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Abstract

Macroporous polyacrylamide (PAAm) hydrogels were prepared from acrylamide monomer and N,N0-methylene(bis)acrylamide (BAAm)
crosslinker in frozen aqueous solutions. It was found that the swelling properties and the elastic behavior of the hydrogels drastically change
at a gel preparation temperature of �6 �C. The hydrogels prepared below �6 �C exhibit a heterogeneous morphology consisting of pores of
sizes 10e70 mm, while those formed at higher temperatures have a non-porous structure. PAAm networks with largest pores were obtained
at �18 �C. The pore size of the networks increased while the thickness of the pore walls decreased by decreasing the monomer concentration.
The hydrogels formed below �6 �C exhibit superfast swelling and deswelling properties as well as reversible swellingedeswelling cycles in
water and in acetone, respectively.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Responsive hydrogels are soft and smart materials, capable
of changing volume and/or shape in response to specific
external stimuli, such as the temperature, solvent quality,
pH, electric field, etc. [1]. Depending on the design of the hy-
drogel matrices, this volume change may occur continuously
over a range of stimulus values, or, discontinuously at a critical
stimulus level. These properties of the hydrogels received
considerable interest in last three decades and, a large number
of hydrogel-based devices have been proposed, including
artificial organs, actuators, and on-off switches. However, the
practical design and control of these devices still present
some problems. In particular, hydrogel-based devices are
limited in their response rate by diffusion processes, which
are slow and even slower near the critical point [2]. In order
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to increase the response rate of hydrogels, several techniques
were proposed, such as reducing the size of the gel particles
[3], creating dangling chains on the gel samples [4], or, con-
structing an interconnected pore structure within the hydrogel
matrices [5].

As is well known, in sea ice, pure hexagonal ice crystals are
formed and the various impurities, e.g., salts, biological organ-
isms, etc. are expelled from the forming ice and entrapped
within the liquid channels between the ice crystals [6,7]. This
natural principle was used by Lozinsky for the preparation of
porous gels [8]. As in nature, during the freezing of a monomer
solution, the monomers expelled from the ice concentrate within
the channels between the ice crystals, so that the polymerization
reactions only take place in these unfrozen liquid channels.
After polymerization and, after melting of ice, a porous material
is produced whose microstructure is a negative replica of the ice
formed [9e12]. Recently, we have shown that by conducting the
copolymerizationecrosslinking reactions below �8 �C, hydro-
gels based on 2-acrylamido-2-methylpropane sulfonic acid
(AMPS) monomer with superfast swelling properties could be
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obtained [13]. This was achieved by using gelation reactions
occurring in the apparently frozen reaction system, which
allowed for the formation of a bicontinuous morphology in
poly(AMPS) (PAMPS) networks. It was shown that the free
water freezing in the gel causes the network chains to gather
and condense so that a heterogeneous network forms after
removing the ice [13]. The PAMPS network maintains a honey-
comb structure upon drying.

In this report, we apply this procedure for the preparation of
polyacrylamide (PAAm) hydrogels. The copolymerizatione
crosslinking reactions of acrylamide (AAm) monomer and
N,N0-methylenebis(acrylamide) (BAAm) crosslinker were car-
ried out in aqueous solutions. We systematically varied the gel
preparation temperature, the initial monomer concentration as
well as the crosslinker content of the monomer mixture in
order to obtain the optimum reaction conditions for the prep-
aration of fast responsive PAAm hydrogels with a two-phase
morphology. As will be seen below, PAAm hydrogels prepared
below �6 �C swell immediately upon contact with water,
regardless of their crosslinker contents. The size-independent
superfast swelling and deswelling kinetics of the hydrogels
is accounted for by their interconnected pore structure which
is stable against the volume changes.

2. Experimental section

2.1. Materials

Acrylamide (AAm, Merck), N,N0-methylenebis(acryl-
amide) (BAAm, Merck), ammonium persulfate (APS, Merck),
and N,N,N0,N0-tetramethylethylenediamine (TEMED, Merck)
were used as received. Stock solutions of APS and TEMED
were prepared by dissolving 0.16 g of APS and 0.50 mL of
TEMED each in 20 mL of distilled water. Stock solution of
BAAm was prepared by dissolving 0.132 g of BAAm in
10 mL of distilled water.

