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ABSTRACT: The block copolymer networks composed of poly(N-
isopropylacrylamide) (PNIPAM) and poly(sodium p-styrenesulfonate)
were synthesized via sequential reversible addition—fragmentation chain
transfer (RAFT) polymerization with a,w-didithiobenzoate-terminated
poly(sodium p-styrenesulfonate) (PSSNa) as the macromolecular chain
transfer agent. It was found that the block copolymer networks were
microphase-separated as evidenced by means of transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS). In the block
copolymer networks, spherical or cylindrical PSSNa microdomains were
finely dispersed into continuous PNIPAM matrixes. In comparison with
unmodified PNIPAM hydrogel, the nanostructured hydrogels displayed
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improved thermoresponsive properties. In addition, the swelling ratios of the PSSNa-modified PNIPAM hydrogels were
significantly higher than that of plain PNIPAM hydrogel. The improvement of thermoresponse was attributable to the formation

of the PSSNa nanophases, which promoted the transportation of water molecules in the cross-linked networks.
KEYWORDS: PNIPAM, hydrogels, block copolymer, fast thermoresponsive properties

B INTRODUCTION

Polymeric hydrogels are a class of important soft matters and
have been widely used as superabsorbent materials and for
separation process and controlled drug delivery.'~” Thermor-
esponsive hydrogels have attracted considerable interest
because they can vary in shape or volume in response to
environmental temperature. Because of high water content and
biocompatibility, the stimuli-responsive hydrogels are the
materials of choice in a variety of biomedical applications.*””
It is well-known that poly(N-isopropylacrylamide) (PNIPAM)
hydrogels can display a volume phase transition (VPT) while
temperature is changed."”®® The VPT behavior results from
the lower critical solution temperature (LCST) behavior of
linear PNIPAM in aqueous solutions.'”™'* However, the
reswelling and deswelling of unmodified PNIPAM hydrogels
are inherently slow, and thus their direct application is greatly
limited. It has been realized that the slow reswelling and
deswelling behavior results from the formation of a dense and
hydrophobic layer at the surface of the hydrogels with the
occurrence of volume phase transition. The collective trans-
portation of water in response to environmental temperature
change would be retarded by the dense and hydrophobic
1ayer.15_18 To achieve the successful application, the measure
must be taken to improve the thermoresponse of the hydrogels.
One basic strategy is to interrupt the continuity of the dense
and hydrophobic layer at the surface of hydrogels.'”~** For
instance, the deswelling and reswelling properties can be
improved by preparing porous hydrogels."”>! Introducing the
porosity is favorable to the contact of PNIPAM with water by

-4 ACS Publications  © 2014 American Chemical Society

increasing the interfaces between PNIPAM and water in the
hydrogels. Nonetheless, the mechanical strength of the porous
hydrogels could be significantly decreased. Recently, it has been
realized that the thermoresponsive rate of PNIPAM hydrogels
can be enhanced by incorporating hydrophilic compo-
nents.**?»?*%3*73 The hydrophilic components can be
introduced into PNIPAM hydrogels in either a physical or a
chemical way. For instance, several water-soluble polymers such
as poly(N-vinylpyrrolidone) and poly(ethylene oxide), have
been utilized as the modifiers to improve the thermoresponsive
properties.”*****~37 It is realized that the incorporation of the
hydrophilic components facilitates the transportation of water
in the cross-linked networks.?®***®3*3% Nonetheless, the
cause of the thermoresponsive improvement for the modified
hydrogels has not been well elucidated. In addition, Okano et
al?**%% reported that the PNIPAM hydrogels having comb-
like architecture can display fast thermoresponsive properties.
In the comb-like networks, there are some dangling PNIPAM
chains grafted on the networks. It is believed that the high
mobility of these dangling PNIPAM chains endows the
PNIPAM hydrogels with improved thermoresponsive behavior.

