this solution was transferred
between two glass plates (S X S cm) separated by a 0.5 mm Teflon
spacer. The remaining part of the reaction solution was transferred into
several plastic syringes of 4.8 mm internal diameters. The polymer-
ization was conducted for one day at 55 °C.

dx.doi.org/10.1021/ma400494n | Macromolecules 2013, 46, 3125—3131
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Gel Fractions and Swelling Measurements. Hydrogel samples
were immersed in a large excess of water at 24 °C for at least 1 month by
replacing water every day to extract any soluble species. SDS
concentration in the external solutions (before refreshing) rapidly
dropped below the detection limit of the methylene blue method™® (0.20
mg L") after about 10 days, indicating completeness of SDS extraction
from gel samples. The equilibrium swollen gel samples were taken out of
water and dried at 55 °C under vacuum to constant mass. The water
content of the hydrogels was estimated as H,0% = 1 — mg,,/m, where m
and my,, are the swollen and dry masses of the gel sample, respectively.
The gel fraction W, i.e., 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.

Rheological Experiments. The gel samples in the form of sheets
were subjected to the rheological measurements between the parallel
plates of the rheometer (Gemini 150 Rheometer system, Bohlin
Instruments) equipped with a Peltier device for temperature control.
The upper plate (diameter 40 mm) was set at a distance of S00—700 ym,
depending on the swelling degree of the hydrogels. During all
rheological measurements, a solvent trap was used to minimize the
evaporation. Further, the outside of the upper plate was covered with a
thin layer of low-viscosity silicone oil to prevent evaporation of solvent.
A frequency of @ = 6.28 rad/s and a deformation amplitude y, = 0.001
(0.1%) were selected to ensure that the oscillatory deformation is within
the linear regime. Thermal behavior of the gels was investigated by first
keeping the samples at 80 °C for complete melting and then cooling
down to S °C, after keeping for 10 min at S °C, and heating back to 80
°C. The cooling/heating steps were carried out at a fixed rate of 1 °C/
min. The changes in the dynamic moduli of gels were monitored during
the course of the cycle as a function of temperature.

DSC Measurements. DSC measurements were conducted on a
PerkinElmer Diamond DSC under a nitrogen atmosphere. The gel
samples sealed in aluminum pans were scanned between S and 80 °C
with a heating and cooling rate of S °C/min.

X-ray Diffraction. X-ray diffraction patterns of swollen hydrogel
samples were collected on a Rigaku Miniflex diffractometer using a high
power Cu Ka source (4 =0.154 18 nm) operating at 30 kV/15 mA. The
XRD patterns were collected in the 1°—50°, 26 range with scan rates of 1
and 0.5°/min.

Shape Memory Behavior. The shape memory effect was examined
by a bending test as follows:***® A cylindrical hydrogel sample
(diameter 4.8 mm, length about 6 cm) was folded at 60 °C and then
cooled to keep the deformation. The deformed hydrogel sample was
immersed in a water bath at 25 °C and then stepwise heated from 25 to
70 °C at 1—3 °C steps. At each temperature T, the final angle 61 was
recorded after it has been steady. The measurements of O were
conducted using an image analyzing system consisting of a microscope
(XSZ single Zoom microscope), a CDD digital camera (TK 1381 EG),
and a PC with the data analyzing system Image-Pro Plus. The shape
recovery ratio R was calculated as R = 61/180.

B RESULTS AND DISCUSSION

The key step of our approach was to create suitable conditions so
that large amounts of C18 could be solubilized in micellar
solutions. This was achieved by the addition of NaCl into
aqueous semidilute SDS solutions. Figure 2A,B demonstrates the
NaCl-induced solubilization of C18 in an aqueous 22% w/v SDS
solution. The hydrodynamic correlation length &y of the solution
(A) and the solubility of C18 (B) are plotted against NaCl
concentration. As the salt concentration is increased, &y also
increases, indicating that the micelles grow bigger. The growth of
the micelles is due to the change of the micellar structure of SDS
from sphere to rod and then to large cylindrical a_;gregates or
flexible wormlike micelles by the addition of salts.”