Polyacrylamide (PAAm) hydrogels were prepared by free-
radical crosslinkingecopolymerization of AAm with BAAm
in aqueous solution at various temperatures (Tprep) between
�25 �C and þ25 �C. The initial concentration of the monomer
(AAmþ BAAm), Co, as well as the crosslinker ratio X, which is
the mole ratio of the crosslinker BAAm to the monomer AAm,
was also varied in our experiments. The reaction time was set to
24 h. APS (3.51 mM) and TEMED (0.25 mL/100 mL reaction
solution) were used as the redox initiator system. To illustrate
the synthetic procedure, we give details for the preparation of
hydrogels at Co¼ 5 w/v% and X¼ 1/80.

AAm (0.4868 g), stock solutions of BAAm (1 mL),
TEMED (1 mL), and distilled water (7 mL) were first mixed
in a graduated flask of 10 mL in volume. The solution was
cooled to 0 �C in ice-water bath, purged with nitrogen gas
for 20 min and then, APS stock solution (1 mL) was added.
Portions of this solution, each 1.5 mL, were transferred to
glass tubes of 4 mm in diameter; the glass tubes were sealed,
immersed in a thermostated bath at Tprep and the polymeriza-
tion was conducted for one day. After polymerization, the gels
were cut into specimens of approximately 10 mm in length
and immersed in a large excess of water to wash out any
soluble polymers, unreacted monomers and the initiator.

2.2. Methods

For the equilibrium swelling measurements, hydrogel
samples after preparation in the form of rods of 4 mm in diam-
eter and about 10 mm length were placed in an excess of water
at room temperature (21� 0.5 �C). In order to reach swelling
equilibrium, the hydrogels were immersed in water for at least
two weeks replacing the water every other day. The swelling
equilibrium was tested by measuring the diameter of the gel
samples by using an image analyzing system consisting of
a microscope (XSZ single Zoom microscope), a CDD digital
camera (TK 1381 EG) and a PC with the data analyzing system
Image-Pro Plus. The swelling equilibrium was also tested by
weighing the gel samples. Thereafter, the equilibrium swollen
hydrogel samples in water were carefully deswollen in a series
of watereacetone mixtures with increasing acetone contents.
This solvent exchange process facilitated final drying of the
hydrogel samples. They were then washed several times with
acetone and dried at 80 �C to constant weight. The equilibrium
volume and the equilibrium weight swelling ratios of the
hydrogels, qv and qw, respectively, were calculated as

qv ¼
�
Dw=Ddry

�3 ð1aÞ

qw ¼
�
mw=mdry

�
ð1bÞ

where Dw and Ddry are the diameters of the equilibrium
swollen and dry gels, respectively, mw and mdry are the weight
of gels after equilibrium swelling in water and after drying,
respectively.

For the deswelling kinetics measurements, the equilibrium
swollen hydrogel samples in water were immersed in acetone
at 21 �C. The weight changes of the gels were measured gravi-
metrically after blotting the excess surface solvent at regular
time intervals. For the measurement of the swelling kinetics
of gels, the collapsed gel samples in acetone were transferred
into water at 21 �C. The weight changes of gels were also
determined gravimetrically as described above. The results
were interpreted in terms of the relative weight swelling
ratio mrel¼m/mw, where m is the mass of the gel sample at
time t. The swelling kinetics measurements were also
conducted in situ by following the diameter of the hydrogel
samples under microscope using the image analyzing system
mentioned above.

Uniaxial compression measurements were performed on
equilibrium swollen gels in water. All the mechanical measure-
ments were conducted in a thermostated room of 21� 0.5 �C.
The stressestrain isotherms were measured by using an appara-
tus previously described [14]. Briefly, a cylindrical gel sample of
4e8 mm in diameter and 7e15 mm in length was placed on
a digital balance (Sartorius BP221S, readability and reproduc-
ibility: 0.1 mg). A load was transmitted vertically to the gel
through a rod fitted with a PTFE end-plate. The compressional
force acting on the gel was calculated from the readings in the
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balance. The resulting deformation was measured after 20 s of
relaxation by using a digital comparator (IDC type Digimatic
Indicator 543-262, Mitutoyo Co.), which was sensitive to dis-
placements of 10�3 mm. The measurements were conducted
up to about 15% compression. From the repeated measurements,
the standard deviations in the modulus value were less than
3%. The sample weight loss during the measurements due to
water evaporation was found to be negligible. The elastic
modulus G was determined from the slope of linear dependence
[15],

f ¼ G
�
l� l�2

�
ð2Þ

where f is the force acting per unit cross-sectional area of the
undeformed gel specimen, and l is the deformation ratio
(deformed length/initial length).