Polyelectrolytes are polymers bearing ionizable groups; they
can be ionized in water, keeping charges in the main chains of
the polymer and leaving counterions in the whole solution.
Because of electrostatic interactions between the charges of the
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polymer backbone, the polyelectrolyte chains in aqueous
solutions can display rich behavior quite different from that
of uncharged polymers.*>*' Tt is of interest to explore the
utilization of highly hydrophilic polyelectrolyte to improve the
thermoresponse of polymeric hydrogels.42_46 In the past years,
the modification of PNIPAM hydrogels by polyelectrolyte has
been extensively reported by many investigators.*’ >’ In
previous reports, poly(methacrylic acid) (PMAA) and poly-
(acrylic acid) (PAA) have often been employed to improve the
thermoresponse of PNIPAM hydrogels.”’~® These weak
polyelectrolytes are generally introduced into PNIPAM hydro-
gels with two approaches: (i) the random copolymerization of
NIPAM with MAA (or/and AA)*'~** and (ii) the formation of
the interpenetrating polymer networks (IPNs).>"% In the
random copolymerization approach, the electrolyte structural
units were randomly distributed along the PNIPAM chains. It
has been found that loading a considerable amount of MAA
(or/and AA) could cause reduction and even elimination of the
thermoresponse of the hydrogels.®** For the IPNs of
PNIPAM with polyelectrolyte, linear PMAA (or/and PAA)
chains were interpenetrated into PNIPAM networks. Because
of the architecture of semi-IPNs, the loss of the linear modifiers
is inevitable in the process of swelling, deswelling, and
reswelling. By comparison, the modification of PNIPAM
hydrogels with strong polyelectrolytes remained largely unex-
plored.**~*" In limited reports, the random copolymerization of
NIPAM with strong electrolyte monomers such as sodium
acrylate®® and 2-acrylamido-2-methylpropanesulfonate®® has
been carried out to modify PNIPAM hydrogels. In comparison
with the control hydrogel, the modified hydrogels exhibited
increased swelling ratios and enhanced VPT temperatures.

In this work, we explored to improve the thermoresponse of
PNIPAM hydrogels by using poly(sodium p-styrenesulfonate)
(PSSNa), a strong polyelectrolyte (i.e., a permanently water-
soluble polymer); PSSNa was incorporated into PNIPAM
networks as the blocky subchains. To the best of our
knowledge, there has been no previous report on the
modification of PNIPAM hydrogels with polyelectrolyte via
the formation of block copolymer networks. To achieve this, a
sequential reversible addition—fragmentation chain transfer
(RAFT) polymerization approach was employed to access the
blocked PNIPAM networks. The morphologies of block
copolymer networks were studied by means of transmission
electron microscopy (TEM) and small-angle X-ray scattering
(SAXS). The thermoresponsive properties of the hydrogels
were examined in terms of swelling, deswelling, and reswelling
tests. The improved thermoresponsive behavior was addressed
on the basis of the formation of PSSNa nanophases in the
PNIPAM networks.

B EXPERIMENTAL SECTION

Materials. Sodium p-styrenesulfonate (SSNa) was of chemically
pure grade, supplied by Shanghai Reagent Co. China. Before use, it
was recrystallized from the mixture of water with methanol (20/80
vol). N-Isopropylacrylamide (NIPAM) was synthesized in this lab.>*
The initiator and cross-linker used in this work are 2,2-
azobisisobutylnitrile (AIBN) and N,N’-methylenebis(acrylamide)
(BIS), respectively; they were purchased from Shanghai Reagent
Co., China. Prior to use, the initiator was recrystallized from alcohol
twice. The chain transfer agent was 1,4-bis(thiobenzoylthiomethyl)-
benzene; it was synthesized by following the method reported by
Patton et al.®® The organic solvents such as 1,4-dioxane, tetrahy-
drofuran (THF), and dimethyl sulfoxide (DMSO) were purchased
from Shanghai Reagent Co, China. Before use, DMSO was distilled

over anhydrous magnesium sulfate, and THF was refluxed over
sodium and then distilled.

Synthesis of PSSNa-CTA. To a flask were charged SSNa (2.00 g,
9.709 mmol), 1,4-bis(thiobenzoylthiomethyl) benzene (0.092 g, 0.224
mmol), AIBN (0.006 g, 0.037 mmol), and DMSO (4.0 mL) with
vigorous stirring. By the use of a Schlenk line, the flask was degassed
via three freeze—evacuate—thaw cycles. The polymerization was
allowed to perform at 65 °C for 12 h. After that, the polymerized
product was dialyzed with water for 4 days to remove the unreacted
monomer. The water was eliminated via rotary evaporation. The
macromolecular chain transfer agent (denoted PSSNa-CTA) (1.60 g)
was obtained with the yield of 76.5% after drying in vacuo at 35 °C for
24 h. By means of gel permeation chromatography, the molecular
weight of PSSNa-CTA was measured to be M, = 11400 with M,,/M,
= 1.53.

Preparation of PNIPAM Network. Typically, to a glass tube with
the diameter of 10 mm were charged NIPAM (1.000 g), anhydrous
1,4-dioxane (1.5 mL), and BIS (13.7 mg) with vigorous stirring. This
system was purged with highly pure nitrogen for 30 min, and then
AIBN (2.0 mg) was added with vigorous stirring. The polymerization
was carried out at 60 °C for 24 h. The gelled product was extracted
with deionized water for 7 days and then extracted with THF for 24 h,
respectively. The majority of the absorbed THF was evaporated at
room temperature for 24 h; the gel was further dried in vacuo at 60 °C
to remove the residual solvent to constant weight.

