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ABSTRACT: A series of N-isopropylacrylamide/[[3-
(methacryloylamino)propyl]dimethy(3-sulfopropyl)ammo-
nium hydroxide] (NIPAAm/MPSA) copolymer hydrogels
were prepared with various compositions. Swelling of the
hydrogels in water, aqueous NaCl, KCl, CaCl,, and MgCl,
solutions was studied. NIPAAm/MPSA hydrogels have a
higher degree of swelling in water and salt solutions than
that of poly(N-isopropylacrylamide) (PNIPAAm). Also,
NIPAAmM/MPSA hydrogels are more salt resistant when
deswelling in salt solutions. For <7 mol % MPSA, the
formed hydrogels retain both temperature reversibility and
high swelling. A higher content of MPSA (>11 mol %) leads
to better salt resistance but a decrease in thermosensitivity.

The swelling of NIPAAm/MPSA hydrogel in 0.05M NaCl is
non-Fickian. In NaCl and KCI aqueous solutions, the zwit-
terionic hydrogels do not show obvious antipolyelectrolyte
swelling behavior, whereas in divalent salt CaCl, and MgCl,
solutions, the swelling ability of NIPAAm/MPSA hydrogels
is enhanced at low salt concentration, then decreases with
further increase in salt concentration. The lower critical so-
lution temperatures of NIPAAm/MPSA hydrogels are also
affected by concentrated salt solution. © 2003 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 88: 2032-2037, 2003
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INTRODUCTION

Stimuli-responsive hydrogels have received attention
during the last few decades for applications in bio-
separation, medicine, and pharmaceutical fields.
These stimuli include temperature,' pH,*® pressure,®
and electric field.”® Although many responsive hydro-
gels have been studied, hydrogels from derivatives or
copolymers of acrylamide, especially poly(N-isopro-
pylacrylamide) (PNIPAAm), have been most popu-
lar.”~'! On the other hand, polyelectrolyte hydrogels
with charged groups produce an electrostatic repul-
sion force among the electrolyte groups when swelling
in water, thus increasing the expansion of the hydro-
gel network. However, the coulombic forces within
polyelectrolyte hydrogels with dissociable polyions
are sensitive to the internal pH and the amount of
mobile ions in external solution. Adding salt into the
swollen polyelectrolyte hydrogel may cause a volume
collapse because of the changes of the water structure
induced by ion hydration and shielding the charge
repulsion by the salt.

Linear ampholytic polymers are known for anti-
polyelectrolyte behavior that is characterized by in-
creasing chain expansion in the presence of salt solu-

Correspondence to: R. Gupta (gupta@auburn.edu).
Contract grant sponsor: U.S. Department of Energy; con-
tract grant sponsor: DE-FC36-99G0O10417.

Journal of Applied Polymer Science, Vol. 88, 2032-2037 (2003)
© 2003 Wiley Periodicals, Inc.

tion. This behavior is attributed to the breakage of the
intra- or intermacromolecular attractions between
ionic groups attributed to salt screening.'> There are
two methods to prepare the ampholytic hydrogels: (1)
copolymerizing a anionic monomer with a cationic
monomer,”® and (2) incorporating a zwitterionic
monomer into the hydrogel network.'*'> It has been
shown that the hydrogels prepared from the first
method show antielectrolytic properties only in a nar-
row composition range at nearly net-zero charge den-
sities. At nonzero charge density composition, the hy-
drogels show polyelectrolyte behavior.'? On the other
hand, by using zwitterionic monomers it is easier to
get the net-zero charge density on the hydrogel net-
work because of an equal amount of negative and
positive charge within zwitterionic monomer chains.
Different hydrogels with various zwitterionic compo-
nents have been studied. NIPPAAm hydrogel copoly-
merized with zwitterionic monomer N-(3-acrylamido-
propyl)-N,N-dimethylammonium propanesulfonate
(DMAAPS)' shows antipolyelectrolyte swelling only
at some NaCl concentrations. NIPPAAm hydrogel co-
polymerized with zwitterionic comonomer 1-(3-sulfo-
propyl)-2-vinyl-pyridinium-betaine (SPV) shows a
high degree of swelling at low NaCl concentration and
decreased swelling at higher concentrations.'®