For the texture determination of dry hydrogels, scanning
electron microscopic studies were carried out at various mag-
nifications between 50 and 300 times (Jeol JSM 6335F Field
Emission SEM). Prior to the measurements, network samples
were sputter-coated with gold for 3 min using Sputter-coater
S150 B Edwards instrument. The texture of the dry hydrogels
was also investigated under XSZ single Zoom microscope
using the image analyzing system Image-Pro Plus.

The dry-state porosity of the networks was estimated from
their densities. For this purpose, the weight mdry and the dimen-
sions (diameter Ddry and length ldry) of cylindrical PAAm
network samples were measured, from which their densities
were calculated as mdry=ðpD2

dryldry=4Þ. The total porosity P
was calculated as

P¼ ð1� d0=d2Þ ð3Þ

where d0 and d2 are the densities of porous and non-porous
networks.

The pore volume Vp of the networks was estimated through
uptake of cyclohexane of dry hydrogels. Since cyclohexane is
a non-solvent for PAAm, it only enters into the pores of the
polymer networks. Thus, Vp (mL pores in 1 g of dry polymer
network) was calculated as

Vp ¼
�
mCH�mdry

���
dCHmdry

�
ð4Þ

where mCH is the weight of the network immersed in cyclo-
hexane after 48 h and dCH is the density of cyclohexane.

For the determination of the non-freezable water content
of the hydrogels, DSC measurements were carried out on
PerkineElmer Diamond DSC. Equilibrium swollen PAAm
hydrogels in water were placed in an aluminum sample pan
of the instrument. The pan with swollen gel was sealed and
weighed. Then, it was frozen within the instrument at various
temperatures and then heated to 60 �C with a scanning rate
of 2.5 �C/min. The transition enthalpy DH for the melting of
frozen water was determined. After the scans, the pans were
punctured and dried at 80 �C to constant weight. The total
water content of the hydrogel mwater was calculated as
mwater¼m1�m2, where m1 is the weight of the pan with
swollen gel and m2 is the same weight but after drying. The
mass fraction of non-freezable water in the gel, fH2O was
calculated as

fH2O ¼ 1� ðDH=DHmÞ=mwater ð5Þ

where DHm is the heat of melting of ice which is 334.45 J/g. It
should be noted that the reorganization of the water molecules
in the frozen hydrogel samples and the associated heat effects
were neglected in the derivation of Eq. (5) [16,17].

3. Results and discussion

Three sets of gelation experiments were carried out (Table 1).
In the first set, the gel preparation temperature, Tprep, was varied
between �25 and 25 �C. In the second set, Tprep was set to
�18 �C while the initial monomer concentration Co was varied
between 2 and 30 w/v%. In the third set, the crosslinker ratio X
was varied over a wide range at Tprep¼�18 �C. The monomer
conversion (mass of crosslinked polymer/initial mass of the
monomer) was found to be larger than 90% in all the
experiments.

Results of the elasticity measurements with hydrogels
obtained from the three sets of experiments are summarized in
Fig. 1AeC, respectively. Here, the elastic moduli G of the
equilibrium swollen hydrogels in water are plotted against the
gel preparation temperature Tprep (A), the initial monomer
concentration Co (B), and the crosslinker ratio X (C). Depending
on Tprep, two different regimes can be seen from Fig. 1A.
At Tprep¼�6 �C or above, the gels exhibit a relatively low
modulus of elasticity around 1500 Pa. However, decreasing
Tprep below �6 �C results in a fourfold increase in the elastic
modulus of the gels. The transition between the two regimes
is shown in the figure by the vertical dashed line. Moreover,
the gels formed at or above�6 �C were transparent while those
formed at lower temperatures were opaque, indicating that these
gels have separate domains in a spatial scale of submicrometer
to micrometer. Thus, the hydrogel properties drastically change
as Tprep is decreased below �6 �C. Fig. 1A also shows that, for
Tprep below�6 �C, the elastic modulus decreases as the temper-
ature is further decreased. This is probably due to the decrease of
the crosslinking efficiency by reducing the polymerization
temperature so that the gels formed at lower temperature exhibit
lower moduli of elasticity. Fig. 1B shows that, increasing initial
monomer concentration Co from 3 to 30 w/v% results in two
orders of magnitude increase in the modulus of the hydrogels.
Indeed, hydrogels formed at Co¼ 3% or below were too weak
to withstand the mechanical tests while those formed at or above
10% monomer concentration were highly stable against the