Synthesis of PNIPAM-b-PSSNa Copolymer Networks. Typi-
cally, to a glass tube were charged NIPAM (0.800 g, 7.080 mmol),
PSSNa-CTA (0.200 g, 0.029 mmol), BIS (0.011 g 0.071 mmol),
deionized water (1.0 mL), and 1,4-dioxane (0.8 mL) with vigorous
stirring; AIBN (0.001 g, 0.006 mmol) was added. By using the Schlenk
line, the system was degassed via three freeze—evacuate—thaw cycles.
The polymerization was performed at 65 °C for at least 72 h. Cooled
to room temperature, the gel was extracted with water for 7 days and
with THF for 3 days. The majority of the absorbed THF was
evaporated at 25 °C, and the residual solvent was eliminated under
vacuum at 50 °C for 7 days. The gel was weighed to estimate the
monomer conversion.

Measurements and Characterization. Nuclear Magnetic
Resonance (NMR) Spectroscopy. The NMR measurements were
conducted on a Varian Mercury Plus 400 MHz spectrometer at 25 °C.
Deuterium chloroform (or water) was used as the solvent to dissolve
the samples. The spectra were obtained with tetramethylsilane (TMS)
as an external reference.

Gel Permeation Chromatography (GPC). The measurements of
molecular weights were performed on a Perkin Elmer series 200
system equipped with 10 gm PL gel 300 X 7.5 mm mixed-B and
mixed-C columns and with a refractive index (RI) detector. The
aqueous solution of sodium nitrate (NaNO;) (0.05 M) was used as
the eluent at a flow rate of 0.6 mL/min. The measurement was
performed at 40 °C; the molecular weights were expressed relative to
poly(ethylene oxide) standards.

Small-Angle X-ray Scattering (SAXS). All of the scattering
measurements were carried out in a SAXS station (BL16B1) of
Shanghai Synchrotron Radiation Facility (SSRF), China. In this
facility, a third generation of synchrotron radiation light source was
utilized, and the X-ray with the wavelength of 4 = 1.24 A was rendered.
In all of the measurements, 2-D diffraction patterns were recorded
with an image intensified CCD detector. The intensity profiles were
output as the plots of scattering intensity (I) versus scattering vector
(q)- To observe the microphase-separated morphologies, the dried gels
were directly subjected to the SAXS measurements. To investigate the
morphological evolution of the gels with swelling time, the gels were
placed into small aluminum bags containing deionized water at 25 °C.
The bags were subjected to SAXS measurements to in situ obtain the
SAXS patterns with swelling time. Scattering profiles were recorded
every S min until scattering phenomenon was no longer displayed.

Transmission Electron Microscopy (TEM). The morphological
observation was conducted on a JEOL JEM-2010 transmission
electron microscope at an acceleration voltage of 120 kV. The fully
dried gels were ground into powder, which was then mixed with
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Scheme 1. Synthesis of PSSNa-CTA and PNIPAM-b-PSSNa Copolymer Network
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ethanol. The mixtures were dropped into 200 mesh copper grids.
Before the measurement, ethanol was immediately removed in vacuo
at room temperature.

Micro-Differential Scanning Calorimetry (Micro-DSC). The
calorimetry was performed with a SETARAM Micro-DSC III
differential scanning calorimeter. Before measurements, the fully
swollen hydrogels (ca. 20 mg) were first held at 18 °C for 15 min.
Thereafter, the samples were heated from room temperature to 60 °C
at the rate of 1.0 °C/min in a nitrogen atmosphere. The VPT
temperature was taken as the minimum of exothermic peak.

Swelling, Deswelling, and Reswelling Tests. The dried gels were
sliced into discs with identical diameter of 10 mm and thickness of 4
mm. For the measurement of swelling ratios, the dried gels were fully
swollen in distilled water at 24 °C for 72 h. After the water on the
surface of the hydrogels was wiped off with moistened filter paper,
swelling ratios were gravimetrically determined. The swelling ratios of
the gels at various temperatures were recorded. Before the
measurements, the specimens were held in distilled water at every
particular temperature for 24 h. Swelling ratio (SR) is calculated
according to the following equation:

SR = W,/W, (1)

where W is the weight of water absorbed in the hydrogel gel at a
particular temperature, and Wy is the weight of the dried gel.

