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ABSTRACT: For the increasing demands of multifunc-
tional materials in applications such as drug delivery sys-
tem, a pH- and temperature-responsive polyelectrolyte co-
polymer gel system was studied using rheometry. Rheologi-
cal properties, determined by plate—plate rheometry in
oscillatory shear, of hydrogels formed by free radical initi-
ated copolymerization of N-isopropylacrylamide (NIPA)
and 2-acrylamido-2-methylpropanesulphonic acid (AMPS)
in the presence of methylene bisacrylamide (MBAA) as
crosslinker are compared with the properties of semi-inter-
penetrating network (SIPN) polyelectrolyte gels made by
incorporation of poly(ethylene glycol) with molar mass 6000
g mol ! (PEG6000). Based on our systematic studies for this
PEG/SIPN system, the effects of initiator and crosslinker
concentration, relative proportions of comonomer units in

the main chains, PEG6000 content and temperature on visco-
elastic properties, unusual high storage moduli at small
strain for the SIPN were discussed. The SIPN gel with char-
acteristics of PEG molecules as well as pH and temperature
responsiveness from AMPS and NIPA units has potential
application in drug delivery system design. Ice-like rheologi-
cal behavior of the PEG/AMPS-NIPA SIPN gels at low tem-
perature was first time reported and water remains homoge-
neous without phase separation in PEG/AMPS-NIPA SIPN
hydrogels at low temperature may be considered as an ideal
candidate for water storage material. © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 109: 3578-3589, 2008
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INTRODUCTION

The polyelectrolyte hydrogels have been extensively
studied in recent years because of their fundamental
importance’ and potential applications in drug car-
riers,>> water absorbent materials,*° sensing,6’7 tissue
engineering® and biomaterials.” By virtue of a lower
critical solution temperature (LCST) above 30°C,10
the water soluble N-isopropylacrylamide (NIPA)
units in chains normally act as a thermoresponsive
vector'' and 2-acrylamido-2-methyl-1-propanesul-
phonic acid (AMPS) unit is a relatively strong acid
and ionic'? brings in pH sensitivity in functional ma-
terial design. The advantage of combining AMPS
with NIPA is obvious where NIPA homopolymer
with temperature responding has no pH sensitivity
and AMPS homopolymer with pH but without tem-
perature responsiveness. Incorporation of polyethyl-
ene glycol (PEG) in the gel increases the potential
for hydrogen bond formation, because the lone pair
electrons of oxygen in the repeat unit (CH2CH2O) of
PEG serve as hydrogen bond acceptors'® whereas
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ethyl groups have hydrophobic nature'* increasing
compatibility to many hydrophobic systems. PEG
itself is a stable polymer which is a linker molecule
for peptide or proteins.>'® PEG can be used as plasti-
cizer for rigid polymers for decreasing glass transition
temperature.'® Attempts to combine the useful func-
tions to one polymer system have been paid increas-
ing attentions.”” % And in thermodynamics, complete
miscibility in a mixture of two polymers such as
PEG6000 with AMPS-NIPA crosslinked network
requires that the free energy of mixing is negative®"**
and a negative heat of mixing is usually required
because of the long polymer chains the entropy of
mixing two polymers is small. Consequently, strong
interactions are needed to produce a negative heat of
mixing.*' It is obviously that blending polymers in
forms of the interpenetrating networks (IPNs) or
semi-interpenetrating system (SIPNs) is able to make
polymer mixture more thermodynamically stable
because IPNs or SIPNs increase entanglements and
physical interactions, i.e. hydrogen bonding, ion-ion
in a crosslinked structure.