Table 1

The three sets of experiments conducted at various reaction conditions

Code Tprep (�C) Co (w/v%) X ([BAAm]/[AAm])

1 �25 /þ25 5 1/80

2 �18 2 / 30 1/80

3 �18 3 1/5 / 1/100

Co¼ initial monomer concentration, X¼ the crosslinker ratio, i.e., the molar

ratio of the crosslinker BAAm to the monomer AAm, and Tprep¼ gel preparation

temperature.
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Fig. 1. The elastic modulus G of equilibrium swollen PAAm hydrogels shown as functions of the gel preparation temperature Tprep (A), the initial monomer

concentration Co (B), and the crosslinker ratio X (C).
mechanical forces. They were very tough and could withstand
high levels of deformation such as elongation, bending, and
compression; in the equilibrium swollen state, they can be
squeezed completely between the fingers without an irreversible
deformation of the main shape or without breaking. In contrast
to the effect of Co, the increase of the crosslinker ratio X from
1/100 to 1/5 did not result in a significant increase in the
modulus of hydrogels (Fig. 1C).

The relative values of the weight and the volume swelling
ratios of the hydrogels provide information about their internal
structure in the swollen state [5]. During the swelling process,
the pores inside the network are rapidly filled with the solvent;
at the same time, the polymer region takes up solvent from
the environment whose extent depends on the attractive
force between the solvent molecules and polymer segments.
Thus, two separate processes govern the swelling of porous
networks:

(a) solvation of network chains,
(b) filling of the pores by the solvent.
The equilibrium weight swelling ratio qw includes the
amount of solvent taken by both of these processes, i.e., qw

includes the solvent in the gel as well as in the pore regions of
the network. Thus, both the solvation and filling processes are
responsible for the qw values of the networks. On the contrary,
if we assume isotropic swelling, that is the volume of the pores
remains constant upon swelling, volume swelling ratio qv of
porous networks is caused by solvation of the network chains,
i.e., by the first process. Thus, qv only includes the amount of
solvent taken by the gel portion of the network. Accordingly,
the higher the difference between qw and qv, the higher is the
volume of the pores in the network sample. In Fig. 2AeC, the
equilibrium weight (qw, filled symbols) and the equilibrium
volume swelling ratios (qv, open symbols) of the hydrogels are
shown as functions of the experimental parameters Tprep, Co,
and X. For the hydrogels formed at or above �6 �C, both qw

and qv equal to 20e23, and they are independent of Tprep. How-
ever, as Tprep is decreased below �6 �C, the volume swelling
ratio rapidly decreases and at Tprep<�10 �C, the hydrogels
swell about sixfold more by weight than by volume. These
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results suggest appearance of pores in the hydrogel matrices
prepared at Tprep<�6 �C. Moreover, Fig. 2B and C shows
that, over the entire range of the initial monomer concentration
Co and the crosslinker ratio X, the weight swelling ratio of the
hydrogels is also much larger than their volume swelling ratio.
Both qw and qv decrease as the monomer concentration or the
crosslinker ratio is increased.

From the weight and volume swelling ratios of hydrogels,
the swollen state porosity of the networks Ps can be estimated
using the equation [5,18,19]:

Ps ¼ 1� qv½1þ ðqw� 1Þd2=d1��1 ð6Þ
where d1 and d2 are the densities of solvent (water) and polymer,
respectively. Assuming that d1¼ 1 g/mL and d2¼ 1.35 g/mL
[20], we calculated swollen state porosities Ps of the networks
by use of Eq. (6). The results are shown in Fig. 3AeC by the
open circles plotted against Tprep, Co, and X. The swollen state
porosity Ps is about 30% for the hydrogels formed at
Tprep��6 �C while it rapidly increases with decreasing Tprep

below �6 �C and becomes close to 90% at Tprep<�10 �C.
Moreover, Ps is about 80% for all the hydrogels prepared in
the second and third sets of experiments. The filled circles in
the figures represent the dry-state porosities P of the networks
calculated from the polymer densities together with Eq. (3).
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Fig. 3. The swollen state porosity Ps (open circles) and the dry-state porosity P of the networks (filled circles) plotted against the gel preparation temperature Tprep
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Fig. 4. SEM images of PAAm networks formed at various Tprep indicated in the figures. Co¼ 5 w/v%, X¼ 1/80. The scaling bars are 100 mm.

