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Summary 

The copolymerization reactions of acrylamide and N,N’-methylenebis(acrylamide) 
were carried out in DMSO/water mixture (1:1 by volume) at various temperatures 
Tprep between -18 and 22°C.  Scanning electron microscopy analysis of the networks 
revealed the presence of porous morphologies.  All the network samples formed at or 
below 0°C have relatively small pores with sizes about 100 μm.  In this range of Tprep, 
the pore size only slightly increases with the temperature.  As the temperature is 
increased above 0°C, both the average pore size and the degree of polydispersity of 
the pores rapidly increase.  Between Tprep = 0 and 13°C, the microstructure gradually 
changes from networks having relatively small pores to those exhibiting regular 
assembly of polyhedral large pores of about 101 μm in sizes.  The formation of the 
porous structure at or below 0°C is as a result of the cooling-induced phase separation 
mechanism, while the large polyhedral pores in the networks prepared at higher 
temperatures form during the freeze-dry process of the hydrogels after preparation. 

Introduction 

Macroporous crosslinked polymers are most efficient materials for many separation 
processes and therefore, they are widely used as starting material for ion exchange 
resins and as specific sorbents.  Such materials are mainly produced by reaction-
induced phase separation technique, which involves the copolymerization of the 
monomer-crosslinker mixture in the presence of an inert diluent [1-3].  Depending on 
the thermodynamic parameters of the reaction system, the inert diluent phase separates 
before or after the onset of macrogelation, leading to the formation of domains of 
various sizes.  After polymerization, the diluent removed from the network leaves  
a porous structure within the highly crosslinked polymer particles.  The inert diluent 
thus acts as a pore forming agent, and plays an important role in the design of the pore 
structure of crosslinked materials. The disadvantage of the reaction-induced phase 
separation technique is however twofold.  First, the polymers usually have a broad 
pore size distribution ranging from a few nanometers to tens of micrometers.  Second, 
the porous materials obtained exhibit poor mechanical performance such as very low 
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fracture toughness so that they were very difficult to handle in applications requiring 
significant applied stress or strain. 

An alternative approach to obtain macroporous polymers with better mechanical 
performance is the cryogelation technique.  As is well known, in sea ice, pure 
hexagonal ice crystals are formed and the various impurities, e.g., salts, biological 
organisms, etc. are expelled from the forming ice and entrapped within the liquid 
channels between the ice crystals.  This natural principle was used by Lozinsky et al. 
for the preparation of porous gels [4].  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 [4-8].  After polymerization and, after melting of ice, a porous 
material is produced whose microstructure is a negative replica of the ice formed.  
Recently, we have shown that by conducting the copolymerization-crosslinking 
reactions below –8°C, macroporous hydrogels based on acrylamide (AAm) as well as 
2-acrylamido-2-methylpropane sulfonic acid (AMPS) monomers with superfast 
swelling properties could be obtained [9-11].  This was achieved by using gelation 
reactions occurring in the apparently frozen reaction system, which allowed for the 
formation of a heterogeneous morphology in polymer 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.  The polymer network 
maintains a honeycomb structure upon drying.  Further, due to the high polymer 
concentration in the pore walls of these materials, they were very tough and could 
withstand high levels of deformation such as elongation, bending, and compression. 

To examine the effect of solvent type on the shape and size of the pores, our aim in 
this study was to conduct the low temperature polymerization reactions of AAm in 
dimethyl sulfoxide (DMSO) instead of water.  Since the freezing point of DMSO is 
18°C, one could obtain a larger range of porosities in DMSO as the polymerization 
solvent.  However, preliminary experiments showed no gelation at temperatures 5°C 
or below and over the range of the initial monomer concentration between 5 and  
20 w/v %.  In contrast, in 1:1 DMSO/water mixture (all by volume), gelation occurred 
even at -18°C and, the hydrogels obtained were opaque indicating formation of porous 
structures.  These experimental findings motivated us to explore the formation 
mechanism of porous structures in poly(acrylamide) (PAAm) hydrogels in 1:1 
DMSO/water mixture.  The copolymerization – crosslinking reactions of AAm 
monomer and N,N’-methylenebis(acrylamide) (BAAm) crosslinker were carried out 
at various temperatures between -18 and 22°C.  As will be seen below, remarkably 
different porous structures were obtained by varying the temperature which is 
accounted for by the change of the formation mechanism of the pores in the 
hydrogels. 