Assuming a prolate ellipsoidal shape for SDS micelles in
aqueous NaCl and equating the semiminor axis b with the radius
of the minimum spherical micelle (2.5 nm),”**** one may
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Figure 2. Hydrodynamic correlation length &}y 0of 22% w/v SDS solution
(A) and the solubility of C18 (B) shown as a function of NaCl
concentration. Temperature = 55 °C.

estimate the semimajor axis a of the micelles using Perrin’s
equations.’® The radius & is related to the semimajor axis a by &y
= a/G(p), where G(p) = (1 = p*)™* In{p™'[1 + (1 = p*)**]}
and p is the ratio of semiminor axis b to the semimajor axis a (p <
1). The aggregation number N, relates to the axis ratio by Noge
ags0/ Py Where N, is the aggregation number of the
minimum spherical micelle. Such calculations show that, at 1.5 M
NaCl, the major axis between the entanglements becomes 19 + 4
nm, with corresponding aggregation number 450 + 100, as
compared to 60 for the minimum spherical SDS micelle.

The growth of SDS micelles is accompanied by enhanced
solubilization of C18 (Figure 2B). In 1.5 M NaCl, the solubility
of C18 increases to 16% w/v, which suffices to conduct the
micellar copolymerization of C18 and AAc in equimolar mixtures
at a total concentration of 1 M. After solubilization of the
hydrophobe in aqueous SDS—NaCl solutions, the micellar
copolymerization of AAc and C18 was carried out using APS—
SMS redox initiator system in the presence of BAAm cross-linker
at a cross-linker ratio of 1/100. Hydrogels with a gel fraction of
unity could be obtained at a hydrophobe level (C18 mol %)
between 20% and 50%. The hydrogels equilibrium swollen in
water contained 61—84% water that increased with decreasing
C18% or initial monomer concentration (Table S1).

Thermal behavior of water-swollen hydrogels was investigated
by DSC as well as by rheometry using oscillatory deformation
tests. The gel samples were subjected to heating and cooling
cycles between 5 and 80 °C, during which the changes in the heat
flux and in the dynamic moduli of gels were monitored as a
function of temperature. In Figure 3A, the variations of the elastic
modulus G’ and the viscous modulus G” of a hydrogel sample
formed at 35 mol % C18 are shown during the course of the
heating and cooling periods. DSC traces of the hydrogels are also
shown in the figure by the dashed curves. DSC curves reveal that
the swollen hydrogel melt and crystallize with a change in
temperature. During cooling of the gel sample from 80 to S °C,
an exothermic peak appears at 43 °C, corresponding to the
crystallization temperature T,,,. During heating back to 80 °C,
the swollen gel melts as evidenced from the endothermic peak at
49 °C, corresponding to the melting temperature T,,. Figure 3A
also shows that, at the transition temperatures, both elastic G’
and viscous moduli G” drastically change due to the formation
and dissolution of the crystalline domains in the gel sample.
Simultaneously, the loss factor tan § (= G”/G’) changes between
below and above 0.1 (not shown in the figure), demonstrating
weak-to-strong gel transitions. The change in the moduli of the
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Figure 3. (A) Viscoelastic behavior and DSC curve of the hydrogel with 35% C18 during the cooling—heating cycle between 80 and 5 °C. C, =1 M,
water content = 63%, @ = 6.28 rad/s, and y, = 0.001. (B) G’ (filled symbols) and G” (open symbols) of the hydrogel at S and 80 °C shown as a function
of the frequency . y, = 0.001.
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Figure 4. (A) Viscoelastic behavior of the hydrogels with various C18 contents during the cooling—heating cycle between 80 and 5 °C. C,=1 M. C18 =
20 (@), 35 (A), and 50 mol % (V). (B) G’ and G” of the hydrogels during the heating—cooling cycle. Arrows show the direction of the temperature
change. C; = 1 M. C18 mol % indicated. @ = 6.28 rad/s and ¥, = 0.001.

gels depending on the temperature was fully reversible in several
cycles (Table S1 and Figure S3).