To investigate the deswelling behavior, all of the dried gels were first
swelled in distilled water at 25 °C for 24 h. Thereafter, the swelled
hydrogels were maintained in water at 48 °C for deswelling. After the
water on the surface was wiped, the weights of the deswelled gels were
measured at regular time intervals. According to the following
equation, water retention (WR) is calculated:

WR = (W, — W,;)/W, X 100% (2)

where W, is the weight of the deswelled gel; the other symbols are the
same as in eq 1.

In the reswelling experiment, the swelled hydrogels were first
dehydrated in a water bath at 48 °C for 24 h. Thereafter, the deswelled
gels were immersed into water of 24 °C for reswelling. The weights of
the reswelled gels at regular time intervals were gravimetrically

measured. Water uptake (WU) is calculated according to the following
equation:

WU = (W, — Wy)/W, X 100% 3)

where W, is the weight of the reswelled gels at regular time intervals;
the other symbols are the same as defined above.

Cycles of Swelling and Shrinking. To examine the thermores-
ponsive switching behavior of the hydrogels, four swelling—shrinking
cycles were performed. In each cycle, the swelling ratios were first
measured at 25 °C, and then the temperature was enhanced to 48 °C
at the heating rate of 2 °C/min. Before the swelling ratios were
determined, the hydrogels were stabilized at 25 or 48 °C for 2 h.

B RESULTS AND DISCUSSION

Synthesis of PNIPAM-b-PSSNa Copolymer Networks.
The route of synthesis for poly(N-isopropylacrylamide)-block-
poly(sodium p-styrenesulfonate) (denoted PNIPAM-b-PSSNa)
copolymer networks was depicted in Scheme 1. First, an a,0-
didithiobenzoate-terminated PSSNa was synthesized via the
RAFT polymerization of SSNa with 1,4-bis-
(thiobenzoylthiomethyl)benzene as the chain transfer agent
(CTA). Second, the above a,w-didithiobenzoate-terminated
PSSNa was employed as a macromolecular CTA (denoted
PSSNa-CTA), and the RAFT polymerization of NIPAM was
carried out to obtain the PNIPAM-b-PSSNa block copolymer
networks with BIS as the cross-linker. The "H NMR spectra of
1,4-bis(thiobenzoylthiomethyl)benzene and PSSNa-CTA are
shown in Figure 1. For the former, the signal of resonance at
4.6 ppm was assignable to the protons of methylene groups,
whereas those at 7.3—8.0 ppm were assigned to the protons of
aromatic rings. The ratio of the integral intensity of the
methylene protons to those of the aromatic ring protons was
measured to be ca. 1:3.5, which was identical to the value
calculated according to the structural formula of 1,4-bis-
(thiobenzoylthiomethyl)benzene, indicating that the chain
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Figure 1. '"H NMR spectra of 1,4-bis(thiobenzoylthiomethyl)benzene
in CDCl; and PSSNa-CTA in D,O.

transfer agent was successfully obtained. For PSSNa-CTA, the
new signals of resonance were detected at 1.28 and 3.14 ppm;
they were assignable to the protons of methine and methylene
groups in the main chain of PSSNa, respectively. In addition,
the resonance of the methine protons of benzene ring was
detected between 6.00 and 8.00 ppm. This polymer was
subjected to GPC, and the molecular weight was measured to
be M, = 11400 with M, /M, = 1.53. The results of 'H NMR
and GPC indicate that the PSSNa-CTA was successfully
obtained. The PSSNa-CTA was employed to mediate the
radical polymerization of NIPAM monomer to obtain the
PNIPAM-b-PSSNa block copolymer networks via RAFT, while
BIS was used as the cross-linker. To remove unreacted NIPAM
monomer, the cross-linked products were extracted with
distilled water for 1 week, and then the absorbed water was
eliminated via extraction with THF for 3 days. The gels were
further dried in vacuo to constant weight. Assuming that
PSSNa was fully incorporated into the cross-linked networks,
the compositions of the block copolymer networks can be
estimated in terms of the yields of the gels. The conversion of
the monomer and the compositions of copolymer networks are
summarized in Table 1. Notably, the conversions of NIPAM
monomer were as high as 80% under the present condition.
The results of polymerization suggest that PNIPAM-b-PSSNa
block copolymer networks were successfully obtained.