In situ copolymerization of AMPS and NIPA
comonomers and crosslinking the propagating co-
polymer chains with N,N’-methylene-bisacrylamide
(MBAA) were initiated by ammonium persulphate
in the presence of PEG6000 molecules. The in situ
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copolymerization/crosslinking resulted in a semi-
interpenetrating copolymer network. The poly(ethyl-
ene glycol)/crosslinked poly(N-isopropylacrylamide-
co-2-acrylamido-2-methyl-1-propanesulphonic  acid)
[PEG/poly(NIPA-co-AMPS)]  semi-interpenetrating
network (SIPN) has interesting properties,'** and as
a water-swollen gel potential applications as a drug
encapsulation/controlled release system will be pres-
ent in another paper of our studies. For the SIPN
changes in experimental variables such as mole ratio
of AMPS to NIPA, wt % PEG, crosslinker concentra-
tion and the solvent content, result in changes in the
kinetics of gel formation,*** morphology'* and
physicomechanical properties. In the swollen state,
the interactions between the hydrophilic network of
the gels and solvent water, as well as long-range
Coulombic interactions, significantly affect the physi-
cal and mechanical properties of the gels'**. A
study on NIPA-AMPS copolymer gels (with <10
mol % AMPS) swollen in PEG aqueous solution
showed” that NIPA segments in the copolymer net-
work have strong interactions with PEG molecules.
A recent thermal analysis study'® has shown that
PEG has strong interactions with AMPS-NIPA copol-
ymer network in the dried state.

The initial goal of the study using rheometry was
to determine the gelation temperature in association
with time and gel composition in our previous
work.?®> Further we studied the other properties of
the SIPN gels'? including more investigations of
rheological properties which led to the present work.
The present article focuses on the rheological proper-
ties of PEG/poly(NIPA-co-AMPS) SIPNs in the con-
text of (a) the relationship between microstructure of
the gels and experimental variables of gel formation,
(b) the influence of water and PEG on the mechani-
cal properties of the gels formed, particularly at low
temperatures, (c) the shift of phase transition tem-
peratures (LCST) in relation to SIPN composition,
and (d) the elasticity of the SIPNs. The discussion of
low temperature rheological property of SIPN
hydrogels comparing to water in present paper
draws attention first time to interactions between
network of solid water (ice) to elastic copolymer net-
work. The phase stability of PEG/AMPS-NIPA SIPN
hydrogels at low temperature indicated in rheologi-
cal experimental may be considered as an ideal can-
didate for water storage material.

EXPERIMENTAL
Materials

Poly(ethylene glycol) with average molecular weight
about 6000 g mol ' was supplied by BDH Chemicals
(Poole, England). NIPA (from Acros Organics) and
2-acrylamido-2-methylpropane sulfonic acid (Merck-
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Schuchardt, Hohenbrunn, Germany) were both syn-
thesis grade (>99%) materials. N,N’-methylene-bisa-
crylamide (Sigma-Aldrich, St. Louis, MO), used as
crosslinker, was electrophoresis reagent grade mate-
rial. Ammonium persulphate (Ajax Chemicals,
Auburn, NSW, Australia) used as free radical initia-
tor was > 98% pure. All of these chemicals were
used without further purification.

Preparation of gels

Pregel solutions and gels were made similarly to pub-
lished papers elsewhere'>® with varying AMPS/
NIPA, MBAA and APS mol % in the absence or pres-
ence of PEG6000. Because it is to compare relative
quantity for comonomers, crosslinker and wt % of
PEG6000 in the gels, a constant total weight of AMPS
and NIPA (with varying relative mol % ratio between
comonomers AMPS and NIPA) to constant PEG
weight is required in most gel preparations. A typical
gel disc was made described hereafter: A 1.6-mL ali-
quot of pregel solution was transferred to a PTFE cy-
lindrical vessel with internal diameter 26 mm. The
vessel was closed with a PTFE lid and heated at 70°C
in a water bath for 2 h to form gel. The vessel was
then rapidly transferred to an ice/water bath and
kept at 0°C for about 10 min, then allowed to stand
at ambient temperature for 1 h. The gel sample was
removed from the vessel and transferred to the rhe-
ometer. Densities of dehydrated gels were measured
using the flotation method, with cyclohexane (p =
0.778 gcme) and tetrachloromethane (p = 1.60 g
cm %) at 293.2 K as flotation liquids.

