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ABSTRACT: A series of ionic poly(acrylamide) (PAAm)
gels was prepared by free-radical crosslinking copolymer-
ization of acrylamide and N,N�-methylenebisacrylamide in
aqueous solutions. The gels were prepared both below and
above the bulk freezing temperature of the polymerization
solvent water, which are called as the cryogels and the
hydrogels, respectively. The deswelling behavior of swollen
gels in acetone as well as the reswelling behavior of the
collapsed gels in water were investigated. It was shown that
the cryogels respond against the external stimuli much
faster than the hydrogels. The interior morphology of the

cryogel networks exhibits a discontinuity and a two-phase
structure, compared to the continuous morphology of the
hydrogel networks. Introduction of the ionic units in the
network chains further increased the response rate of the
cryogels. In contrast to these advantages of cryogels, they
exhibit lower swelling capacities than the conventional hy-
drogels. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 99:
319–325, 2006
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INTRODUCTION

Hydrogels are useful materials for drug delivery sys-
tems, artificial organs, actuators, on–off switches, sep-
aration operations in biotechnology, and processing of
agricultural products. In these applications, a fast re-
sponse rate of the hydrogel to the external stimuli is
needed. To increase the response rate of hydrogels,
several techniques were proposed:

(i) Submicrometer-sized gel particles.1 Since the rate
of response is inversely proportional to the
square of size of the gel,2 small gel particles
respond to the external stimuli more quickly
than bulk gels.

(ii) Gels having dangling chains.3–5 Dangling chains
in a gel easily collapse or expand upon an
external stimulus because one side of the dan-
gling chain is free.

(iii) Macroporous gels.6 For a polymer network hav-
ing an interconnected pore structure, absorp-
tion or desorption of water occurs through the
pores by convection, which is much faster
than the diffusion process that dominates the
nonporous gels.

To obtain macroporous structures, a phase separa-
tion must occur during the course of the network

formation process so that the two-phase structure
formed is fixed by the formation of additional
crosslinks.6–8 The extent of phase separation during
crosslinking and thus, the degree of macroporosity of
the resulting networks depend on the gel synthesis
parameters such as the temperature, the crosslinker,
and the monomer concentrations as well as the
amount and the type of the inert diluent (pore-form-
ing agent) present during the network formation pro-
cess. Several inert diluents were suggested for the
preparation of macroporous hydrogels such as hy-
droxypropyl cellulose,9 acetone,10 1,4-dioxane,11 su-
crose,12 silica particles,13 inorganic salts,14 as well
as poly(ethylene glycol) of various molecular
weights.15–18 Zhang et al. showed increased degree of
porosity in hydrogels on rising the crosslinker con-
tent.19 Recently, we have shown that a critical
crosslinker concentration is necessary to produce a
heterogeneous (macroporous) hydrogel network
structure.20,21 Macroporous networks consist of spher-
ical globules (called microspheres) of 1–2 �m in diam-
eter, aggregated to large, unshaped, discrete clusters
with dimensions of a few micrometers.6,20 At high
crosslinker contents, the structure looks like cauliflow-
ers, typical for a macroporous network. Changes from
homogeneous to heterogeneous gelation results in the
formation of fast responsive hydrogels.20

Lozinsky and coworkers investigated the free-radi-
cal crosslinking copolymerization reactions carried
out below the freezing point of the polymerization
solvent, which is usually water.22–24 The essential fea-
ture of this reaction system is that the monomers and
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the initiator are concentrated in the unfrozen micro-
zones of the apparently frozen system. The polymer-
ization reactions proceed in these unfrozen micro-
zones and leads to the formation of a polymer net-
work with continuous macroporous channels. Such
materials are defined as cryogels. In these cryogelation
systems, although there is no phase separation during
the course of the network formation process, the fro-
zen zones of the reaction system act as an inert diluent
during gelation, which can easily be removed from the
gel by thawing, leading to a porous structure.

In this study, we compared the swelling–deswelling
kinetics of poly(acrylamide) (PAAm) gels formed at
two different temperatures, namely 5°C and �18°C.
The hydrogels were synthesized by free-radical
crosslinking polymerization of acrylamide (AAm) and
N,N�-methylenebisacrylamide (BAAm) at an initial
monomer concentration of 3% w/v. 2-acrylamido-2-
methylpropane sulfonic acid sodium salt (AMPS) was
used as the ionic comonomer in the hydrogel prepa-
ration. As will be shown later, both the low polymer-
ization temperature and the introduction of the ionic
AMPS units in the network chains lead to the forma-
tion of fast responsive PAAm hydrogels with a two-
phase morphology.