Table 1. Results of Polymerization for the Preparation of
PNIPAM-b-PSSNa Networks

feed of PSSNa conversion of PSSNa

samples (wt %) NIPAM (mol %) (wt %)
PNIPAM-b-PSSNa$ S 83.3 59
PNIPAM-b-PSSNal0 10 79.1 12.3
PNIPAM-b-PSSNal$s 15 78.8 18.3
PNIPAM-b-PSSNa20 20 76.0 24.8

13680

Nanostructures of PNIPAM-b-PSSNa Networks. All of
the dried PNIPAM-b-PSSNa gels were transparent and
homogeneous, implying that no macroscopic phase separation
occurred. Nonetheless, the clarity did not exclude the possible
microphase separation in the dried gels. To examine the
morphology, the PNIPAM-b-PSSNa dried gels were subjected
to transmission electron microscopy (TEM), and the TEM
micrographs are shown in Figure 2. Notably, the microphase-
separated morphologies were displayed. In terms of the

Figure 2. TEM micrographs of (A) PNIPAM-b-PSSNaS, (B)
PNIPAM-b-PSSNal0, (C) PNIPAM-b-PSSNal$, and (D) PNIPAM-
b-PSSNa20.
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difference in electron density between PNIPAM and PSSNa, it
is judged that the dark microdomains are attributable to PSSNa,
whereas the light region is from PNIPAM. For PNIPAM-b-
PSSNa$, the spherical and cylindrical PSSNa microdomains
with size of 10—20 nm in diameter were dispersed in the
continuous PNIPAM matrix. As the content of PSSNa
increased, the percentage of cylindrical PSSNa microdomains
significantly increased. Meanwhile, the PSSNa cylindrical
microdomains become slightly thin (see Figure 2B—D).

The microphase-separated morphologies were further
confirmed by SAXS. The SAXS profiles of the PNIPAM-b-
PSSNa networks are presented in Figure 3. Notably, the intense
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Figure 3. SAXS profiles of PNIPAM-b-PSSNa copolymer networks.

scattering peaks were displayed. The scattering phenomenon
indicates that all of the dried PNIPAM-b-PSSNa gels were
indeed microphase-separated. This result was in good agree-
ment with the TEM result. For PNIPAM-b-PSSNaS$, the
scattering peak appeared at ca. ¢ = 0.19 nm ™. As the content of
PSSNa was increased, the scattering peaks were shifted to the
positions with the higher g values. According to the positions
(q) of the primary scattering peaks, the average distances

between adjacent PSSNa microdomains were calculated to be
33.8, 269, 20.9, and 184 nm for PNIPAM-b-PSSNa$,
PNIPAM-b-PSSNal0, PNIPAM-b-PSSNal$5, and PNIPAM-b-
PSSNa20 networks, respectively. The formation of the PSSNa
nanophases was very important for the thermoresponse
improvement of the PNIPAM hydrogels.

Volume Phase Transition Behavior of PNIPAM-b-
PSSNa Hydrogels. The above PNIPAM-b-PSSNa dried gels
were subjected to swelling tests with water. It was seen that
these block copolymer networks were significantly swelled
without dissolving; that is, the hydrogels were obtained. These
hydrogels were transparent and homogeneous at low temper-
ature (e.g, <30 °C). Upon heating to elevated temperatures
(e.g, >40 °C), they became cloudy and shrank, implying that
volume phase transition (VPT) behavior occurred (see Figure
4). It should be pointed out that the orange color of the dried
gel (Figure 4A) was from the fragments of the chain transfer
agent, that is, dithiobenzoate moieties.

The VPT temperatures of the PNIPAM-b-PSSNa hydrogels
were measured by means of micro-differential scanning
calorimetry (Micro-DSC) as shown in Figure 5. In the heating
DSC scans, the PNIPAM-b-PSSNa hydrogels exhibited single
exothermic peaks as the plain PNIPAM hydrogel. The
exothermic peaks were attributable to the VPT behavior of
the thermoresponsive hydrogels. These exothermic peaks were
asymmetrical with steep leading sides before the minima. For
the plain PNIPAM hydrogel, the temperature of VPT was
measured to be ca. 33.3 °C. As PSSNa was incorporated into
the hydrogel, the VPT temperatures were significantly shifted
to higher temperatures. Notably, the VPT temperature of
PNIPAM-b-PSSNalS hydrogel was measured to be 37.3 °C,
and this value was quite close to the temperature of the human
body. The increase in VPT temperatures resulted from the
incorporation of PSSNa blocks in the cross-linked networks.
The inclusion of the highly hydrophilic PSSNa enhanced the
affinity of the cross-linked networks with water, and thus the
VPT occurred at higher temperatures. Also shown in Figure 5
(see the inset) is the plot of the exothermic enthalpy (AHypr)
versus the mass percentage of PSSNa. It is proposed that the
VPT enthalpy (denoted AHyypr) is proportional to the quantity
of the PNIPAM segments that underwent the volume phase
transition. If the VPT of PNIPAM chains were not influenced
by PSSNa blocks, a straight line of AHypy against the mass
fraction of PNIPAM should be drawn. In the present case,
nonetheless, the experimental AHypr values were much lower
than those theoretically estimated according to the additive.
The bigger was the deviation, the higher was the content of

Figure 4. Photographs of PNIPAM-b-PSSNal0 copolymer network: (A) the dried gel, (B) the gel swelled at 24 °C for 24 h, and (C) the hydrogel

deswelled at 48 °C for 24 h.
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Figure S. Micro-DSC profiles of the control PNIPAM and PNIPAM-
b-PSSNa hydrogels.

