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ABSTRACT: The swelling behavior for a series of NIPAAm/NaAMPS copolymeric hy-
drogels with polyelectrolytic and thermosensitive properties was investigated in vari-
ous saline solutions. The swelling ratios for the present copolymeric hydrogels were
affected by the saline solution, which is the result of the neutralization of the cations in
the external solution with the negative charges on the polymeric side chains. The
adsorption of aniline by the gels increased when the temperature was higher than the
gel transition temperature, and this result showed that, when the gels were in hydro-
phobic state, the hydrophobic organic molecules were more easily adsorbed onto the
gels. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79: 1675–1684, 2001
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INTRODUCTION

Hydrogels undergo a volume phase change in re-
sponse to a change in surrounding conditions,
such as temperature,1, 2 pH,3 ionic strength,4 and
electric field.5, 6 Therefore, such materials can be
used in many fields such as drug delivery system,
extraction, and enzyme activity control.7–14

Thermosensitive hydrogels show a volume
change within a quite narrow temperature range.
Poly(N-isopropylacrylamide) [poly(NIPAAm)] hy-
drogel demonstrates a nearly continuous volume
transition and associated phase transition from
low temperature, a highly swollen gel network, to
high temperature, a collapsed phase near its crit-
ical point between 31–35°C.15 Hirotsu16 ex-
plained the thermoshrinkage behavior of poly-

(NIPAAm) gel in a water/alcohol system by the
destruction of hydrogen bonds between water
molecules and the amido group of NIPAAm.

A polyelectrolyte gel is prepared from a water-
soluble monomer with ionizable groups. These
ionizable groups will completely dissociate in so-
lution to form strong electrolyte groups or par-
tially dissociate to form weak electrolyte groups
along its chains. These charged groups produce
an electrostatic repulsion force among them-
selves, which influences the expansion of the gel
network.17,18 A series of cationic copolymeric hy-
drogels, based on NIPAAm, were investigated in
our previous reports.19–22 The results showed
that the behaviors of the copolymeric hydrogels
were affected by the temperature and the salt
concentration in solution.

The thermal analysis of the volume phase tran-
sition with NIPAAm gels was reported by Otake
et al.24 Seida and Nakano25–27 have studied the
adsorption properties for a series of gels prepared
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from NIPAAm and N-substituted acrylamide.
They found that the hydrophobic interaction of
the gel was induced through a structure rear-
rangement of ester molecules, and adsorption
properties of the gels were improved by adding
salt to the solution system.

In our previous study,23 the fundamental prop-
erties of a series of NIPAAm/NaAMPS copoly-
meric gels with different molar fractions were
investigated. Results indicated that, the higher
the NaAMPS content in the hydrogel system, the
higher the swelling ratio and the gel transition
temperature. The results also indicated that the
NIPAAm/NaAMPS copolymeric hydrogels had
different swelling ratios in various pH environ-
ments. The present gels showed a pH-reversible
property between pH 3 and pH 10, and thermor-
eversibility. The swelling ratios of copolymeric
gels were lower in a strong alkaline environment
because the gels were screened by counterions. In
drug release experiments, the result shows that,
the higher the NaAMPS content, the higher the
release fraction for gels. Hence, the investigation
of the swelling behaviors for the present gels in
the presence of various salt solutions is one of the
main purposes of this study. The other objective is
to investigate the adsorption properties for ad-
sorbing organic molecules of these copolymeric
gels at different temperatures and salt solutions.

EXPERIMENTAL

Materials

N-isopropylacrylamide (NIPAAm) (Fluka Chemi-
cal Co.) was recrystallized in n-hexane before use
to remove an inhibitor. N, N9-methylene bisacryl-
amide (NMBA) (Sigma Chemical Co.) as a
crosslinking agent, and N,N,N9,N9-tetramethyl-
ethylene diamine (TEMED) (Fluka chemical Co.)
as an accelerator, were used as received. Ammo-
nium peroxodisulfate (APS) (Wako Pure Chemi-

cal Co. Ltd) as an initiator was further purified by
recrystallization.

Neutralization of AMPS Monomer Solution
(NaAMPS)

NaAMPS monomer solution was prepared by add-
ing AMPS to sodium hydroxide solution. The mo-
lar ratio of sodium hydroxide to AMPS was 1 : 1 to
approach complete neutralization.