Rheological experiments

Rheological properties of the hydrogels in oscillatory
shear were carried out using a Paar Physica model
UDS 200 rheometer (Paar Physica, Germany) with
25 mm diameter plate-plate measuring system. Am-
plitude sweeps were performed on all samples prior
to frequency sweeps to establish the linear viscoelastic
(LVE) regime,27’28 and to determine the deformation
stability or critical strains (y. ) for the gels.29 Fre-
quency sweeps were performed on samples within
the LVE regime, usually at very low strain (<1%) to
give equilibrium moduli ( G.) when G’ was inde-
pendent of frequency or frequency near zero. Step-
stress (creep and recovery) experimental were per-
formed to measure the transient response of a gel to
a given constant shear stress. For temperature sweep
experiments, the heating rate was about 7°C per mi-
nute within a range from ambient to 100°C (occa-
sionally, temperature sweeping from 0 to 110°C).
The reproducibility was verified for each experiment.
All gel samples were trimmed after mounting that
the area of the gel discs matched the plate area.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Effect of Initiator Concentration on Mean Values of
Triplicate Determinations of G, and M, at 20°C for SIPN
Gels from Frequency Sweep

[APS]/mol L™! G,/kPa M,/kg mol !
0.001 2.4 12
0.01 1.8 1.6
0.05 2.1 1.3
0.10 2.0 14

Gel composition: equimolar proportions of AMPS and
NIPA, and 455 wt % PEG with 0.016 mol L™ MBAA.
Data obtained from angular frequency sweep from 0.628 to
314 s, at 20°C.

Most experiments were carried out at 20°C except
for the temperature sweep experiments with low
strains <2%, and at angular frequencies no more
than 314 57"

RESULTS AND DISCUSSION
Initiator effects

At very low frequency or when the modulus is inde-
pendent of frequency, the crosslinked network has
an equilibrium storage modulus, G, that is an intrin-
sic property of the gel defined by*

G, =G(0—0)=G(t — =) (1)

Equation 2 allows the calculation of the number
average molecular weight between crosslink junc-
tions, M, which is inversely proportional to the
crosslink density and equilibrium storage modulus,
to be calculated**>!

G, = pRT /M, )

where p, R and T are density, gas constant and tem-
perature, respectively. Values of G/, and M, for gels
made using varying initiator concentrations are
given in Table I; density data for the gels are given
in the Appendix. Table I shows the effects of initia-
tor concentration on equilibrium storage and M, of
the SIPN gels. It shows that the crosslink density is,
as expected, almost independent (to within the
uncertainty of determination) of initiator concentra-
tion. This result is consistent with results of a kinetic
study that gel network formation through incorpora-
tion of MBAA in the copolymer chains occurs in the
early stages of chain growth.** Tt was believed that
the initiator concentration affects on chain length
rather than significantly on crosslinking density.

Crosslinker effects

The concentration of crosslinker was varied to assess
the effects of crosslink density on gel properties. As
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a covalent bonded network, crosslinker concentra-
tion is vital to construct a stable 3D network of a gel.
Figure 1 shows frequency dependency of PEG/poly
(AMPS-co-NIPA) systems made with varying cross-
linker concentrations. At zero crosslinker concentra-
tion, Figure 1(a) shows G’ < G” and large variations
in G and G” in the frequency range as expected for
a typical viscous liquid or noncrosslinked polymer
system.>'** At a very small concentration (0.016 mol
L") of crosslinker G’ becomes larger than G’ which
are characteristics of solid-like system,*’ the gel
behaves predominantly as a solid-like [shown in Fig.
1(b—d)] at the frequency of measurement) which
indicates the formation of a network. The gels with
higher concentration of crosslinker shown in Figure
1(b—d) perform similarly as solid-like gels but the
higher concentration of crosslinker results in higher
G’ values. The above findings are significant because
in absence of crosslinker the copolymerization initi-
ated by APS in the presence of PEG, as shown in
Figure 1(a), did not form a network and a covalent
bonded gel. A minimum requirement of crosslinker
concentration for constructing a covalent bonded
network of copolymer was not studied. However, it
was sure that at [MBAA] > 0.016 mol L' the cova-
lent bonded network has been formed as shown in
Figure 1(b-d). It is vital that G’ > G” is the feature of
crosslinking and gel formation at frequency sweep.

The data in Table II show the dependence of G/,
and M, on crosslinker concentration. For [MBAA] >
0.063 mol Lfl, the value of M, can be compared
with that (2.2-13.4 kg mol™' at 20°C)* for typical
vulcanized natural rubbers, indicating a relatively
rigid gel.

Main chain composition effects

The dependence of viscoelastic properties of gels on
copolymer main chain composition is investigated in
oscillatory shear at increasing frequency with low
strain.