PSSNa. This result implies that a part of the PNIPAM
segments failed to undergo the coil-to-globule transition in the
swelled networks. It is plausible to propose that those PNIPAM
segments intimately bonded to PSSNa blocks could be
restricted by the PSSNa blocks and thus failed to undergo
the coil-to-globule transition. These PNIPAM segments could
still remain hydrophilic even while the hydrogels were heated to
above the VPT temperature.

Swelling, Deswelling, and Reswelling Properties. The
thermoresponsive properties of the PSSNa-modified PNIPAM
hydrogels were investigated in terms of swelling, deswelling,
and reswelling tests. Figure 6 presented the plots of swelling
ratios versus temperature for plain PNIPAM and the modified
hydrogels. The inverse sigmoid curves were exhibited for all of
these hydrogels, characteristic of the VPT behavior of the
thermoresposive hydrogels. From these curves, the VPT
temperatures of the hydrogels can be estimated. Notably, the
swelling curves of all of the modifed hydrogels were on the
right-hand side of the control hydrogel, indicating that the VPT
temperatures of the hydrogels were enhanced with the
incorporation of PSSNa component. It is seen that the VPT
temperatures increased as the PSSNa contents increased. This
result was in good agreement with that of Micro-DSC
measurements. At 24 °C, the swelling ratio of the control
PNIPAM hydrogel was measured to be ca. 8.60. At the same
temperature, the swelling ratios of PNIPAM-b-PSSNaS$,
PNIPAM-b-PSSNal0, PNIPAM-b-PSSNalS, and PNIPAM-b-
PSSNa20 hydrogels were 28.1, 40.2, 46.9, and 61.3,
respectively; they all were much higher than the control
PNIPAM hydrogel. The swelling ratios increased as the content
of PSSNa increased. For the control hydrogel, the swelling ratio
of the control PNIPAM hydrogel was reduced from 8.60 at 24
°C to 1.48 at 48 °C; that is, 82.8 wt % of the absorbed water
was released. Under identical conditions, nonetheless, 95.5%,
94.7%, 95.1%, and 93.1% of absorbed water were released for
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Figure 6. Swelling ratios of the control PNIPAM and PNIPAM-b-
PSSNa hydrogels at various temperatures.

PNIPAM-b-PSSNa$§, PNIPAM-b-PSSNalO, PNIPAM-b-
PSSNal$, and PNIPAM-b-PSSNa20 hydrogels, respectively.
In the deswelling tests, the fully swollen hydrogels were first
held at 48 °C to dehydrate, and then the swelling ratios of the
hydrogels were determined at regular time intervals. The water
retention of the gels was plotted as functions of deswelling time
as shown in Figure 7. Notably, the water uptakes of all of the
PSSNa-modified hydrogels were much lower than that of the
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Figure 7. Plots of water uptakes as functions of deswelling time for the
control PNIPAM and PNIPAM-b-PSSNa hydrogels.
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plain PNIPAM hydrogel. The deswelling experiments showed
that within the same time, all of the PNIPAM-b-PSSNa
hydrogels released the absorbed water much more than the
control PNIPAM hydrogel. For the control PNIPAM hydrogel,
the water retention was measured to be 32% after it was
deswelled at 48 °C for 1360 min. In contrast, the water
retentions were as low as 7.2% for all of the modified hydrogels.
Furthermore, the PSSNa-modified hydrogels attained the stable
water retentions much faster than the control hydrogel. For the
control PNIPAM hydrogel, it took ca. 37 min to reach its stable
water retention of ca. 41.0%. Within the identical time,
however, the water retentions of the PNIPAM-b-PSSNa
hydrogels were as low as 8.6 wt %. In terms of the above
results, it is judged that the deswelling of the PNIPAM-b-
PSSNa hydrogels was much faster than that of the control
PNIPAM hydrogel.