Experimental section 

Materials and Methods 

Acrylamide (AAm, Merck), N,N’-methylenebis(acrylamide) (BAAm, Merck), 
ammonium persulfate (APS, Merck), N,N,N',N'-tetramethylethylenediamine 
(TEMED, Merck), dimethyl sulfoxide (DMSO, Merck) were used as received.   Stock 
solutions of APS and TEMED were prepared by dissolving 0.25 g APS and 0.50 mL 
TEMED each in 20 mL of distilled water.  PAAm hydrogels were prepared by free-
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radical crosslinking copolymerization of AAm with BAAm in DMSO/water mixture 
(1:1 v/v) at various temperatures (Tprep) between -18°C and 22°C.  The initial 
concentration of the monomers (AAm + BAAm), denoted by cM, as well as the 
crosslinker ratio X, the mole ratio of the crosslinker BAAm to the monomer AAm, 
were fixed at 0.15 g/mL and 1/80, respectively.  The reaction time was set to 24 h.  
APS (5.26 mM) and TEMED (0.25 mL / 100 mL reaction solution) were used as the 
redox initiator system.  The following example illustrates the synthetic procedure 
applied throughout this work: 

1.4604 g AAm, 0.0396 g BAAm, water (3 mL), DMSO (5 mL), and TEMED stock 
solution (1 mL) were first mixed in a graduated flask of 10 mL in volume.  The 
solution was purged with nitrogen gas for 10 min and then, APS stock solution (1 mL) 
was added.  The solution was transferred to a plastic syringe (or to a glass tube) of 
about 4 mm in diameter, it was sealed by parafilm, immersed in a thermostated bath at 
Tprep and the polymerization was conducted for one day.  After polymerization, the 
syringe was taken out of the bath and the gel rod was removed from the syringe.  The 
gel was cut into specimens of approximately 10 mm in length and immersed in a large 
excess of water at 21 ± 0.5°C to wash out any soluble polymers, unreacted monomers 
and the initiator.  In order to obtain PAAm networks, the equilibrium swollen gel 
samples were taken out of water and immersed in liquid nitrogen for 1 min before 
they were freeze-dried at -40°C and 76 mm Hg. 

It should be mentioned that, since the addition of the initiator APS into the monomer 
solution occurred at room temperature (21°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.  In order to obtain reproducible heating or cooling 
patterns, the reaction mixtures of the same volume and shape were used.  Moreover, 
the type of the reactor (plastic syringe or glass tube) did not influence the hydrogel 
properties. 

Differential scanning calorimetry (DSC) measurements 

DSC measurements were performed on a Perkin-Elmer Diamond differential 
scanning calorimeter under a nitrogen flow (20 mL/min). Hydrogel samples 
equilibrium swollen in 1:1 DMSO/water mixture were placed in the aluminum sample 
pan of the instrument.  The pan was sealed and weighed.  Then, it was held within  
the instrument at -50°C for two hours and then heated to room temperature with  
a scanning rate of 1°C/min. 

Gel fraction measurements 

For the gel fraction measurements, the hydrogel samples were extracted with water 
at least for one month.  For this purpose, each hydrogel sample was placed in an 
excess of water at 21 ± 0.5°C and water was replaced several times.  The gel fraction 
Wg was calculated as: 

Mo

dry

g cm

m
W =  (1) 

where mdry and mo are the weights of the gel samples after drying and just after 
preparation, respectively. 
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Swelling measurements 

For the swelling measurements, the hydrogel samples after preparation in the form 
of rods of 4 mm in diameter and about 10 mm length were placed in an excess of 
water at 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 hydrogel samples equilibrium swollen in water were dried as 
described above to constant weight.  The equilibrium volume and the equilibrium 
weight swelling ratios of the hydrogels, qv and qw, respectively, were calculated as 

( )3drywv DDq =  (2) 

dryww mmq =  (3) 

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

For the swelling tests of PAAm hydrogels in 1:1 DMSO/water mixture, gel samples 
prepared at 22°C were used.  The cylindrical gel samples of 4 mm in diameter and 
about 5 mm in length were first swollen in water until equilibrium is reached.   Then, 
to obtain gels at various initial polymer concentrations cP, equilibrium swollen gels 
were placed in sealed 50 mL vials at room temperature to evaporate a desired amount 
of the gel solvent.  This procedure ensured uniformity of the network concentration 
throughout the gel sample [12]. At various evaporation times between a few minutes 
and a few months, the diameters Di of partially swollen gels were measured, from 
which their polymer concentration cP (in g/mL) was calculated as 