Figure 3B shows the frequency dependencies of G’ (filled
symbols) and G” (open symbols) for the gels at 80 and 5 °C. At
80 °C, the gel exhibits frequency-dependent dynamic moduli
with a loss factor tan 6 around 0.2, which is typical for weak gels.
Increasing hydrophobe level from 20 to 50% slightly increased
tan 6 of the hydrogels at 80 °C indicating that the viscous
component of the complex modulus increases more than its
elastic component (Figure S3). This is attributed to the side
chain motions of C18 segments creating energy dissipation. After
cooling back to 5 °C, the dynamic moduli become nearly
frequency independent and the loss factor decreases to 0.03
corresponding solid-like behavior. G” values at 5 °C show some
scatter due to the sensitivity limit of the rheometer in the
determination of the phase angle 6.

The extent of the change in the dynamic moduli of gels was
strongly dependent on the hydrophobe level. Figure 4A shows
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the viscoelastic behavior of the hydrogels formed at various
amounts of C18 during the course of the cooling—heating cycle.
As the hydrophobe level is increased from 20 to 50%, G’ at S °C
also increases while the loss factor attains smaller values. The gel
with 50% C18 undergoes a reversible 3 orders of magnitude
change in the elastic modulus between 80 and 5 °C, i.e., between
17 kPa and 18 MPa (Table S1). Such a large difference in the
modulus below and above the transition temperature is the most
significant factor to induce the shape memory behavior. The
melting T}, and crystallization temperatures T, oy determined by
DSC measurements, are 48 + 2 °C and 43 + 2 °C, respectively,
independent of the hydrophobe level of the hydrogels. The
hysteresis behavior, that is, the melting occurs at a higher
temperature than crystallization was also observable in the
viscoelastic behavior of the hydrogels (Figure 4B). During
heating from S to 80 °C, the drastic changes in the dynamic
moduli of gels occur at a higher temperature than during cooling
back to 5 °C.

dx.doi.org/10.1021/ma400494n | Macromolecules 2013, 46, 3125—3131
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Although both T, and T, are independent of the amount of
C18, the enthalpy change during melting (AH,,) per mole of
C18 unit in the hydrogel increased with rising level of the
hydrophobe. For the hydrogels with 20, 35, and 50 mol % C18,
AH,, was calculated as 28, 31, and 43 kJ/mol, respectively.
Assuming that AH is 71.2 kJ for the melting of 1 mol of
crystalline C18 units,>! this indicates an increase in the degree of
crystallinity from 40 to 60% as the amount of C18 is increased
from 20 to 50 mol %. Figure 5 shows the XRD patterns of the
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Figure 5. XRD pattern of the hydrogel with 50 mol % C18 in the 1—25°
20 range with a scan rate of 1°/min. The inset shows 1—4° 26 range with
0.5°/min scan rate.

swollen gel sample with 50% C18. The gel exhibits a crystalline
peak at 21.4° corresponding to a Bragg d-spacing of 0.42 nm.
This Bragg d-spacing is typical for the paraffin-like hexagonal
lattices formed by the packing of n-alkyl chains.'®**** Besides
this peak, a second-order diffraction peak at 5.4° and a sharp peak
ata very low angle (1.4°) is apparent. The latter corresponding to
lattice spacing of 6.3 nm was also observed in ClS—containin§
hydrogels formed in organic media.'® As discussed before,'®>
this spacing indicates that C18 side chains form tail-to-tail
alignment perpendicurly to the main chains.

In addition to the hydrophobe level, water content of the
hydrogels also affected the temperature-dependent changes in
their elastic moduli. Figure 6 shows the viscoelastic behavior of
the hydrogels with 35% C18 containing 46 and 75% water. At §
°C, the elastic modulus of the hydrogel increases from 8 to 15
MPa by decreasing its water content from 75 to 46%.
Thermoresponsive behavior of the hydrogels was also affected
by the presence of SDS (Figure S4), this fact being attributed to
the weakening of the hydrophobic interactions due to the
surfactant micelles."> As mentioned in the Introduction, Osada
and co-workers also prepared hydrogels from C18 and AAc
monomers by random copolymerization in organic media.'® To
compare the thermal behavior of the present gels with those of
Osada, we prepared both types of gels at the same hydrophobe
level (35%) and water content (46%). Temperature-dependent
variations of the dynamic moduli and the loss factor of the
hydrogels are illustrated in Figure 7. In contrast to 120-fold
change in G’ of the hydrogels formed by random polymerization,
present hydrogels exhibit 1000-fold change in G’ in response to
temperature changes. This difference mainly occurs due to the
lower modulus and higher loss factor of the present gels in their
amorphous states, i.e., at high temperatures. Since hydrophobe
level is fixed in both gels, blocky structure of the polymer chains
formed by micellar polymerization necessarily reduces the
number of blocks per chain. This would decrease the number
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temperature. C18 mol % of the hydrogels indicated.