The purpose of the present investigation was to pre-
pare a hydrogel with both temperature reversibility and
high water swelling in aqueous salt solution. Hydrogels
based on NIPAAm and zwitterionic comonomer
[[3-(methacryloylamino)propyl]dimethy(3-sulfopro-
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pyDammonium hydroxide] (MPSA) were prepared, the
swelling behavior in various salt solutions was studied,
and antipolyelectrolyte behaviors are discussed.

EXPERIMENTAL
Materials

Monomer NIPAAm, N,N-methylene-bis(acrylamide)
(BIS), ammonium persulfate (APS), and sodium meta-
bisulfite (SBS) (all from Aldrich Chemical Co., Mil-
waukee, WI) were used as received. Zwitterionic
monomer MPSA (Aldrich) was purified by recrystal-
lization with acetone before use. All other materials
were obtained from Aldrich and used as received.

Preparation of the hydrogels

Hydrogels were prepared by free-radical aqueous-so-
lution polymerization using BIS as a crosslinking
agent. Various amounts of NIPAAm and MPSA were
mixed in water at a total concentration of 10 wt % in a
50-mL round-bottom bottle. After removing oxygen
by bubbling N, for 20 min, the redox initiators APS
and SBS were added. The polymerization was carried
out at 50-60°C for 24 h, after which the hydrogels
were cut into small disks (16 mm diameter; 2 mm
thickness). The hydrogel disks were immersed in an
excess of deionized water at room temperature for a
few days to remove the residual unreacted monomers.
The hydrogels were then dried under vacuum below
50°C. The amount of crosslinking agent BIS was kept
at 2 wt % of the total monomer. The amount of initi-
ators APS and SBS were maintained at equal molar
ratio and as 0.1 wt % of the total monomers.

Measurement of the swelling capacity of hydrogels

The swelling ratios of the hydrogels were measured
over a range of temperatures (10-65°C) in deionized
water (pH ~ 6.8) and aqueous solutions of NaCl, KCl,
CaCl,, and MgCl,. After swelling reached equilib-
rium, the hydrogels were removed and surface water
was removed by filter paper; then the weights of the
wet hydrogels were recorded. The swelling ratio (SR)
is defined as:

SR = (W, = W) /W, (1)

where W, and W, are the weights of wet and dry
hydrogels, respectively.

Swelling and deswelling rates

The dried hydrogel disk was immersed in excess wa-
ter or salt solution at room temperature, and the swell-
ing was measured by weighting the samples with
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TABLE 1
Properties of NIPAAm/MPSA Hydrogels

Feed composition

Sample (mol %) Cloud point  Swelling ratio
no. NIPAAm MPSA (°Q) at 25°C
N-M-0 100 0 28-32 11.5
N-M-1 97.5 2.5 28-32 13.8
N-M-2 94.4 5.6 30-35 16.2
N-M-3 93 7 33-40 17.2
N-M-4 89 11 >75 19.1
N-M-5 85 15 >75 24.9

time. The diffusion coefficient was calculated from eq.

@)
M, (4)\(Dx¢#' . M: _
E— F 7112 or E = 0.6 (2)

where t is time, L is the initial thickness of the dried
sample, M, is the water absorbed at time ¢, M., is the
water absorbed at equilibrium, and D is the diffusion
coefficient.

The deswelling of the deionized water—swollen hy-
drogel was measured by placing it into 1M NaCl
solution at room temperature. The weight of the hy-
drogel was recorded at different time intervals, and
the water retention was calculated by

Wx =100 X SR(t)/SR(E) (3)

where SR(t) and SR(E) are the swelling ratio at time ¢
and at equilibrium state, respectively.