( )3oi

M
P

DD

c
c =  (4) 

where Do is the diameter of the gel just after preparation.  In this way, a series of 
hydrogel samples with cP between 0.05 and 0.30 g/mL were obtained.  The gel 
samples were then immersed in 1:1 DMSO/water mixture at -18°C and its relative 
volume swelling ratio Vrel (volume of swollen gel/volume of gel after preparation) was 
calculated as 

3

⎟⎟
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=
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rel D
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where DS is the diameter of the gel samples in 1:1 DMSO/water mixture.  The 
swelling measurements were conducted at various temperatures by gradually changing 
the temperature of DMSO/water solution from -18°C up to 22°C and then back again 
to -18°C.  To reach swelling equilibrium, the hydrogels were immersed in 
DMSO/water mixture for at least 2 days at each temperature. 

For the measurement of the deswelling times of gels, the equilibrium swollen 
hydrogel samples in water were immersed in acetone at 21°C.  The volume changes of 
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gels were measured in-situ by following the diameter of the samples under microscope 
using the image analyzing system.  For the measurement of the swelling times of gels, 
the collapsed gel samples in acetone were transferred into water at 21°C.  The 
diameter changes of gels were also determined as described above. 

Elasticity tests 

Uniaxial compression measurements were performed on gels just after preparation 
and on equilibrium swollen gels in water.  All the mechanical measurements were 
conducted in a thermostated room of 21 ± 0.5°C.  The stress-strain isotherms were 
measured by using an apparatus previously described [13].  Briefly, a cylindrical gel 
sample of 4 - 8 mm in diameter and 7 - 15 mm in length was placed on a digital 
balance (Sartorius BP221S, readability and reproducibility: 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 reading of the balance.  
The resulting deformation was measured after 20 sec of relaxation by using a digital 
comparator (IDC type Digimatic Indicator 543-262, Mitutoyo Co.), which was 
sensitive to displacements 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 elastic modulus G was determined from the 
slope of linear dependence [14], 

( )2−−= λλGf  (6) 

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

Texture determination 

For the texture determination of dried hydrogels, scanning electron microscopy 
studies were carried out at various magnifications between 50 and 3000 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. 

Results and discussion 

Characteristics of macroporous PAAm hydrogels  

As mentioned in the Introduction, no gelation was observed during the 
copolymerization of AAm and BAAm in DMSO at or below 5°C.  However, in 
DMSO/water mixture with a 1:1 volume ratio, PAAm hydrogels were obtained over 
the whole range of temperature Tprep studied.  Table 1 shows the observed state of the 
hydrogels formed in DMSO/water by the naked eye at various Tprep and initial 
monomer concentration cM.  As Tprep is decreased or, cM is increased, the hydrogels 
became opaque indicating the appearance of heterogeneities.  At cM ≥ 0.15 g/mL, 
heterogeneous hydrogels could be obtained over a wide range of temperature up to 
about 13°C.  For the following experiments, cM was kept constant at 0.15 g/mL. 
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Table 1. Appearance of PAAm hydrogels formed in DMSO/water (1:1. v/v) at various 
temperatures Tprep and initial monomer concentrations cM.  vO = very opaque, O = opaque,  
sO = slightly opaque, T = transparent. 

           Tprep (°C) 
cM (g/mL) 

-18 -10 0 5 13 22 

0.05 O T T T T T 
0.10 O O O O T T 
0.15 vO vO O O sO T 
0.20 vO vO O O sO T 

The gelation experiments in 1:1 DMSO/water mixture were carried out at 
temperatures Tprep between -18 and 22°C.  Fig. 1A shows the gel fraction Wg and the 
moduli of elasticity of the hydrogels just after preparation Go and after equilibrium 
swelling in water G plotted against Tprep.  The gel fraction is above 80% and is almost 
independent of the polymerization temperature.  Thus, the conversion of monomer to 
the crosslinked polymer is almost complete even at very low subzero temperatures.  In 
contrast, however, the elastic modulus of the hydrogels rapidly decreases as Tprep is 
decreased.  The hydrogel formed at room temperature exhibit an elastic modulus 
around 10 kPa which decreases continuously as Tprep is decreased and becomes less 
than 1 kPa  at -18°C.  Swelling slightly decreases the modulus of elasticity due to the 
decreasing concentration of the elastically effective network chains in the hydrogels. 