To investigate the reswelling hehavior of all of the
dehydrated gels, the swelled hydrogels were first dehydrated
in distilled water at 48 °C for 24 h. Thereafter, the deswelled
gels were immersed into water of 24 °C to allow reswelling.
Shown in Figure 8 are the plots of water uptake versus
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Figure 8. Plots of water uptake as functions of reswelling time for the
control PNIPAM and the PNIPAM-b-PSSNa hydrogels.

reswelling time. With the same reswelling time, the PSSNa-
modified hydrogels had water uptakes much higher than that of
the plain hydrogel. This result indicates that the PNIPAM-b-
PSSNa hydrogels deswelled much faster than the plain
PNIPAM hydrogel. As the content of PSSNa increased, the
water uptakes of the PNIPAM-b-PSSNa hydrogels increased.
For PNIPAM-b-PSSNa5, PNIPAM-b-PSSNalO, PNIPAM-b-
PSSNal5, and PNIPAM-b-PSSNa20 hydrogels, the water
uptakes were measured to be 42.2, 56.8, 63.1, and 66.3 after
they were reswelled for 600 min, which were much larger than
that of the control PNIPAM hydrogel (ie, 30.2%). This
experiment shows that the reswelling rates of the PNIPAM-b-
PSSNa were much higher than that of the plain PNIPAM
hydrogel.

To examine the thermoresponsive switching behavior of the
hydrogels, the modified hydrogels were subjected to circular 2
hour-swelling—shrinking experiments in step changes of
temperature between 25 and 48 °C. Shown in Figure 9 are
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Figure 9. Four cycles of swelling—deswelling switching experiments of
the hydrogels between 25 and 48 °C for the control PNIPAM and the
PNIPAM-b-PSSNa hydrogels.

the plots of swelling ratios versus the temperature of 25 or 48
°C for the control PNIPAM and PNIPAM-b-PSSNa hydrogels.
As compared to the control hydrogel, there were only slight
decreases in swelling ratios after the copolymer hydrogels
experienced four cycles of swelling—shrinking experiments,
suggesting that the modified hydrogels exhibited quite good
swelling—shrinking switch performance.

Interpretation of Hydrogel Behavior. Swelling Ratios.
The PNIPAM-b-PSSNa hydrogels possessed swelling ratios
much higher than that of the control PNIPAM hydrogel; the
swelling ratios increased with increasing fraction of PSSNa. The
increased swelling ratios are attributable to (i) the incorpo-
ration of PSSNa component and (ii) the lowered cross-linking
densities of the copolymer networks. It is known that the
hydration degree of the polyelectrolyte (i.e., PSSNa) was much
higher than that of PNIPAM. Therefore, the incorporation of
PSSNa in place of PNIPAM would cause the increase in the
hydration degree of the cross-linked networks. In addition, the
increased swelling ratios were associated with the decrease in
cross-linking densities of the PNIPAM-b-PSSNa networks in
comparison with the control PNIPAM network. In the
preparation of the PNIPAM-b-PSSNa copolymer networks,
the molar ratio of the cross-linker (viz., BIS) to NIPAM
monomer was controlled to be a constant; that is, the quantity
of BIS was 1 mol % of NIPAM monomer. Therefore, the
overall cross-linking densities of the PNIPAM-b-PSSNa net-
works were lower than that of the control PNIPAM network. In
other words, the average molecular weights between the
adjacent cross-linking sites for the PNIPAM-b-PSSNa networks
were higher than those of the control PNIPAM network. The
cross-linking densities would decrease with increasing concen-
tration of PSSNa. The decreased cross-linking densities resulted
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in the decrease in swelling ratios of the modified hydrogels. It is
proposed that the decreased cross-linking densities of the
PNIPAM-b-PSSNa netowrks can be compensated by increasing
the quantity of cross-linker (viz., BIS) while the cross-linked
networks were prepared. To confirm this, we prepared the
PNIPAM-b-PSSNa hydrogels by the use of various amounts of
cross-linker. Shown in Figure 10 is the plot of swelling ratio of
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Figure 10. Swelling ratios of PNIPAM-b-PSSNal0 hydrogel at various
molar fractions of BIS to NIPAM.

PNIPAM-b-PSSNal0 hydrogel as a function of the molar ratio
of BIS to NIPAM. Notably, the swelling ratio decreased with
increasing quantity of BIS.