Preparation of Hydrogels

The preparation of NIPAAm, and NaAMPS copol-
ymer gels was described according to our previous
report.23 NIPAAm and NaAMPS with various
molar ratio, and 3 mol NMBA based on total
monomer content were dissolved in 10 mL of
deionized water. To this solution, 0.2 mol % APS
and 0.2 mol TEMED, as redox initiator, were
added, and the mixture was immediately injected
into the space between two glass plates. The gel
membrane thickness was adjusted with a silicone
spacer between the two glass plates. Polymeriza-
tion was carried out at room temperature for 1
day. After the gelation was completed, the gel
membrane was cut into disks, 10 mm in diameter,
and then immersed in an excess of deionized wa-
ter for 3 days to remove the residual unreacted
monomer. Swollen polymeric gels were dried at
room temperature for 1 day, and these samples
were further dried in a vacuum oven for 2 days at
30°C. The sample codes and compositions and
fundamental properties of the gels are listed in
Table I.

Measurement of Swelling Ratio in Saline Solutions

The preweighed dried gels (Wd) were immersed in
an excess of various saline solutions with differ-
ent concentrations at 25°C until swelling equilib-
rium was attained. Each sample was then re-
moved from its respective vial, tapped with filter

Table I Characterization of the NIPAAm/NaAMPS Copolymeric Hydrogels

Sample Code
NIPAAm
(mol %)

NaAMPS
(mol %)

Gel Transition
Temperature (°C)

D 3 108

(cm2/s) n k

N0 100 0 30–35 6.1 0.53 0.32
N1 98 2 35–40 8.31 0.54 0.50
N2 97 3 40–45 10.51 0.62 0.44
N3 96 4 50–55 11.12 0.60 0.48
N4 95 5 .60 12.31 0.58 0.45
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paper to remove excess surface water, and
weighed as the wet weight (Ww). Swelling ratio
(Q) was calculated from the following formula:

Q 5
Ww 2 Wd

Wd
(1)

Release of Indomethacine in Halide Salt Solution

The dry gels were equilibrated in 30 mg indo-
methacine/10 mL of alcohol solution (alcohol: wa-
ter 5 8 : 2 as volume ratio) at 25°C for 2 days.
Then the wet gels were dried at 25°C for 1 day
and further dried in a vacuum to prepare indo-
methacine loaded dry gels. The dry gels, loaded

with indomethacine, were immersed in KF(aq),
KCl(aq), KBr(aq), and KI(aq) solution, and the re-
leased indomethacine was analyzed at 319 nm by
an ultraviolet spectrophotometer (JASCO
UV-530).

Adsorption Property of the Gel

The dry gel sample (40 mg) was placed in 20 mL
of aqueous solution of the model organic molecule
(1024 g aniline/g water) with sodium chloride, and
kept at a specified temperature with shaking (60
rpm) in a water bath for 24 h. The amount of
aniline adsorbed onto the gel was evaluated
through measurement of the residual concentra-

Figure 1 Swelling ratios for NIPAAm/NaAMPS copolymeric hydrogels in different
concentration of (a) LiCl(aq), (b) NaCl(aq), (c) KCl(aq) at 25°C.
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tion of aniline in the solution using an ultraviolet
spectrophotometer (JASCO UV-530) at 269.2 nm.

RESULTS AND DISCUSSION

NIPAAm/NaAMPS is an anionic type of hydrogel.
The charge repulsion force on molecular chains of
NaAMPS monomers makes the network expand.
From our previous report,23 the results showed
that their swelling ratios were higher than pure
NIPAAm hydrogels in water, and the higher the
NaAMPS content, the higher the swelling ratios
of the copolymeric hydrogels, i.e., N5 . N4 . N3
. N2 . N0. These copolymeric gels had thermor-
eversible properties resulting from the thermo-
sensitivity of the NIPAAm structure, so these gels
could be applied to controlled drug release. The
sulfonate group on NaAMPS had different de-
grees of ionization in various pH solutions. The
swelling ratios of gels were lower in strong acid
(pH 2) and strong alkaline (pH 12.6) solution than
in pH solutions from pH 3 to 10. However, be-
cause the negative fixed charges on the NaAMPS
chain were neutralized by cations in saline solu-
tion, their swelling ratios decreased with an de-
crease of the numbers of negative charges on poly-
meric chains in saline solution. In the following
sections, the swelling ratios of these gels in vari-

ous aqueous salt solutions are investigated and
discussed, especially for the N5 and N0 samples.