EXPERIMENTAL

Materials

Acrylamide (AAm, Aldrich), 2-acrylamido-2-methyl-
propane sulfonic acid sodium salt (AMPS, Merck),
N,N�-methylenebisacrylamide (BAAm, Fluka), ammo-
nium persulfate (APS, Merck), and N,N,N�,N�-tetram-
ethylethylenediamine (TEMED, Carlo Erba) were
used as received. PAAm hydrogels were prepared by
free-radical crosslinking copolymerization of AAm,
AMPS, and BAAm at 5°C and �18°C. The polymer-
ization reactions were initiated using 1.1 mM APS and
0.05% v/v TEMED. The polymerization time was set
to 4 h. The initial monomer concentration was also
fixed at 3% w/v. The experiments were carried out at
0, 1, and 5 mol % AMPS in the comonomer feed, while
the crosslinker ratio X (molar ratio of the crosslinker
BAAm to the monomers AAm and AMPS) was fixed
at 1/30. To illustrate the synthetic procedure, we give
details for the preparation of nonionic PAAm gels.
AAm (0.84 g) and BAAm (0.06 g) were first dissolved
in 30 mL of distilled water. The solution was purged
with nitrogen gas at 0°C for 20 min. After addition of
APS (7.5 mg) and TEMED (15 �L), the reaction mix-
ture was poured into a plastic 10-mL syringe with
closed outlet at the bottom. The plastic syringe was
kept at 5°C or at �18°C for 24 h and then, the gel
matrix was taken out of the syringe and washed in
distilled water.

Equilibrium swelling measurements

The equilibrium swelling measurements were carried
out in distilled water at 25°C. To reach the equilibrium
degree of swelling, the gels were immersed in water at
25°C for at least 2 weeks. The normalized volume of
the equilibrium swollen hydrogels Veq (volume of
equilibrium swollen gel/volume of the gel just after
preparation) was determined by measuring the diam-
eter of the hydrogel samples by a calibrated digital
compass (Mitutoyo Digimatic Caliper; Series 500; res-
olution, 0.01 mm). Veq was calculated as

Veq � (D/D0)3 (1)

where D and D0 are the diameter of hydrogels after
equilibrium swelling in water and after synthesis, re-
spectively.

Measurements of deswelling and reswelling
kinetics

For the deswelling kinetics measurements, the hydro-
gels equilibrium swollen in water at 25°C were trans-
ferred into acetone at 25°C. The volume changes of
gels were measured by measuring the diameter of the
hydrogel at regular time intervals. For the measure-
ment of the reswelling kinetics of gels, the equilibrium
collapsed PAAm gel samples were transferred into
water at 25°C. The volume changes of gels were also
determined as described earlier. The water uptake or
the water retention was calculated in terms of the
relative gel volume Vrel

Vrel � �Dt

D�3

(2)

where Dt is the diameter of the gel sample at time t
and D is its equilibrium swollen diameter in water.

Texture determination

Scanning electron microscopy studies were carried out
at magnifications of 100� and 300� (Jeol 5600 LV).

RESULTS AND DISCUSSION

PAAm gels were prepared both at 5°C and �18°C,
which were designated as the conventional hydrogels
and the cryogels, respectively. They were first charac-
terized by the equilibrium swelling tests in water.
Figure 1 shows the equilibrium swelling ratio Veq of
the hydrogels and the cryogels plotted as functions of
their AMPS contents. As expected, Veq increases with
increasing amount of AMPS present in the gel forma-
tion system. This is a consequence of the osmotic
pressure exerted by the counterions (Na�) of AMPS
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units in the network chains. This osmotic pressure
increases as the concentration difference of the coun-
terions between the inside and outside the gel phase
increases. Another point shown in Figure 1 is that, the
cryogels swell in water much less than the corre-
sponding hydrogels. This behavior is due to the for-
mation of the cryogels below the freezing point of
water. Thus, the polymerization and crosslinking re-
actions at �18°C take place only in the unfrozen mi-
crozones of ice, which contain concentrated dissolved
monomer and the crosslinker.23,24 As a result, al-
though the initial monomer concentration in our ex-
periments was set to 3% w/v, the actual monomer
concentration in the reaction zones of cryogels is much
higher. For example, assuming that the ice at �18°C
contains 20% unfrozen water,25 the actual monomer
concentration is 15% w/v. Previous work shows that
increasing monomer concentration causes the poly-
mer chains to entangle so that the network formed in
a concentrated solution can swell less than that
formed in a dilute solution.26 As a consequence, the
equilibrium swelling capacities of the cryogels are
much smaller than those of the corresponding hydro-
gels.