Swelling (or Reswelling) Rate. The results of TEM and
SAXS showed that the PNIPAM-b-PSSNa networks displayed
the microphase-separated morphologies, in which spherical or
cylindrical nanophases were finely dispersed into a continuous
PNIPAM matrix. The PSSNa nanophases could play a
significant role in accelerating the swelling (or reswelling)
and deswelling of the hydrogels. In the swelling (or reswelling)
experiments, the hydrophilic PSSNa microdomains can be
rapidly hydrated. As a result, there was the very huge interface
between PNIPAM matrix and hydrated PSSNa nanophases in
the cross-linked networks. Therefore, the swelling (or
reswelling) was significantly accelerated. The higher were the
PSSNa concentrations in the networks, the faster was the
swelling (or reswelling) of the gels. To confirm this speculation,
we examined the morphological evolution of the gels as
functions of swelling time with time-resolved SAXS. Repre-
sentatively shown in Figure 11 are the SAXS profiles of
PNIPAM-b-PSSNal$ gel at various swelling times at 25 °C. At
t = 0 min, the dried gel displayed an intense scattering peak at g
= 0.36 nm™’, indicating that the dried gel was microphase-
separated. Notably, the intensity of this scattering peak
gradually decreased with increasing swelling time. While the
gel was swollen for 95 min, the scattering peak became
indiscernible. The decrease in scattering peak intensity suggests
that the difference in electron density between PNIPAM matrix
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Figure 11. SAXS profiles of PNIPAM-b-PSSNal5 gel at various
swelling times at 25 °C.

and PSSNa microdomains was increasingly decreased as both
PNIPAM matrix and PSSNa microdomain were simultaneously
hydrated. This judgment was also confirmed by the observation
that the position of the scattering peak remained almost
invariant at ¢ = 0.36 nm . It is proposed that two opposite
factors influenced the positions of the scattering peaks. On the
one hand, the scattering peak would be shifted to the position
of higher g values with the hydration of the PSSNa
microdomains because the average distance between adjacent
PSSNa microdomains was shortened with the occurrence of the
hydration of PSSNa microdomains. On the other hand, the
average distance between adjacent PSSNa microdomains would
be increased with the increase in the dimension of the gel due
to the occurrence of swelling. With the occurrence of the
swelling phenomenon, the volume of the gels increased, and
the average distance between adjacent PSSNa microdomains
would be increased. In the present case, however, the position
of the scattering peak remained almost invariant in the swelling
process. This observation implied that the effects of the above
opposite factors on g values were almost counteracted. It
should be pointed out that there could be some delay in
swelling to reach the core of the gel in the SAXS measurement.
Nonetheless, the SAXS results indeed indicate that both the
swelling of PNIPAM matrix and the hydration of PSSNa
microdomain were simultaneously performed. In other words,
the PSSNa microdomains in the gels promoted the interfacial
contact between PNIPAM matrix and water, and thus the
swelling (or reswelling) was accelerated.

Deswelling Rate. The VPT behavior of the hydrogels
stemmed from the coil-to-globule transition of PNIPAM chains
in the swelled networks. As the environmental temperature was
enhanced, the hydrated PNIPAM chains in the cross-linked
networks gradually became dehydrated. For unmodified
PNIPAM hydrogel, the dehydration occurred gradually from
the surface to the interior of the hydrogel; that is, a dense
hydrophobic layer was formed at the surface of hydrogel. This
layer constituted a restriction of collective diffusion of water. As
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a consequence, the deswelling process became slower.">™'® For

the PNIPAM-b-PSSNa hydrogels, nonetheless, the situation
was quite different. In the deswelling process, the highly
hydrophilic PSSNa microdomains in place of dehydrated
PNIPAM layer interrupted the continuity of the dense and
hydrophobic layer, which facilitated the transportation of water
molecules from the interior to surfaces of the dehydrated gels.
As a result, the accelerated deswelling for the PNIPAM-b-
PSSNa hydrogels was exhibited; the deswelling rates were
much higher than that of the plain PNIPAM. Meanwhile, the
water uptakes of all of the PSSNa-modified hydrogels were
much lower than that of the control PNIPAM gel.

B CONCLUSION

The thermoresponsive improvement of PNIPAM hydrogels
was carried out via the formation of polyelectrolyte nanophases.
An a,w-didithiobenzoate-terminated poly(sodium p-styrenesul-
fonate) was synthesized and used as a macromolecular chain
transfer agent to obtain the PNIPAM-b-PSSNa block
copolymer networks via RAFT polymerization approach with
BIS as the cross-linker. Transmission electron microscopy and
small-angle X-ray scattering showed that the block copolymer
networks exhibited the microphase-separated morphologies, in
which spherical or cylindrical PSSNa nanophases were
dispersed into a continuous PNIPAM matrix. It was found
that the PNIPAM-b-PSSNa hydrogels possessed swelling ratios
significantly higher than the control PNIPAM hydrogel at room
temperature. In comparison with the control PNIPAM
hydrogel, the deswelling and reswelling of the modified
hydrogels were in accelerated fashions. The rapid thermores-
ponse of the modified hydrogels was attributable to the
formation of PSSNa nanophases in PNIPAM networks.
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