The Influence of Different Monovalent Cations
with a Common Anion (Cl2) on the Swelling Ratio

Figure 1 shows the swelling ratio of the present
copolymer gel as a function of the salt ionic
strength for LiCl, NaCl, and KCl solutions, re-
spectively. The results shown in Figure 1 indicate
that the swelling ratios of sample N0 approxi-
mately kept constant in the range of the ionic
strength from 1 3 1025 to 0.1 M. Because the pure
NIPAAm gel is nonionic, according to Flory’s
swelling theory,27 the concentration of fixed
charge referred to unswollen network is zero.
This implies that the swelling ratio of N0 gel
could not be affected by external dilute salt solu-
tions. But the swelling ratio of NIPAAm gel rap-
idly decreases when the ionic strength of the salt
solution is over 0.1 M. This behavior can be ex-
plained by the salting out effect, that is, at higher
concentrations of salt solution, the anions en-
hance the hydrophobic interaction by their salt-
ing out effect. This effect makes the swelling ra-
tios of gels decrease rapidly at higher salt concen-
tration.28 This behavior was also observed in our
previous reports.19–22

The swelling ratios for the present copolymer
hydrogels decrease with an increase in saline con-
centration. These results can be attributed to the
neutralization of the cations in the external solu-
tion and the negative charges on the polymer
chains. As the NIPAAm/NaAMPS copolymeric
hydrogels swell in 1024–1025 M of the salt solu-
tion, the swelling mechanism mainly depends on
the hydrophilicity of the amido ONHCOO group
and charge repulsion force of the sulfonate group
on NaAMPS, resulting in expansion of the gel
networks. But when the ionic strength of the ex-
ternal saline solution increased from 1024 to 1021

M, the negative charges on NaAMPS were neu-
tralized by the cations (K1, Na1, Li1) and the
swelling ratios rapidly decreased, that is, the gels
show deswelling behavior. Almost all of the neg-
ative charges on the polymer chains were neutral-
ized by the external cations in this concentration
range. This results from the Donnan or polyelec-
trolytic effect. But, as the saline ionic strength
further increased over 0.1 M, the copolymeric gels
became nonionic-type hydrogels, just like poly-
(NIPAAm) gels. So the swelling curves of
NIPAAm/NaAMPS reflected nearly a horizontal
line in the range of 0.1–0.5 M, especially in Li-

Figure 2 Swelling ratios for N5 and N0 hydrogels in
different concentrations of LiCl, NaCl, and KCl at
25°C.
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Cl(aq) solution. When the saline concentration was
raised to 1.0 M, the salting-out effect was en-
hanced, due to the high external ionic concentra-
tion, and the swelling ratios for NIPAAm/
NaAMPS copolymeric hydrogels sharply de-
creased.

To compare the influence of these three mono-
valent ions (K1, Na1, Li1) on the swelling ratio of
the NIPAAm/NaAMPS copolymeric hydrogels,
the swelling behaviors for N5 and N0 in different
monovalent saline solutions were examined. The
results shown in Figure 2 indicate that the swell-
ing ratio for the pure NIPAAm gels has a trend in

the order of LiCl . NaCl 5 KCl (towards zero
swelling ratio) in higher ionic strengths of the salt
solutions. This evidence can be explained by the
fact that the hydration ability of Li1 is larger
than that of Na1 and K1, so the lithium ions can
more easily hydrogen bond with the amido group
of the NIPAAm gels. Hence, the swelling ratio of
poly(NIPAAm) gels has a higher value in concen-
trated LiCl solution. However, the swelling ratio
of N5 was influenced by the affinity of the water
and the fixed charges of the gel. The swelling
behavior for sample N5 in different monovalent
saline solutions was similar. However, for salt

Figure 3 Swelling ratios for NIPAAm/NaAMPS copolymeric hydrogels in different
concentrations of (a) CaCl2(aq), (b) SrCl2(aq), and (c) BaCl2(aq) at 25°C.
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ionic strengths over 0.1 M, the swelling ratios for
N5 were in the order of Li1 . Na1 5 K1. This
behavior is like the swelling behavior of poly-
(NIPAAm) in concentrated saline solution.