Plots of log G' against log o linearly extrapolated
to 0.01 s~ angular frequency [eq. (3)] are shown in
Figure 2.

log G =A+Blog (3)

The best-fit values of equilibrium storage modulus
G, and coefficient values from eq. (3) are given in
Table III, respectively. The finding that G, for the
SIPN gels is substantially larger than for the corre-
sponding copolymer gels. The equilibrium storage
modulus G; reflects the nature of a gel in the original
state of the gel network without interference from
external forces or stimuli such as shear force, com-
pression, solvents, etc. The higher G, for SIPN
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Figure 1 Frequency dependence of storage and loss moduli and complex viscosity for PEG/poly(AMPS-co-NIPA) SIPN
system with equimolar proportlon of AMPS and NIPA, 41.8 wt% PEG6000 and varying crosslinker concentration (a) 0; (b)

0.016; (c) 0.063; (d) 0.126 mol L™

, respectively. Frequency sweep at 1% strain at 20°C. The feature of loss modulus G’

higher than storage modulus G’ in frequency sweep in Figure 1(a) indicated for a typical viscous liquid or noncrosslinked
polymer system. All data presented in Figure 1 were logarithm values.

gel than that for copolymer gel indicates that stron-
ger interactions including H—bonding (between a
proton donor, such as —NHCO—groups in NIPA,
and a proton acceptor such as (—OCH,CH,—)
groups in PEG) and hydrophobic interactions (iso-
propyl groups of NIPA and ethylene group of the

TABLE II
G, and M, Data as a Function of Crosslinker
Concentration for SIPN System with 50 mol % of AMPS
and 41.8 wt % PEG

[MBAA]/mol L1 G./kPa M,/kg mol *
0.016 0.84 34
0.063 5.1 55
0.126 14 1.9

G, obtained from the G’ almost 1ndePendent of ® where
angular frequency approaching to 0 s~ at 20°C.

PEG chain) may contribute to strengthen of the SIPN
gels which is consistent with the known ability of
PEG to form strong intermolecular interactions with
water®* and with NIPA segments in NIPA-AMPS co-
polymer network,'>*® Table III also indicates a 51§
nificant copolymer composition effect. Qiu et al.”
disclosed that the LCST increases with increasing
hydrophilic AA content for poly(N-isopropylacryla-
mide-co-acrylic acid) (PNIPA-co-AA) copolymer at a
given chain length in a dilute water solution and
PNIPA-co-AA formed stable nanoparticles even at
5 X 107* g mL~". PNIPA-co-AMPS or its PEG (non-
ionic polymer) SIPNs should behave similar to
PNIPA-co-AA in this sense. The unusual high values
of equilibrium storage moduli of the hydrogels at
0% mol AMPS in Table III might be because of high-
est NIPA concentration that caused larger particle
aggregation of PNIPA chains® at 20°C and those

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Storage modulus as a function of angular frequency at small strain for (a) copolymer gels; (b) SIPN gels with 50
wt % PEG crosslinked with MBAA.at 0.016 mol L™, respectively. Broken lines are the extrapolated linear regression lines
which obtained using eq. (3) based on experimental data and 1-6 denote different mol % of AMPS: 1, 0 mol %; 2, 12.0 mol %;
3, 26.7 mol %; 4, 45.0 mol %; 5, 68.6 mol %; 6, 100 mol % AMPS. Angular frequency sweep from o = 0.63 to 10 s ! at
strain 1% and 20°C. All data presented in Figure 2 are logarithm values.

aggregates were closely interconnected by hydropho-
bic interactions. Because the gels were made at 70°C
which was much higher than the normal LCSTs of
NIPA-based polymers, the NIPA chain nanoparticles
were believed smaller and denser packed during gel
synthesis.'** It was found, in general, that from 12
mol % of AMPS, the equilibrium storage moduli of
both copolymer gels or SIPN gels increased with
increasing AMPS to a maximum (26.7 mol % AMPS
for NIPA-AMPS copolymer(a) and 45.0 mol % for
PEG SIPN (b), respectively), then decreased with
increasing AMPS mol %. This may be explained by
hydrophobic NIPA units and existence of charges
from AMPS unit. Zhang and Easteal®® showed that
average sequence length of NIPA units in NIPA-
AMPS copolymers decreased with increasing AMPS
concentration. The short chains of NIPA units will
first formed smaller nanoparticles with elevated tem-
perature but with time increasing eventually form
larger but looser aggregates® which led to larger
soft domains in gel structure that is lower in elastic-
ity or strengthen under shear, on contrary, longer