Tprep  /  oC
-20 -10 0 10 20

G0, G  /   Pa
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104

Wg
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0.4
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0.8

Tprep  /  oC

-20 -10 0 10 20

qw, qv

0

5

10

15

A B

 

Figure 1. (A) The gel fraction Wg ( ) and the moduli of elasticity of the hydrogels just after 
preparation Go ( ) and after equilibrium swelling in water G ( ) shown as a function of  Tprep. 
(B) equilibrium weight qw ( ) and the equilibrium volume swelling ratio qv ( ) of the 
hydrogels shown as a function of Tprep. 

In Fig. 1B, the equilibrium weight qw (open symbols) and the equilibrium volume 
swelling ratios qv (filled symbols) of the hydrogels are shown as a function of the 
temperature Tprep.  For all the hydrogels, whether transparent or opaque in appearance, 
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qw and qv equal to 16.6 ± 0.7 and 1.7 ± 0.2, respectively, independent of Tprep.  The 
relative values of the weight and the volume swelling ratios of the hydrogels are 
known to provide information about their internal structure in the swollen state [1,2].  
During the swelling of heterogeneous gels, the pores inside the network are rapidly 
filled with the solvent; at the same time, the polymer region takes up solvent from the 
environment.  Thus, two separate processes govern the swelling of porous networks:  
i) solvation of network chains, and ii) filling of the pores by the solvent.  The 
equilibrium weight swelling ratio qw includes the amount of solvent taken by both of 
these processes while the volume swelling ratio qv of porous networks is mainly 
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.  From the weight and volume swelling ratios of hydrogels, the 
swollen state porosity of the networks Ps can be estimated using the equation [2]: 

( )[ ] 1

1/111 −−+−= dqqP wvs ρ  (7) 

where d1 and ρ are the densities of solvent (water) and polymer, respectively.  
Assuming that d1 = 1 g/mL and ρ = 1.35 g/mL [15], swollen state porosities Ps of the 
entire hydrogels were calculated as 92%. 

 

 

 

Figure 2. SEM of PAAm networks obtained at various Tprep indicated.  The scaling bars are  
10 μm.  Magnification = x300.  cM = 0.15 g/mL. 

To visualize the pores in the hydrogels, the morphologies of dried gel samples were 
observed by scanning electron microscopy (SEM).  SEM analysis of the networks 

-18oC -10oC  -5oC

   0oC   5oC  10oC

 13oC  16oC  22oC
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formed between 22 and –18°C revealed the presence of heterogeneous morphologies.  
In the scanning electron micrographs in Figure 2, the microstructure of the networks 
formed at various Tprep is shown.  By measuring the sizes of at least 50 pores, the 
average pore sizes were calculated, and are shown in Figure 3 plotted against Tprep.  
Note that the length of the error bars in the figure represents the degree of 
polydispersity of the pores.  All the polymer samples formed at or below 0°C have 
relatively small pores with sizes about 100 μm.  In this range of Tprep, the pore size only 
slightly increases with the temperature.  As the temperature is increased above 0°C, 
both the average pore size and the degree of polydispersity of the pores rapidly 
increase, as seen in Figures 2 and 3.  Further, between Tprep = 0 and 13°C, two 
generations of pores can be seen in Figure 2, indicating that the microstructure 
gradually changes from networks having relatively small pores to those exhibiting 
regular assembly of polyhedral large pores of about 101 μm in size. 

Tprep  /  oC
-20 -10 0 10 20
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Figure 3. Average pore size of 
PAAm networks shown as 
a function of Tprep.  The length of 
the error bars represents the 
degree of the polydispersity of 
the pores. The pore sizes were 
measured from SEM images at 
various magnifications between 
50 and 3000 times. 

 
Figure 4. SEM of PAAm networks formed at -18°C in water (left) and in 1:1 DMSO/water 
mixture (right).  Scaling bars are 10 μm.  Magnification = x300. Characteristics of the hydrogels 
formed in water: qw = 14.8, qv = 3.6, and  Ps = 82%. 