The Influence of Different Divalent Cations with a
Common Anion (Cl2) on the Swelling Ratio

Figure 3 shows the swelling ratios of the
NIPAAm/NaAMPS copolymeric hydrogels in var-
ious ionic strengths of divalent cations with a
common anion (Cl2) salt solution. The results
show that the gels exhibit the polyelectrolyte ef-
fect in lower salt concentrations from 3.3 3 1025

to 3.3 3 1022 M, and the swelling ratios decrease
sharply. As the salt ionic strength increases to 3.3
3 1022–0.167 M, the fixed negative charges on
the polymer chains were fully neutralized, and
the gels showed a polyelectrolyte effect. When the
salt ionic strength further increases to over 0.167
M, the swelling ratio decreases sharply. Figure 4
shows the swelling ratios for N5 and N0 hydro-
gels in CaCl2, SrCl2, and BaCl2 solutions. The
swelling ratios in divalent salt solutions show
insignificant differences. The swelling ratios for
N5 converge to zero at higher ionic strength solu-
tion. This behavior is the same as the behavior of
poly(NIPAAm) gels.

The Influence of Different Halide Ions with a
Common Cation (K1) on the Swelling Ratio

Figure 5 shows the influence of different halide
ions with a common cation (K1) on the swelling

ratios for this series of copolymeric hydrogels. It
indicates that the swelling ratios for these hydro-
gels decrease with an increase of the ionic
strength of external salt solution. This phenome-
non could be explained by neutralization between
anions on sulfonate group and potassium ions in
the external solution. When the salt concentra-
tions increased, the sulfonate groups were neu-
tralized by the cations (potassium ions), and low-
ered the charge repulsion force on side chains.
Finally, the copolymeric gels behaved as nonionic
gels when the whole negative charges were neu-
tralized. So the swelling behaviors of NIPAAm/
NaAMPS gels were similar to nonionic gels when
the ionic strength of the salt solution increased
from 0.1 to 0.5 M. This behavior was more evident
in KI(aq) and KBr(aq) solutions [see Fig. 5(c) and
(d)]. The solubility of KI and KBr in water is
higher than KCl and KF and the potassium ions
could easily neutralize sulfonate groups on
NaAMPS, resulting in full neutralization on the
side chains before 0.1 M concentration of saline
solution. For KCl and KF, the lower solubility in
water resulted in fewer potassium ions being ion-
ized; therefore, the negative charges on NaAMPS
were not neutralized entirely when the saline
ionic strength reached 0.1–0.5 M. Hence, non-
ionic behavior of the copolymeric gels in KF and
KCl solution was not found, and the gels showed
a decreasing tendency in this range of ionic
strength due to the Donnan effect. Figure 6 shows
the swelling ratios for N5 and N0 hydrogels in
KF, KCl, KBr, and KI solutions. The copolymeric
hydrogels of N5 showed an irregular order for
various halide salt solutions in lower ionic
strengths. In this neutralization system, the ha-
lide salt had a common cation (potassium), so the
effect of neutralization made no significant differ-
ence on the swelling ratios for copolymeric gels in
lower saline concentration. But for gels swelled in
higher concentrations of salt solution, the swell-
ing ratios were in the order of KI . KBr . KCl
. KF, which was the same tendency as N0. This
behavior and an explanation for it were described
by Yoshioka et al. for the poly(NIPAAm)-b-poly-
(ethylene glycol) sol-gel system.28

To confirm the difference of swelling ratios in
various halide saline solutions, we investigated
the drug-released content of the gel in 1.0 M of
KF, KCl, KBr, and KI. We used indomethacine as
a model drug to load in copolymeric gels. Figure 7
shows the released content of indomethacine in
halide solutions for sample N5. The order of drug-
released content is in the order of KI . KBr

Figure 4 Swelling ratios for N5 and N0 hydrogels in
MgCl2(aq), CaCl2(aq), and MgCl2(aq) at 25°C.
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. KCl . KF. This tendency was the same as the
swelling ratios of the present gels in these salt
solutions. This implies that the higher the swell-
ing ratios of the gels, the easier it is for the drug
to diffuse out of the gels. From Figure 7, the
released content for N5 was less in the KF solu-
tion, because the swelling ratios for the gels were
at approximately zero in the KF solution. As a
result, the tendency of the released amount of
indomethacine is in the order of KI . KBr . KCl
. KF. This result conforms to the trend of the
swelling ratios in these salt solutions.

Effect of Added Salt on Gel Transition Temperature

The equilibrium swelling ratios for the gels N0,
N2, and N5 in deionized water and 1.0 M NaCl
aqueous solution are shown in Figure 8(a) and (b).
From Figure 8(a), the gel N0 demonstrates a dis-
continuous volume transition between 30–35°C,
and the swelling ratio decreases in this tempera-
ture range. Because, with more hydrophilic group
in gels the higher is the gel transition tempera-
ture, the gel transition temperatures for N2 and
N5 (40–45°C and 55–60°C) were higher than N0.