Magnification¼�100.
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Interestingly, the two different techniques to estimate the poros-
ity of the networks, namely one starting from the swelling ratios
and the other from the polymer densities gave similar results.
The dry-state porosity P is slightly lower than the swollen state
porosity Ps, probably due to the partial collapse of the pores dur-
ing drying. For hydrogels prepared at or above�6 �C, dry-state
porosity is almost zero, i.e., the swollen state porosity totally dis-
appears probably due to the collapse of the weak pore structure
during drying. The total volume of pores, Vp, of the hydrogels
was estimated from the uptake of cyclohexane. Vp was found
to be in the range of 3e6 mL/g for the hydrogels prepared below
�6 �C, while those formed at higher temperatures exhibited
negligible pore volumes.

The morphologies of dried gel samples were observed both
by scanning electron microscopy (SEM) and by the optical
microscopy. SEM analysis of the networks formed below
�6 �C revealed the presence of bicontinuous morphologies. In
the scanning electron micrograph in Fig. 4, the microstructure
of the network formed at various Tprep is given. Although the
geometry and size of the pores are quite irregular, one can
identify from Fig. 4 the regular assembly of polyhedral pores.
This type of a microstructure is distinctly different from the
macroporous networks formed by the reaction-induced phase
separation mechanism, where the structure looks like cauli-
flower and consists of aggregates of various sizes [5]. All the
polymer samples formed below �6 �C have a porous structure
with pore diameters of 10e70 mm while those formed at or
above �6 �C exhibit a continuous morphology. At �10 �C,
the pore walls seem to be too weak so that they are more or
less fused together to form large aggregates. Comparison of
Figs. 1A and 2A with Fig. 4 indicates that the drastic change
of the network microstructure between Tprep¼�6 �C and
�10 �C is reflected by the swelling and elasticity tests with
decreasing volume swelling ratio (Fig. 2A) and increasing
modulus of elasticity (Fig. 1A).

Fig. 4 also shows that the largest pore size was obtained at
Tprep¼�18 �C while it decreases as Tprep is further reduced
up to �24 �C. The variation of the pore size depending on Tprep

is also seen in Fig. 5 where the images taken from the optical
microscope are shown. Note that the investigation of the net-
work morphology under the optical microscope required no
sample preparation. Cutting the hydrogel samples into thin sli-
ces prior to their drying was sufficient to obtain a large number
of images. Since a statistical analysis of the pore structure was
also possible using the image analyzing system, we estimated
the pore sizes from the images taken from the microscope. By
measuring the diameter of at least 30 pores, we calculated the
average pore diameters as 60, 32, and 22 mm for Tprep¼�18,
�20, and �22 �C, respectively. Although the pore size varies
depending on Tprep, the thickness of the pore walls was found
to be constant at 4e5 mm.

The influence of monomer concentration on the network
structure was also studied. In the SEM images in Fig. 6, the
microstructure of the network formed at various concentrations
Co is given. It is observed that the architecture or morphology of
the network essentially does not depend on the monomer
concentration, whereas the size of the structure responds
sensitively: the higher the monomer concentration, the smaller
the pore diameters and the thicker the pore walls. The variation
of the size of the structure depending on Co is also seen in Fig. 7
where the images taken from the microscope are shown for the

-18 °C

-20 °C

-22 °C

50 m

Fig. 5. Images taken from the optical microscope of the network samples

prepared at various Tprep indicated in the figures. Co¼ 5 w/v%, X¼ 1/80.

The scaling bar is 50 mm.
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3 % 10 %

25 % 30 %

Fig. 6. SEM images of PAAm networks formed at various Co indicated in the figures. Tprep¼�18 �C, X¼ 1/80. The scaling bars are 100 mm.