TABLE III
G Data for (a) Copolymer Gels;
(b) SIPN Gels with 50 wt % PEG

AMPS (mol %)  Gi(a)/kPa  Gib)/kPa  R*a)  R3*b)
0 0.97 15.1 0.98 1.00

12.0 0.12 2.30 0.99 1.00

26.7 1.51 3.93 0.99 1.00

45.0 1.35 5.36 0.99 1.00

68.6 0.70 3.18 1.00 1.00

100 0.10 0.73 1.00 1.00

R? denotes the coefficient of determination for each
regression line in Figure 2 using eq. (3).

Journal of Applied Polymer Science DOI 10.1002/app

chains of NIPA units formed eventually smaller but
denser nanoaggregates in gels thus higher in elastic-
ity. In another study,” the nanoparticle size of NIPA
units decreased with increasing PEG in a PEG-NIPA
grafted system. However, if AMPS concentration
was near to a degree (268.6 mol % AMPS in Table
III) that NIPA aggregates are significantly decreased
in size in AMPS-rich swollen structure, then gel
strengthen was primarily contributed by more
hydrated and ionic AMPS chains. It was reported
elsewhere'? that AMPS units was ionized in a PEG/
AMPS-NIPA copolymer network. In a DMAA (elec-
tric neutral unit)-co-AMPS(ionic unit) hydrogel sys-
tem, it was found that with an increase in AMPS
mole fraction, the equilibrium storage moduli,
increased and then decreased, reaching its maximum
at [AMPS] at 20 mol %>® where in Table III(a) it was
26.7 mol %. The increase-then-decrease trend for
equilibrium storage moduli was believed due mainly
to the contribution of the electrostatic interaction of
charged groups to the elastic energy of polyelectro-
lyte gels as well the pregel compositions.® In gen-
eral if a macroscopic deformation acts on a polyelec-
trolyte gel, the spatial distribution of the distance
between charges in the gel would be changed and
that consequently the potential energy of the system
would vary during the deformation.” On the other
hand, one study'? showed that PEG has strong inter-
action with AMPS-NIPA copolymer network. In PEG
SIPN the PEG altered the hydration ability of the
gels and changed the potential energy of the charged
network responding to external shear deformation.
The increase-then-decrease trend in equilibrium stor-
age moduli in Table IlI(b), and the maximum value
at 45.0 mol % AMPS now can be understood.
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Figure 3 Effect of PEG content on storage modulus as
function of angular frequency for SIPN gels made with
equimolar AMPS and NIPA and with 0.016 mol L' of
MBAA.. Angular frequency sweep from ® = 0.63 to 10 s~
at strain 1% and at 20°C. All data presented in Figure 2
are logarithm values.

Effects of PEG

Because complete miscibility in a mixture (SIPN) of
PEG6000 with AMPS-NIPA crosslinked network
requires that the free energy of mixing is nega-
tive’’”* and a negative heat of mixing is usually
required. Therefore, strong interactions are ex-
pected and needed to produce a negative heat of
mixing®' while forming the gel in the presence of
water. Because of the strong interactions between
water, PEG and AMPS-NIPA copolymer network,
PEG must play a role in the SIPNs in rheological
properties.