It should be noted that the morphologies of the present hydrogels are distinctly 
different from those obtained using water as the polymerization solvent [9].  For 
example, SEM images shown in Figure 4 were taken from dried PAAm gel samples 

water DMSO/water 
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formed in water (left) and in 1:1 DMSO/water (right).  Both hydrogels were prepared 
at Tprep = -18°C and at an initial monomer concentration of 0.15 g/mL.  The hydrogel 
formed in water has very large pores of about 102 μm while that obtained in 
DMSO/water exhibits pores about two orders of magnitude smaller than in the former 
hydrogel.  Thus, the presence of DMSO during gelation drastically reduces the pore 
size in PAAm networks. 

Formation mechanism of macroporous structures 

To answer the question, how the porosity in PAAm network forms over the whole 
range of the temperature Tprep, we should first note that the DMSO/water mixtures 
exhibit a marked freezing point depression due to the formation of stable 
DMSO/water complexes [16]. By simply adding DMSO to water, freezing point of the 
resulting mixture is lowered and becomes -52°C at a volume ratio of 1:1 [17].   
However, since free water molecules in the mixture may freeze during polymerization 
and thus, after thawing, may produce pores inside the gel network, DSC 
measurements were conducted using hydrogel samples swollen in 1:1 DMSO/water 
mixture.  For this purpose, the samples were first cooled down to -50°C and then, they 
were heated up to the room temperature.  No peak in the DSC scans was observed 
indicating that the crosslinking polymerization reactions of AAm in 1:1 DMSO/water 
proceed in an unfrozen state. 

Thus, formation of macroporous PAAm hydrogels in DMSO/water should be  
a result of a phase separation process.  To explore the condition of phase separation 
during the reactions, we investigated the swelling capacity of the hydrogels in the 
reaction solution, i.e., in 1:1 DMSO/water mixture, at various temperatures.  As 
explained in detail earlier [2,3], a phase separation occurs during gelation, if the gel 
formed cannot absorb all the available reaction solution; in other words, if the 
swelling capacity of the gel is less than the amount of the DMSO/water mixture 
present in the system.  Thus, let Vrel  be the equilibrium volume swelling ratio of the 
hydrogel in the reaction solution (volume of equilibrium swollen gel / volume of gel 
after preparation), if Vrel ≥ 1, only one phase exists in the reaction system because the 
gel absorbs all the reaction solution available.  A phase separation during gelation 
requires the condition Vrel  < 1 so that a part of the reaction solvent  separates out of 
the gel phase. 

Figure 5 shows Vrel of the hydrogels in 1:1 DMSO/water mixture at various initial 
polymer concentrations cP plotted against the swelling temperature Tswell.  The 
direction of the temperature change is indicated in the figures by the arrows.  The 
critical condition for a phase separation is denoted by the dotted horizontal lines.  It is 
seen that the initial polymer concentration cP in the hydrogels and thus, the direction of 
the temperature change significantly affect the swelling capacity of the hydrogels.  If 
cP is above 0.10 g/mL, DMSO/water mixture is a poor solvent for PAAm at low 
temperatures, so that the hydrogel shrinks, while increasing temperature results in gel 
swelling.  It should be noted that such a strong temperature-dependent swelling 
behavior of PAAm gels in DMSO/water mixture has not been observed before.  The 
published data show weak temperature dependence due to the low polymer 
concentration of the hydrogels used in the swelling tests (cP = 0.01 – 0.05 g/mL) [18].  
Figure 5 clearly shows that the polymer concentration in PAAm-DMSO-water ternary 
system is critical for the observation of deswelling transition at subzero temperatures 
and, is also responsible for the formation of macroporous hydrogels. 
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Figure 5. Volume swelling ratio Vrel of PAAm hydrogels in 1:1 DMSO/water mixture at 
various cP plotted against the swelling temperature Tswell.  The direction of the temperature 
change is indicated by the arrows.  The critical condition for a phase separation is denoted by 
the dotted horizontal lines. 