Magnification¼�50.
dry networks prepared at Co¼ 3% and 10%. After analyzing the
whole network samples prepared at various Co, the average pore
diameter was found to decrease from 55 up to 10 mm with
increasing Co from 3% to 30%. At the same time, the average
thickness of the pore walls increased from 3 to 15 mm. In
PAAm gels with functional epoxy groups, Plieva et al. also
reported decreasing pore size but increasing thickness of pore
walls with increasing monomer concentration from 6% to
22% at Tprep¼�12 �C [21]. In contrast, however, increasing
pore size with increasing concentration was reported for PAMPS
hydrogels obtained at Tprep¼�22 �C [22]. For the third series,
i.e., in the series in which the crosslinker ratio X was varied, no
appreciable change in the size of the pores or pore walls was
observed.
The occurrence of the polymerization and crosslinking
reactions below the freezing point of water as well as the for-
mation of a macroporous structure can be explained with the
presence of unfrozen regions in the apparently frozen reaction
system, in which the reactions proceed. To demonstrate that
some water in the reaction system remains unfrozen even
when cooled below the bulk freezing temperature, we con-
ducted DSC measurements with frozen hydrogel samples
from the first set of experiments. It was found that the appar-
ently frozen hydrogel samples between �10 and �24 �C con-
tain non-freezable water. The mass fraction of non-freezable
water, fH2O, was found to be 0.06� 0.03, indicating that about
6% of water in the hydrogels which is bound to the polymer
chains remains unfrozen even at �24 �C. Thus, the reactions
3 % 10 % 

50 m

Fig. 7. Images taken from the optical microscope of the network samples prepared at two different Co indicated in the figures. Tprep¼�18 �C, X¼ 1/80. The

scaling bar is 50 mm.
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only proceed in these unfrozen zones and lead to the formation
of a polymer network with macroporous channels. The reason
why water does not freeze below the bulk freezing temperature
is attributed, in the main, to the freezing point depression of
the water due to the solutes [23e25]. Although the usual
solute concentrations can lower the freezing point by only
a few degrees, once ice is present, the effect is enhanced.
This is because solutes are excluded from the ice structure
and become more concentrated in the remaining unfrozen
regions. Thus, as water freezes (crystallizes), the solute con-
centration in the liquid phase rises continuously so that succes-
sively greater osmotic pressure is required to keep the liquid
phase in equilibrium with the pure ice phase.

PAAm hydrogels thus obtained under various reaction con-
ditions were subjected to swelling and deswelling processes
in water and in acetone, respectively. For this purpose, the
equilibrium swollen hydrogel in water was immersed in acetone
and the weight change of gel was determined as a function of the
deswelling time. After reaching the equilibrium collapsed state
in acetone, the collapsed hydrogel was immersed in water and
the swelling process was monitored by recording the weight
increase with time. In order to check the durability of the gel
sample against the volume changes, this swellingedeswelling
cycle was repeated twice. Typical results are shown in Fig. 8
where the relative swelling ratio mrel is plotted against the
time of deswelling or swelling for the three series of gels. The
filled symbols represent the hydrogels formed at �18 �C under
various reaction conditions while open symbols represent the
conventional hydrogels formed at 21 �C. It is seen that all the
hydrogels prepared at �18 �C attain their equilibrium swollen
and equilibrium collapsed states in less than 1 min and in
15 min, respectively, while those formed at higher temperatures
require about 3 h to reach their equilibrium state in water.
Similar results were also found for all the hydrogel samples pre-
pared below �6 �C. Moreover, hydrogels formed below �6 �C
also exhibited completely reversible swellingedeswelling
cycles. However, those formed at higher temperatures exhibited
irreversible cycles. For example, after the first deswelling
process in acetone, the initial swollen mass of these hydrogels
cannot be recovered in the following cycles (Fig. 8). The accel-
erating swelling and deswelling rates of gels prepared below
Tprep¼�6 �C are due to the formation of a porous structure
in the networks, which increases their internal surface area so
that the contact area between the solvent and the polymer
increases. Thus, decreasing Tprep below �6 �C results in the
formation of superfast responsive hydrogels, which are also
stable against the volume changes.