Figure 3 shows that storage modulus of PEG SIPN
gels is more frequency dependent (slope of G’ to ®)
than that from the highly crosslinked gels [Fig.
1(c,d)] and G’ decreases significantly with increasing
PEG content. The more frequency-dependent G'of
the PEG SIPN gels indicates that the gels are incom-
plete crosslinked.*? In general, addition of PEG6000
to AMPS-NIPA copolymer network modifies hydro-
gen bonding and hydrophobic interactions between
PEG and the poly(AMPS-co-NIPA) network and
more PEG molecules may generate less denser cross-
link architecture of gels. The effects of PEG content
and temperature on storage moduli G's of the SIPN
gels with 50 mol % AMPS were shown in Figure 4.
A trend was that increasing PEG content reduces G’
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of gels at a given temperature. A smaller proportion
of free water (relatively higher proportion of bound
water) in the SIPN gels and rotational C—C—O
units of the PEG chains may also leads to a softer
gel and smaller values of G’ at given temperature.
Storage moduli of the poly(AMPS-co-NIPA) copoly-
mer gels increased with increasing temperature, at
above 60°C a rapid increase of the G’ was found,
particularly, for 20 and 40 wt % of PEG in PEG/
NIPA-co-AMPS SIPN gels. This phenomenon may be
due to water vaporization where more bound water
containing in higher PEG wt % SIPN networks
became free water with higher dynamics and started
outwards emigration from polymer network and lost
to environment thus the water vaporization caused
rapid gel dehydration and hardening (G’ increasing).
From another viewpoint, the variation of the PEG
content changing the ratio of free to bound water in
the gels and dynamics of water in gels is relevant to
bound water.”” The significant deflection points
(shown in Fig. 4) for G’ rapid increase at increment
of temperature for equimolar AMPS and NIPA SIPN
gels with 0, 20, and 40 wt % PEG were about: 51, 63,
and 74°C, respectively. Obviously, at a copolymer
network with constant ratio of AMPS to NIPA,
increasing PEG wt % increases phase transition tem-
perature. It is known that PEG has a high capacity
for water binding; a hydration number of 2.7 per
polymer segment has been estimated for PEG and
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Figure 4 Dependence of storage modulus G’ of SIPN gels
at equimolar AMPS and NIPA on varying PEG6000 con-
tent (wt %) in association with temperature increasing.
Crosslinker concentration as per Figure 3. Temperature
sweep was performed at constant heating rate (mentioned
previously in experimental section) at 2% strain and at
1 Hz. Data in y-axis presented in Figure 4 were logarithm
values.
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12.0; (c) 68.6; (d) 100 mol %. [MBAA] = 0.016 mol L™%; rheological tests performed at strain 1% and frequency 1 Hz. Data
in y-axis presented in Figure 5 were logarithm values, temperature sweeping from 0 to 110°C.

the free water melting temperature decreases with
increasing PEG4000 concentration.'*

Temperature responsiveness

It was anticipated that the copolymer and SIPN gels
would be temperature responsive due to the NIPA
component. NIPA chains are hydrophilic and soluble
in water as individual random-coil chains when the
temperature is lower than LCST. As the solution
temperature increases, NIPA chains become hydro-
phobic and insoluble in water to form single chain
globules or multichain aggregates (mesoglo-
bules).***! However, copolymerization of the highly
hydrophilic, ionic monomer AMPS with comonomer
NIPA may change the LCST of gels comparing to
NIPA polymer gels. It was observed in our experi-
ments that when the temperature approached the
LCST of NIPA units, the copolymer and SIPN gels
became opaque and some bulk water separated from

Journal of Applied Polymer Science DOI 10.1002/app

the gels. This leads to the volume reduction of the
disc gel which collapses toward its center. This
explains the decrease in G’ and G” of the gels at the
phase transition temperature. Above the LCST, G
and G” increase with increasing temperature due to
expansion of the gel.** Figure 5(a) shows that NIPA
homopolymer gel has LCST at 32°C. The copolymer
gels with 12 and 68.6 mol % AMPS show [Fig.
5(b,c)] phase transitions at about 72 and 96°C,
respectively, in accordance with the expected effect
of incorporation of the hydrophilic AMPS units in
the copolymer chains. It is interesting to note that
the gel containing only AMPS units in the main
chains appears to show [Fig. 5(d)] a similar phase
transition at about 106°C, but there are obviously
complications due to rapid vaporization of water
from the gels at temperatures around 100°C.

The SIPN gel system shows very similar behavior,
ie, LCST increasing with increasing proportion of
AMPS in the main chains (Fig. 6). The PEG compo-
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Figure 6 Temperature dependence of rheological parameters for SIPN gels with varying AMPS content: (a) 0; (b) 12.0;
(c) 68.6; (d) 100 mol %, and all at 50 wt % PEG6000. [MBAA] = 0.016 mol L™ }; rheological tests performed at strain 1%
and frequency 1 Hz. Data in y-axis presented in Figure 6 are logarithm values, temperature sweeping from 0 to 110°C.

nent decreases the LCST slightly, but the LCST is
determined primarily by the main chain composition.