of hydrophobic associations as compared to the chains
containing randomly distributed single hydrophobic units,
leading to lower modulus. Indeed, visual observations also
showed that, at 80 °C, present gels were too weak as compared to
those formed by random copolymerization.

Figure 8A and the movie attached as the Supporting
Information demonstrate the shape memory behavior of a
hydrogel sample with 50% C18. The permanent shape of the
sample is rodlike. After heating to 60 °C, the gel became soft and
could easily be deformed to a spiral shape. This temporary shape
was fixed by cooling the sample to 24 °C. Immersing the gel
sample in a water bath at 60 °C, it returned to its initial shape
within 20 s. The covalently cross-linked network structure of the
hydrogel determines the permanent (rod) shape while crystalline
domains formed by C18 blocks act as switching segments with
transition temperature to fix the temporary (spiral) shape.
Cylindrical hydrogel samples were also stretched at 60 °C to 6
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times their original lengths, and then the temporary shapes were
fixed by cooling to room temperature. When immersed in water
at 60 °C, the samples recovered their permanent shapes within a
few seconds (movie 2, Supporting Information). The principle of
thermoresponsive shape memory effect of hydrophobically
modified hydrogels is that the covalently cross-linked network
structure restores its random coil conformation when the
temperature is elevated above the melting temperature of
crystalline domains.

To quantify shape memory properties of the hydrogels, the
shape recovery ratio R was recorded at various temperatures. The
results are shown in Figure 8B where R of the hydrogels is plotted
against the temperature. All hydrogel samples exhibited shape-
recovery ratios of 100% at or above 57 °C. For the hydrogels with
35 and 50% C18, the recovery ratio R is equal to zero below 45
and 50 °C, respectively, indicating that the temporary shape
remains unchanged; that is, the shape fixing efficiency is 100%.

dx.doi.org/10.1021/ma400494n | Macromolecules 2013, 46, 3125—3131
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This reveals the ability of these gel samples to hold the temporary
shape up to temperatures close to the transition temperature. In
contrast, for the hydrogel with 20% C18, the shape recovery ratio
gradually increases with increasing temperature, indicating that
the crystalline domains in this sample cannot support the residual
stress in the network chains. This is consistent with the low
degree of crystallinity of this hydrogel (40%) and its viscoelastic
nature with tan § = 0.12 (Figure 4A and Table S1). Thus, the
shape fixing efficiency of the hydrogels can be controlled by the
degree of crystallinity, which in turn depends on the hydrophobe
content of the hydrophilic network chains.

B CONCLUSIONS

The synthesis of shape memory hydrogels using micellar
polymerization was reported for the first time. The copoly-
merization of AAc and C18 was performed in an aqueous
solution of wormlike SDS micelles. Swollen hydrogels containing
61—84% water melt and crystallize with a change in temperature.
Independent of the hydrophobe level between 20 and 50 mol %,
the melting and crystallization temperatures of the hydrogels are
48 + 2 °C and 43 + 2 °C, respectively. The hydrogels exhibit 3
orders of magnitude change in the elastic modulus when the
temperature changes between below and above the melting
temperature of the crystalline domains. The blocky structure of
the polymers formed by micellar polymerization is responsible
for the drastic change in their mechanical properties and
significant shape memory effect. The unique shape memory
properties of the hydrogels, the simplicity of their preparation,
their availability from a wide variety of monomer systems, and
the adjustability of the hydrophobic block length by the size of

surfactant micelles hold promise well for future applications.
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