The hydrogels and the cryogels with 0, 1, and 5 mol
% AMPS were subjected to the swelling and deswell-
ing kinetics measurements. For this purpose, they
were first swollen in water to their equilibrium state.
Thereafter, the swollen gels were immersed in acetone
and the deswelling process was monitored by record-
ing the relative gel volume Vrel as a function of the
time of deswelling. After attaining the equilibrium
collapsed state, the gels were again immersed in water

and the reswelling behavior was monitored until the
new equilibrium state is obtained. This deswelling–
reswelling cycle was repeated two or three times to
check the stability of the volume change.

Typical deswelling–reswelling cycles of the non-
ionic hydrogel and the cryogel are shown in Figure 2A
and 2B, respectively. The first cycles are shown by the
filled symbols (F), while the following cycles are
shown by the open symbols (‚, E). Several interesting
features of both gels can be seen from the figures. First,
the initial swollen hydrogel volume (i.e., Vrel � 1)
cannot be recovered after collapsing the hydrogel in
acetone (Fig. 2A). Experiments showed that even after
1 week of a swelling time in water, the collapsed
hydrogel cannot attain to its initial volume. Second,
both the deswelling and reswelling processes of the
hydrogel require much longer times than those of the
corresponding cryogel. For example, the hydrogel im-
mersed in acetone cannot attain its equilibrium col-
lapsed state within 250 min, whereas the cryogel
reaches to the equilibrium state in acetone within
about 30 min. Moreover, the reswelling process of the
collapsed hydrogel occurs in two steps; a rapid re-
swelling step continuing for 50 min followed by a
slow reswelling step, which required about 200 min to
recover 50% of the initial gel volume (Fig. 2A). This
two-step reswelling profile of the hydrogel can be
explained with the formation of a two-phase structure
during swelling of the hydrogels.27 Thus, when a col-
lapsed gel sample is immersed in water, the outer
surface of the sample will first be in contact with water
molecules so that the collapsed network chains at the
gel surface will start to relax. Since the surface area of
the collapsed gel is initially large, water absorption by
the gel network occurs easily. However, as the gel
swells, a two-phase structure will form: one contain-
ing solvated network chains at the gel surface and the
other containing relatively unswollen network chains
in the inner part of the gel sample. Since the surface
area of the inner part of gel becomes smaller with
increasing degree of swelling, the reswelling process
slows down after the initial rapid-swelling period. In
contrast to the hydrogel, however, the cryogel swells
in water rapidly and reaches to its initial gel volume
within 6 min along a single step process (Fig. 2B). This
indicates the existence of solvent channels along the
cryogel network, which provide unhindered diffusion
of solvent molecules in and out of the gel phase.
Another point shown in Figure 2 is that the relative
volume Vrel of the hydrogel in the collapsed state is
much smaller than that of the collapsed cryogel. This
means that the total amount of losing water during
deswelling is much larger for the hydrogels than the
cryogels.

Figure 3A and 3B show the deswelling–reswelling
cycles of the hydrogel and the cryogel, respectively,

Figure 1 Equilibrium swelling ratio Veq of PAAm hydro-
gels (E) and the cryogels (F) shown as a function of the
AMPS content.
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both with 1 mol % AMPS. The results shown here are
similar to those obtained for the nonionic gels:

(a) the first deswelling process of the hydrogel
deviates from the following deswelling pro-

cesses while the cryogel shows the same behav-
ior in each cycle

(b) the deswelling processes in acetone occurs in
70 min and 15 min for the hydrogel and
cryogel, respectively. Thus, the cryogel de-

Figure 2 Deswelling–reswelling kinetics of nonionic PAAm hydrogels (A) and cryogels (B) shown as the variation of the
relative gel volume Vrel with the time of swelling or deswelling. Number of runs � 1st (F), 2nd (‚), and 3rd (E).

Figure 3 Deswelling–reswelling kinetics of PAAm hydrogels (A) and cryogels (B) with 1 mol % AMPS shown as the
variation of the relative gel volume with the time of swelling or deswelling. Number of runs � 1st (F), 2nd (‚), and 3rd (E).
The inset to Figure 3B shows the initial reswelling profile of the cryogels.
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swells in acetone much more rapid than the
hydrogel.

(c) The reswelling of the collapsed hydrogel in
water occurs in a two-step process and, the
initial swollen gel volume cannot be recovered
even after 200 min of swelling time, while the
cryogel reswells in water within 2 min to its
initial volume, as seen from the inset of Figure
3B.

(d) The relative volume of the collapsed hydrogel
is much smaller than the relative volume of the
collapsed cryogel.