Consequently from 0 to 110°C temperature sweep
at constant PEG content, the phase transition tem-
peratures of PEG SIPN gels were determined by co-
polymer main chain composition (Fig. 6) and at con-
stant copolymer main chain composition (Fig. 4) the
phase transition temperatures of PEG SIPN gels
were modified by PEG content. The higher the phase
transition temperature, the higher the thermal stabil-
ity is for hydrogel against dehydration in association
with temperature increasing.

Gel behavior at low temperature

Amplitude sweeps for a copolymer gel and an SIPN
with the same main chain composition are shown in
Figure 7. In these gels, the water content is ~ 80 wt %
and the contribution of water to the properties
and structure of the gels at low temperature can be

significant. It was occasionally that we found a nar-
row temperature region below 0°C where the hydro-
gels behave markedly different from soft gels. Albeit
at —4°C and higher temperatures (up to tempera-
tures below LCSTs), both copolymer and SIPN gels
show the expected behavior as presented in the
above sections as G’ > G” and a plateau of G’ within
a temperature range. Figure 8 shows the rheological
behavior of the hydrogels at —6°C although obvious
slippage was found for gels at —6°C. At both low
temperatures, the hydrogels were not observed
phase separation as integrated gel discs. At strains
less than 1%, the copolymer hydrogel shows similar
behavior to ice at —5°C with very high G'. It was
found that, at very low strain before the slippage
occurred, the G’ for water at —5°C is higher than for
both copolymer and SIPN gels at —6°C. At small
strains prior to slippage or plasticity the copolymer
hydrogel shows similar behavior to ice with very
high G/, very small extendable strain and small tan &

Journal of Applied Polymer Science DOI 10.1002/app
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though ice is more rigid than the gel. It appears that
at small strains the rheological behavior of the copol-
ymer gel is determined predominantly by the contin-
uous free water phase, albeit an imperfect ice phase,
in the gel structure. The imperfection of the ice
structure is due to the copolymer network and its
interactions with the water. The very high modulus
of the copolymer gel at strains less than 1% is
strongly attenuated by the 50 wt % PEG content in
the corresponding SIPN gel to the extent that G’ is
reduced by more than one order of magnitude in the
SIPN gel. The plasticity process (or slippage) that
occurs in the copolymer gel at about 0.2% strain
(corresponding to the maximum in tan & at 0.6%
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Figure 7 Amplitude sweep for (a) copolymer gel, (b)
SIPN gel at —4°C. Main chains with equimolar proportions
of AMPS and NIPA; 50 wt % PEG6000 in SIPN gel.
[MBAA] = 0.016 mol L™'; Amplitude performed at fre-
quency 1 Hz.
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Figure 8 Strain dependence of storage modulus for ice at
—5°C, and copolymer gel and SIPN gel at —6°C. At strain
higher than 1%, obvious slippage or plasticity was found
for gels at —6°C. Gel composition and experimental varia-
bles as per Figure 7.

strain) reduces G’ by one order of magnitude: the
SIPN gel undergoes a similar plasticity at about 0.8%
strain (with a corresponding weak maximum in tan
d at about 1.3% strain) but the associated decrease in
G’ is much smaller than for the copolymer gel. The
plasticity in the copolymer and SIPN gels may be
associated with a strain-induced structure change in
the ice component of the gels, analogous to the
strain-induced phase changes that have been postu-
lated to occur in glacier ice phase.**** The onset of
plastic flow is suggested by the marked decreases in
slope of the G’ versus <y curves (and increase in slope
of tan 8 curves) for the gels at about 100% strain.
The bulk gel finally ruptures at a strain of nearly
500%, at which point there is a discontinuous
increase in tan & and decrease in G'.

Creep and recovery of strains and stress
relaxation behaviors

Creep and strain recovery’**® experiments were

carried out to investigate the observed extraordinary
elasticity of the SIPN gels. For the creep experi-
ments, carried out at 20°C, the change in strain of a
gel disc was measured continuously at constant
applied stress for a time, and immediately at the
time following removal of the stress. For a visco-
elastic material, the deformation produced by the
application of stress is partially reversed over a pe-
riod of time on removal of the stress, i.e., strain re-
covery occurs. Figure 9 shows the creep behavior of
an SIPN gel with AMPS:NIPA mol ratio 1 : 1 and 50
wt % PEG, with low, medium and high applied
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of applied stress. (a) low between 2.5 and 10 Pa; (b) me-
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the time length of constant stress applied to gels. The lines
are guides for the eye.
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TABLE IV
Creep and Strain Recovery for SIPN Gel

10/Pa Yi (%) ¥r (%) (vi = ¥p/vi (%)
2.5 0.142 0.0001 99.9
5.0 0.254 0.0002 99.9
10 0.351 0.0014 99.6
100 291 0.026 99.1
500 14 0.69 95.1
1000 40 12.9 67.7
1500 80 38.5 51.6

19 = applied stress; y; = strain at t1 = 50 s; y; = strain
at 1440 s after release of stress; (y; — vp)/v; = strain recov-
ery ratio.