RESULTS AND DISCUSSION

Temperature sensitivity of NIPAAm/MPSA
hydrogels

For polymerization of NIPAAm/MPSA hydrogels in
aqueous solution, the feed ratio of the copolymer hy-
drogels and the hydrogel properties at room temper-
ature are listed in Table I. Hydrogel loses temperature
sensitivity with an increase in the concentration of
MPSA monomer. When MPSA in the feed ratio is 11
mol %, the copolymer hydrogels do not have an ob-
vious cloud point, even when the temperature in-
creased to 75°C. Incorporation of zwitterionic mono-
mer MPSA increases the hydrophilicity of the
PNIPAAm hydrogel, which in turn increases the
swelling ratios of the hydrogels at room temperature.

Figure 1 shows the temperature dependency of the
swelling ratio in pure water for NIPAAm/MPSA hydro-
gels. It is shown that around the transition temperature,
N-M-2 and N-M-3 hydrogels have sharp transitions in
swelling because of the shift in hydrophilic-hydropho-
bic balance caused by raising the temperature, whereas
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Figure 1 Temperature dependency of NIPAAm/MPSA
hydrogel swelling in water.

the swelling ratio of N-M-4 and N-M-5 hydrogels de-
creases linearly with increases in temperature, indicating
that the high content of MPSA results in the loss of
temperature sensitivity. Hence, to maintain the temper-
ature sensitivity of the NIPAAm/MPSA hydrogel, the
feed ratio of zwitterionic monomer in the polymeriza-
tion should not be greater than 11 mol %.

Swelling kinetics of NIPAAmM/MPSA hydrogels

Figure 2 shows the swelling kinetics of NIPAAm/
MPSA hydrogels in 0.05M NaCl aqueous solution. The
swelling equilibrium is reached in 24 h at 25°C. The
initial swelling data are fitted to the exponential heu-
ristic equation'”:

M,
=Kt

M,
M. for ( = 0.6) (4)

M.,

where K is a characteristic constant of the hydrogel
and n is a kinetic exponent of the mode of solute
transport. Values of n and K are calculated from the
slopes and intercepts of the plot of log(M,/M..) versus
log(t). For disk-shape samples, n = 0.5 if the swelling
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Figure 2 Swelling kinetics of NIPAAm/MPDMSA in
0.05M NaCl at 25°C.
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TABLE 1I
Initial Diffusion Coefficient (D), Kinetic Exponent (n),
and Characteristic Constant (K) for NIPAAm/MPSA
Hydrogels in 0.05M NaCl

Hydrogel K n D (X107 cm?/s)
N-M-1 0.128 0.7175 3.48
N-M-2 0.123 0.7532 2.16
N-M-3 0.113 0.7756 24

is by Fickian diffusion; n is between 0.5 and 1.0 for
non-Fickian diffusion; n = 1.0 for case II diffusion; and
n is >1 for supercase II diffusion.'® Table II shows K,
n, and D values for the NIPAAm/MPSA hydrogels
obtained using eqgs. (2) and (4). The results indicate
that for all cases n > 0.5, suggesting that the swelling
transport of these hydrogels in NaCl solution is non-
Fickian transport.