Figure 5 Swelling ratios for NIPAAm/NaAMPS copolymeric hydrogels swell in dif-
ferent concentrations of halide ion salt solutions (a) KF(aq), (b) KCl(aq), (c) KBr(aq), and
(d) KI(aq) at 25°C.
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When the gels were swelled in 1.0 M NaCl(aq), the
results showed that the transition temperatures
were lower than those swelled in deionized water,
as shown in Figure 8(b). This is because the swell-
ing ratios for the copolymeric hydrogels were de-
creased by the effect of ionic pressure in concen-
trated saline solution, and the gels collapsed and
became more hydrophobic in 1.0 M NaCl(aq). So
the gel transition temperature was shifted to a
lower temperature (about 5°C) in 1.0 M NaCl(aq).

Adsorption of Aniline

The result of adsorption of aniline by NIPAAm/
NaAMPS copolymeric hydrogels at various tem-
peratures is shown in Figure 9. The gels adsorbed
the hydrophobic organic molecules at high tem-
perature (hydrophobic state of the gel) and de-
sorbed them at low temperature (hydrophilic
state of the gel). The temperature at which the
amount of adsorption increased drastically corre-
sponded to the volume phase transition tempera-
ture of the gels (compare to Fig. 8). At low tem-
perature, the gels exhibited hydrophilicity and
led to the reduction of the interaction between the
aniline molecule and the gel surface; but at higher
temperature, the collapse of the gels made the

Figure 6 Swelling ratios for N5 and N0 hydrogels in
different halide anion salt aqueous solutions of various
concentrations at 25°C.

Figure 7 The NIPAAm/NaAMPS copolymeric hydro-
gels release indomethacine in halide solutions of 1.0 M
at 25°C.

Figure 8 Swelling ratios as a function of temperature
for NIPAAm/NaAMPS copolymeric hydrogels in (a)
deionized water, and (b) 1.0 M NaCl(aq).
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gels become hydrophobic, and the aniline mole-
cules adsorbed onto the hydrophobic gels more
easily. For example, N5 adsorbed 512 ppm aniline
at 35°C in water, but adsorbed 1230 ppm aniline
at 55°C. The addition of salt increased the
amount of adsorption of organic molecules onto
the gel, which decreased the gel transition tem-
perature of the gel. This is because the added salt
will change the structure of water. There are
three types structure of water: free water, semi-
bound water, and bound water.29–33 Seida and
Nakano reported that the fraction of the bound
water would increase as the salt-containing chlo-
ride ions was added in the solution and induced
the gel to adsorb more hydrophobic molecules.34

In addition, the added salt induced a “salting-out”
effect on the surface of gels, and the gels formed a
hydrophobic layer. So the adsorption of hydropho-
bic aniline molecules is increased as salt is added
to a solution. The NIPAAm/NaAMPS copolymeric
gel (N5) showed a larger adsorption amount than
poly(NIPAAm) gels (N0). Although the N5 has
more hydrophilic groups than N0, N5 possessed a
larger surface area than N0 in water. So the ad-
sorption amount is in the order of N5 . N2 . N0
at each temperature. This significant result was
obtained in NaCl aqueous solution.

CONCLUSION

A series of polyelectrolytic copolymer hydrogels
with thermosensitivity were prepared from
NIPAAm and NaAMPS. The swelling ratios of

NIPAAm/NaAMPS copolymeric gels increase
with an increase in the hydrophilic group content
and the charge repulsion force on polymeric side
chains in deionized water. As the present gel was
swelled in saline solution, the sulfonate groups
were neutralized by the cations in the external
solution, and the swelling ratios decreased. When
the salt solution reached 0.1 M, the fixed charges
on polymeric side chains were fully neutralized,
and the copolymeric gels showed nonionic behav-
ior like poly(NIPAAm). In various saline solu-
tions, the copolymeric gels showed a Donnan ef-
fect when the charges on the polymeric side chain
were neutralized, and then showed a salting-out
effect with the gels going to a nonionic state. The
gel transition temperature was affected by addi-
tion of NaCl. The hydrophobicity of the gels in
high temperature could be applied to the adsorp-
tion of organic molecules.
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