Gel composition: AMPS:NIPA = 1
[MBAA] in 0.016 mol L}; 50 wt % PEG.

1 (mol/mol);

stress (1p). In all cases the shear strain increased very
rapidly initially, via the elastic response of the gel,
and the strain continued to increase with time to t1,
at a reduced rate of increase. For applied stress <
500 Pa the strain approached a limiting value in the
period (t1 = 50 s) for which the stress was applied
and the gel behaved as an almost ideal elastic solid,*
with almost total strain recovery within 1440 s. For
applied stress > 500 Pa, the very rapid initial
increase in strain was followed by approximately
linear increase with time, and the gels showed a
permanent set (strain recovery < 100%). The experi-
mental data are summarized in Table IV.

Stress relaxation experimental data for one of the
SIPN gels are presented in Figure 10. These experi-
ments were carried out by applying a constant shear
strain to the gel under different gap widths, and
determining the variation with time of the stress
required to maintain the strain. In contrast to plastic
materials, the gels exhibit a smaller stress relaxation,
and the stress rapidly attains its equilibrium value.
This behavior is typical of a highly elastic body. The
relaxation behavior for SIPN gels, with the same
main chain composition and different PEG contents,
is strongly dependent on the PEG content (Fig. 11),
due to the strong interactions between copolymer
network and PEG.'*?°

CONCLUSIONS

The viscoelastic properties of the copolymer and
SIPN gels are determined primarily by crosslinker
concentration, copolymer main chain composition,
proportion of PEG6000 and water content. The larger
equilibrium storage moduli of SIPN gels compared
with the copolymer gels with the same main chain
composition are attributable to strong interactions
between PEG and copolymer main chains and rheo-
logical properties of AMPS-NIPA copolymer net-
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mm; (c) 1.2 mm; (d) 1.0 mm. Gel composition: AMPS:NIPA = 1 : 1 (mol/mol), [MBAA] in 0.016 mol L™
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(For clarification, stress relaxation versus gap width were presented in separate charts due to the overlapping points so
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Figure 11 Effect of PEG6000 content on stress relaxation
of SIPN gels with equimolar proportions of AMPS and
NIPA. Relaxation tests at 10% strain. PEG6000 proportion:
10, 20, and 40 wt % PEG, respectively; [MBAA] in 0.016
mol L™'; Gels formed at 70°C, 2 h. Gap width (h):1.35 mm.
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work were modified by the presence of PEG. The
rheological data indicate that the copolymer and
SIPN gels are thermosensitive due to the NIPA units
in the main chains, and the LCST depends predomi-
nantly on main chain composition. The low tempera-
ture behaviors of copolymer and SIPN gels are simi-
lar to that of ice at small low strain. At larger strain,
gel slippage or plasticity was found in the amplitude
sweep.

TABLE V
Regression Equations for Densities of Dried Gels

Regression equation rR?

p=32%X10">M, + 1.09 0.96

Polymer system
poly(AMPS-co-NIPA)

PEG/poly(AMPS-co-NIPA)
SIPN

p=21X10">M, + 112 095

Note: M, is mol% of AMPS. R? denotes the coefficient of
determination.
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APPENDIX

The densities at room temperature for NIPA mono-
mer, amorphous NIPA homopolymer, completely
crystalline NIPA homopolymer and monomer AMPS
were reported®”' as 0.970, 1.070, 1.118, and 145 g
cm?, respectively. The density of PEG6000 was
measured as 1.226 g cm ™ °. The densities of dried co-
polymer gels (in a range of 1.09-1.41 g cm ), and
SIPN gels containing 50 wt % PEG6000 are given in
Table V in the form of linear functions of main chain
composition.
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