Salt effect on the swelling behavior
Monovalent salt

The swelling of NIPAAm/MPSA hydrogels with dif-
ferent concentrations of NaCl is illustrated in Figure 3.
With increases in NaCl concentration, the hydrogel
swelling decreases, whereas in very dilute salt solu-
tion (10~ to 0.05M), the swelling ratio remains almost
constant. This result is similar to the observation by
Lee and Yeh'" for poly(N-isopropylacrylamide-co-N,N'-
dimethyl(acrylamidopropyl)ammonium propane sulfo-
nate (NIPAAm/DMAAPS) hydrogel. In the aqueous so-
lution of a linear zwitterionic polymer, the anionic and
cationic groups of the zwitterionic monomer can form a
complex through interchain or intergroup associations,
which is broken in the presence of salt, thus giving rise to
chain expansion in salt solution, displaying antipolyelec-
trolyte behavior. In Figure 3, no obvious antipolyelectro-
lyte swelling behavior for NIPAAm/MPSA hydrogels
was observed. This may be because the added NaCl may
not break the interchain association so easily in a
crosslinking structure as in a linear structure. The net
charge of the NIPAAm/MPSA hydrogel is zero, and the
decrease of swelling ratio is just caused by the reduction
of chemical potential of water with the addition of salt,
so the swelling ratios do not decrease sharply at low
NaCl concentrations. However, in an ionic hydrogel sys-
tem like poly(N-isopropylacrylamide-co-acrylic acid)
(NIPAAm/AA),' the swelling ratio of the hydrogel has
been observed to decrease sharply when KCI salt con-
centration is above 0.001M, which is attributed to the
shielding of the anionic charge by salt. Figure 3 also
shows that hydrogels with higher content of MPSA have
higher swelling ratios. Incorporation of MPSA increases
the hydrophilicity of the hydrogel because of SO;
groups of MPSA. Similar results were observed in KCl
solution, which are not illustrated here.
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Figure 3 Effect of NaCl concentration on swelling of NIPAAm/MPSA hydrogels.
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NIPAAmM/MPSA hydrogel also loses temperature
sensitivity with increases in NaCl concentration (Fig.
4). Hydrogel N-M-1 exhibits lower critical solution
temperature in up to 0.1M NaCl, but in 1M NaCl, the
swelling of N-M-1 decreases linearly with increasing
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Figure 4 Effect of salt concentration on the LCST of N-M-1

hydrogel.

temperature. At the higher concentration of NaCl, the
reduced chemical potential of water makes the hydro-
gel volume collapse even at low temperatures.

The deswelling behaviors of PNIPAAmM and
NIPAAmM/MPSA are shown in Figure 5. After placing
swollen hydrogels in 1M NaCl solution, all hydrogels
show volume collapse. NIPAAm/MPSA hydrogels
have higher water retention ability than PNIPAAm in
concentrated salt solution. After 5.3 h, PNIPAAm re-
tains 29% of water absorbed, whereas N-M-1, N-M-3,
and N-M-5 can retain 49, 45, and 50% water, respec-
tively. This indicates that, although NIPAAm/MPSA
hydrogels do not show antipolyelectrolyte behavior in
NaCl solution, these are more salt resistant than
PNIPAAm.

Divalent salt

Antipolyelectrolyte behaviors for NIPAAm/MPSA
hydrogels were observed in the divalent salts MgCl,
and CaCl, (Figs. 6 and 7). Initially, the swelling in-
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Figure 5 Deswelling behavior of NIPAAm/MPSA hydro-
gels in 1M NaCl at 25°C.
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Figure 6 Effect of CaCl, on the swelling behaviors of NIPAAm/MPSA hydrogels at 25°C.

creases with salt concentration in dilute solution, but
decreases at higher salt concentrations. In CaCl, solu-
tion, hydrogel swelling increases with salt concentra-
tion in the range of dilute solution, reaching a maxi-
mum at 0.01M CaCl,, then decreases with further
increase in the salt concentration. Similar behavior is
observed in MgCl, solution, except the maximum
swelling ratio occurs at 0.05M MgCl,, which should be
attributed to the different hydrated ionic radii of Ca**
and Mg®". The swelling also increases with the in-
crease in zwitterionic monomer composition. There
are two competing interactions in the salt solution of
zwitterionic hydrogels: (1) salt decreases the chemical
potential of water, making the solvent poorer than the
aqueous solution, which will decrease the swelling;
and (2) a small amount of salt can break the strong
association between zwitterionic monomers by shield-
ing the positive and negative charges, causing the
network expansion and increasing the swelling ratio.
Figures 6 and 7 suggest that divalent cation salts more
easily break the complexation between zwitterionic
groups, thus making the crosslinking polymer chain
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Figure 7 Effect of MgCl, on the swelling ratios of
NIPAAmM/MPSA hydrogels at 25°C.

expansive. These two contrary interactions determine
whether the hydrogel could show obvious antipoly-
electrolyte behavior in salt solution. If the interaction
between salt and zwitterionic groups is stronger, the
hydrogels tend to show antipolyelectrolyte behavior.
This antipolyelectrolyte behavior is suppressed at
higher salt concentrations because of the large amount
of unbounded ions that screen the expansion between
ionic groups.