It should be pointed out that, although the collapsed hydro-
gels prepared below �6 �C swell in water within 1 min
(Fig. 8), the swelling of the same hydrogels starting from their
dry states occurred immediately. For example, the pictures in
the upper row of Fig. 9 were taken during the swelling process
of a hydrogel sample formed at Tprep¼�18 �C, Co¼ 5%, and
X¼ 1/80. Starting from the dry state, the hydrogel attains its
equilibrium swollen state in water within 4 s. Moreover, after
swelling, if the gel sample is squeezed between the fingers com-
pletely (last picture in the upper row of Fig. 9), and immersed
again in water, it swelled instantaneously. The relatively slower
rate of swelling of collapsed hydrogel in acetone compared to
dry hydrogel (swelling times 1 min compared to a few seconds)
seems to be related to the acetone molecules on the surface of
the collapsed hydrogel sample, which decreases the solvating
power of the liquid around the gel sample and slows down the
swelling process. We conducted measurements of the swelling
kinetics of all the hydrogels starting from their dry states.
Similar results such as those in Fig. 9 were obtained for the
hydrogels formed below �6 �C. All the hydrogels attain the
equilibrium state in water within a few seconds. In contrast
to this superfast swelling feature of the hydrogels formed
from frozen monomer solutions, those prepared at room
temperature (Tprep¼ 21 �C) required about 2e3 h to attain the
equilibrium swollen state starting from the dry state (lower
row in Fig. 9).

An interesting point of the present results appears if one
compares the swelling rates of the hydrogels with those
reported in the literature. Although several polymerization
techniques were used before successfully to increase the
deswelling rate of AAm-based hydrogels, the reswelling rate
of collapsed or dry hydrogels cannot be improved; generally,
such gels required tens to hundreds of minutes to attain the
equilibrium swollen state in water [26e30]. This slow reswel-
ling rate of the hydrogels reported in the literature is mainly
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Fig. 8. Swelling and deswelling kinetics of PAAm hydrogels in water and in

acetone, respectively, shown as the variation of the relative weight swelling

ratio mrel with the time of swelling or deswelling. (A): Co¼ 5 w/v%, X¼ 1/80.

(B): Co¼ 3 w/v%, X¼ 1/80. (C): Co¼ 3 w/v%, X¼ 1/50. The gel preparation

temperature Tprep¼�18 �C (C) and þ21 �C (B).
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Time =    0 s 2 s 10 s 4 s 

D = 2.12 mm 4.67 mm 4.68 mm 4.68 mm (4.68 mm and 2.4 mm ) 

Swollen and squeezed gel

D = 2.41 mm 3.34 mm 3.97 mm 4.30 mm 4.36 mm

Time =    0 min 30 min 120 min60 min 180 min

Fig. 9. A series of photographs taken during the swelling process of PAAm networks. The diameter of the gel samples together with the swelling times are given in

the photographs. Co¼ 5 w/v%, X¼ 1/80. Tprep¼�18 �C (upper row) and þ21 �C (lower row).
due to the collapse of their porous structure because of the
cohesional forces between the solvated polymer chains.
Here, however, we show that all the hydrogels formed below
�6 �C swell within seconds. This is due to the stable pore
structure which cannot collapse during drying or during
deswelling, as well as due to the large water channels (pores)
which enable diffusion of water in the hydrogel network.

4. Conclusion

The polymerizationecrosslinking reactions conducted
below �6 �C lead to the formation of macroporous PAAm
hydrogels exhibiting superfast responsive properties. The gel
preparation temperature Tprep together with the initial mono-
mer concentration was found to be the key factor determining
the porous structure of the networks. A maximum pore size
was obtained if Tprep was set to �18 �C. Increasing monomer
concentration decreased the size of the pores but increased the
thickness of the pore walls so that the hydrogels prepared at
higher monomer concentration exhibited good mechanical
properties. The hydrogels formed below �6 �C exhibit super-
fast swelling and deswelling properties as well as reversible
swellingedeswelling cycles in water and in acetone,
respectively.

It should be noted that the experimental parameter Tprep of
the present study is the temperature of the thermostated bath
in which the reactions were carried out. Since the addition
of the initiator APS into the monomer solution occurred at
0 �C, the reactions proceed non-isothermally from the moment
of the APS addition to the moment when the temperature of
the reaction system reaches to Tprep. For example, the freezing
time of the reaction solution at Tprep¼�18 �C was found to be
15 min, compared to the gelation time of 20 min. This means
that gelation occurs non-isothermally during the cooling pe-
riod from 0 to �18 �C. Here, in order to obtain reproducible
freezing patterns, the reaction mixtures of the same volume
and shape were used. The time period between the APS addi-
tion and the transfer of the reaction system into the thermostat
was also accurately controlled. Experiments are in progress to
provide an isothermal polymerization condition using addition
of polymerization inhibitors into the reaction solutions.
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