To compare the kinetic features of various gels, the
second deswelling–reswelling cycles of the hydro-
gels and cryogels were compared. Figure 4 shows
the deswelling and reswelling behavior of the hy-
drogels (E) and the cryogels (F) with 0, 1, and 5 mol
% AMPS. The results clearly show the fast respon-
sive behavior of the cryogels to the external stimuli
when compared to the hydrogels at each AMPS
content. Furthermore, increasing AMPS content
from 0 to 5 mol % increases the deswelling and
reswelling rates of both hydrogels and cryogels. The
accelerated response rate of gels with increasing

AMPS content is more pronounced for the cryogels.
As seen from the insets to Figures 4D–4E, the time
required for attaining equilibrium swollen state de-
creases from 6 min to 1 min as the AMPS content is
increased from 0 to 5 mol %.

Comparison of the swelling behavior of gels also
shows that the deswelling of the cryogels stops at
larger relative gel volumes Vrel compared to the hy-
drogels. This feature of the cryogels is a consequence
of their low swelling capacities in water (Fig. 1), which
result in a lesser amount of water release when im-
mersed in acetone. However, this does not mean that
the equilibrium collapsed cryogels are in a relatively
swollen state. Assuming complete conversion of the
monomers into the crosslinked polymer, one may es-
timate the polymer concentration in gels as cgel (%
w/v) � c0/(Vrel Veq), where c0 is the initial monomer
concentration (3% w/v). Figure 5 shows the polymer
concentration cgel in the hydrogels (E) and in the
cryogels (F) plotted against the time of deswelling in
acetone. It is seen that the cryogels in acetone are in a
more collapsed state than the hydrogels and the dif-
ference between the polymer concentration in both

Figure 4 Deswelling–reswelling kinetics of PAAm hydrogels (E) and PAAm cryogels (F). AMPS contents are indicated in
the figure. The insets show the reswelling behavior of gels in the first 10 min.
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Figure 5 Deswelling kinetics of PAAm hydrogels (E) and PAAm cryogels (F) shown as the variation of the polymer
concentration in gels (cgel) with the time of deswelling. The second deswelling cycles are shown for comparison. AMPS
contents are indicated in the figure.

Figure 6 SEM of the cryogels (A,B) and the hydrogels (C,D). AMPS � 1 (A,C) and 5 mol % (B,D).
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gels increases on rising the AMPS content. Thus, cryo-
gels in collapsed state contain lesser amounts of water
than the hydrogels.

The interior morphology of the gel samples was
studied by using scanning electron micrographs
(SEM). Figure 6 shows SEM of the cryogels (A and B)
and the hydrogels (C and D) in their dried states, with
1 and 5 mol % AMPS, respectively. The hydrogel
networks (C and D) consist of large polymer domains,
while the cryogel networks (A and B) exhibit a dis-
continuous morphology with a two-phase structure,
consisting of polymer phase separated by irregular
shaped voids (pores). The porous structure of the
cryogels is due to the action of ice crystals as a pore
forming agent during gelation. Thus, during freezing
of the monomer solution at �18°C, an unfrozen phase
containing a high concentration of dissolved mono-
mer and the crosslinker is formed as water is sepa-
rated from the solution in the form of ice crystals.
After gelation and thawing, the voids left from the ice
crystals constitute the pore structure of cryogels. It
should be noted that the SEM images of the cryogels
largely deviate from those of the macroporous net-
works formed at large crosslinker contents,6,20 where
the structure consists of aggregates of spherical poly-
mer domains (microspheres) of 1–2 �m in diameter.
This distinction can be explained with the collapse of
the porous structure in the cryogels during drying,
because of the relatively low density of crosslinking.
The collapse of the pores in the cryogel networks can
be ascribed to the cohesional forces when the solvated
polymer chains approach each other because of the
loss of water. As reported previously,6 the pores in
polymer networks with a low crosslink density are
unstable and thus, they collapse in the shrunken state
of gel. As a result, the polymer domains in the micro-
zones of the cryogel fuse together to larger, irregular
aggregates of various sizes.

From the SEM images, one can identify the pores in
the cryogel networks and the connectivity of the
pores. The connectivity of the pores plays a crucial
role in fast swelling and deswelling kinetics of the
cryogels; water or acetone can enter or leave the cryo-
gel through the interconnected pores by convection. In
contrast to the cryogels, the swelling and deswelling
kinetics of the hydrogels are controlled by the diffu-
sion of solvent molecules through the gel network,
which is a slow process.

CONCLUSIONS

In many gel applications, the swelling and shrinking
kinetics are very important. In the present work, we

compared the swelling and deswelling kinetics of
ionic PAAm gels prepared at 5°C and �18°C, which
are called as hydrogels and cryogels, respectively. It
was shown that the volume change of the cryogels in
response to an external solvent composition change
occurs much faster than that of the hydrogels pre-
pared at the usual polymerization temperature. Intro-
duction of the ionic AMPS units in the network chains
further increases the response rate of the cryogels. In
contrast to these advantages, cryogels exhibit lower
swelling capacities and, they release a much smaller
amount of water when compared to the hydrogels.
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