Deswelling of NIPAAm/MPSA hydrogels at con-
centrated CaCl, solution (0.5M) is shown in Figure 8.
The antipolyelectrolyte behavior is suppressed and
the hydrogel volume collapses. It can be seen that
zwitterionic hydrogels still have higher water content
than that of PNIPAAm, which does not have zwitte-
rionic groups, when deswelling in concentrated diva-
lent salt solution.

CONCLUSIONS

1. When MPSA in NIPAAm/MPSA hydrogels ex-
ceeds 11 mol %, the hydrogel loses thermorevers-
ibility. The swelling of NIPAAm/MPSA hydro-
gel increases with increase in MPSA content.

2. In monovalent salt (NaCl and KCl) solutions,
NIPAAmM/MPSA hydrogel does not show obvi-
ous antipolyelectrolyte behavior, whereas in
CaCl, and MgCl, solutions, it shows antipoly-
electrolyte swelling behavior in dilute salt solu-
tion, but at higher salt concentration, the swelling
ratio decreases.

3. After incorporation of zwitterionic monomer
MPSA, the formed hydrogels have a higher
swelling ratio in salt solution and a higher water
content while deswelling in concentrated salt so-
lution.
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Figure 8 Deswelling of NIPAAm/MPSA hydrogels in 0.5M CaCl, at 50°C.

The financial support for this work was provided by the
U.S. Department of Energy under Grant DE-FC36-
99G010417.

References

N Ul W N e

. Dong, L. C.; Hoffman, A. S. ] Controlled Release 1990, 13, 21.
. Hirotsu, S.; Hirokawa, Y.; Tanaka, T. ] Chem Phys 1987, 87, 1932.
. Cussler, E. L.; Stokar, M. R.; Varberg, J. E. AIChE ] 1984, 30, 578.

Khare, A. R.; Peppas N. A. ] Biomater Sci Polym Ed 1993, 4, 275.

. Brannon-Peppas, L.; Peppas, N. A. Chem Eng Sci 1991, 46, 715.
. Zhang, X.; Wang, Y. X.; Wang, S. C. Chem Eng Sci 1996, 51, 3235.
. Feher, J.; Filipcsei, G.; Szalma, ].; Zrinyi, M. Colloids Surf A

2001, 183-185, 505.

10.

11.
12.

13.

14.
15.
16.
17.
18.

. Shiga, T.; Hirose, Y.; Okada, A.; Kurauchi, T. ] Appl Polym Sci

1991, 44, 249.

. Johnson, D. W.; Valley, G.; Cussler, E. L. U.S. Pat. 4,863,613,

1989.

Wang, K. L.; Burban, J. H.; Cussler, E. L. Adv Polym Sci 1993,
110, 68.

Sun, Y.S.; Qiu, Z. Y.; Hong, Y. L. Chin ] Polym Sci 1992, 10, 311.
Baker, J. P.; Blanch, H. W.; Prausnitz, ]. M. Polymer 1995, 36,
1061.

Baker, J. P.; Stephens, D. R; Blanch, H. W.; Prausnitz, ]. M.
Macromolecules 1992, 25, 1955.

Huglin, M. B.; Rego, ]. M. Colloid Polym Sci 1992, 270, 234.
Lee, W. F;; Yeh, P.-L. ] Appl Polym Sci 1999, 74, 2170.

Xue, W.; Champ, S.; Huglin, M. B. Eur Polym ] 2001, 37, 869.
Franson, N. M.; Peppas, N. A. ] Appl Polym Sci 1983, 28, 1299.
Lee, W. F,; Huang, Y. L. ] Appl Polym Sci 2000, 77, 1769.