At the polymer concentration of the gelation reactions, namely at cp = 0.15 g/mL, 
the gels are in a collapsed state below 0°C, indicating that the polymer network 
formed below 0°C cannot absorb all the reaction solution so that a solution will 
separate from the gel phase.  Thus, the porous structure with relatively small pores 
formed below 0°C is a result of the cooling-induced phase separation mechanism.  As 
the temperature is increased, the gel volume Vrel rapidly increases (Figure 5).  The 
hydrogels are in a swollen state if the temperature is above 14°C, so that a phase 
separation cannot occur during gelation.  These results are in agreement with the 
visual appearance of the hydrogel samples formed in this range of temperature  
(Table 1) indicating that the samples are nonporous after their preparation.  Thus, the 
large polyhedral pores seen in the SEM pictures should be a result of the freeze-dry 
process of the hydrogels after their preparation.  To check this point, all the PAAm 
hydrogels were prepared again under the same condition as given in the Experimental 
Part except that, the gel samples were not freeze-dried.  The samples swollen in water 
were first immersed in acetone, a poor solvent for the polymer, and then, they were 
dried at room temperature under vacuum.  While the networks formed at or below 0°C 
exhibited the same morphologies, those formed above 0°C were homogeneous, as 
evidenced from the SEM images.  Thus, we may conclude that the porous structure 
formed by the freeze-dry process as well as by phase separation at temperatures above 
0°C is too weak so that it collapses during drying. 

Further, drastic differences in the morphologies of PAAm networks prepared in 
water and in DMSO/water (Figure 4) can be explained as a result of two different 
mechanisms governing the formation process of pores.  Water is apparently frozen at  
-18°C so that the porous structure forms due to the presence of ice acting as a template.  
At the same temperature but in DMSO/water mixture, however, phase separation is 
responsible for the formation of pores so that the pores are much smaller in size. 

Swelling – deswelling behavior of hydrogels  

PAAm hydrogels formed at various Tprep were subjected to swelling and deswelling 
processes in water and in acetone, respectively.  For this purpose, equilibrium swollen 
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gel in water was first immersed in acetone and the volume change of gel was 
determined as a function of the deswelling time.  After reaching the equilibrium state 
in acetone, the gel was immersed in water and the re-swelling process was monitored 
by recording the volume increase with time.  The measurements were carried out by 
on-line monitoring of the diameter of the gel samples under an optical microscope 
coupled with an automatic image analyzing system.  Typical results are shown in 
Figure 6A where the normalized gel volume V/Vw (gel volume at time t / equilibrium 
swollen gel volume in water) is plotted against the time of deswelling or swelling.  
The hydrogels formed at or below 0°C exhibit a larger gel volume in acetone, 
indicating the stability of the pores; one may expect that, in such networks, water in 
the pores is exchanged with acetone during deswelling so that the pore volume 
remains almost preserved.  In contrast, however, since the porous structure of the 
networks prepared at higher temperatures collapses during the deswelling process in 
acetone, these hydrogels exhibit lower equilibrium volumes.  PAAm hydrogels 
formed at or below 0°C attained their equilibrium collapsed and equilibrium swollen 
volumes in 20 min and in 40 min, respectively, while those formed at higher 
temperatures required about 6 h to reach their equilibrium state in water. 

Deswelling Time /  min
0 20 40 60 80

V / Vw

0.00
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0.40

0.60

0.80
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Swelling Time /  min
0 100 200 300 400

Tprep (
oC) =

 22
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A
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Figure 6. Deswelling and  
swelling kinetics of PAAm  
hydrogels in acetone and in  
water, respectively, shown as  
the variation of the normalized  
gel volume V/Vw with the time  
of swelling or deswelling.  
(A): PAAm gels formed in  
DMSO/water at two different  
temperatures indicated in the  
figure. (B): PAAm gels formed  
in water and in DMSO/water at  
-18°C. cM = 0.15 g/mL, X = 1/80. 

The accelerating swelling rate at low temperatures is due to the stable pore 
structure of PAAm networks, which increases their internal surface area so that the 
contact area between the solvent and the polymer increases.  Thus, decreasing Tprep 
below 0°C results in the formation of fast responsive PAAm hydrogels.  It must be 
noted, however, if one compares the swelling rates of these hydrogels with the 
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corresponding cryogels, the latter exhibit much faster swelling rates.  For example, 
Figure 6B shows the deswelling-swelling behavior of PAAm gel samples formed in 
water (filled symbols) and in 1:1 DMSO/water (open symbols).  Both hydrogels were 
prepared at Tprep = -18°C and at an initial monomer concentration of 0.15 g/mL.  It is 
seen that, if water is used as the polymerization solvent, swelling rate is much faster 
(Swelling times 1 min compared to 40 min).  Thus, the response rate of the hydrogels 
formed by cryogelation is much faster that the hydrogels obtained in DMSO/water 
mixture by phase separation technique. 

Conclusions 

PAAm hydrogels were prepared in 1:1 DMSO/water mixture at various Tprep 
between -18 and 22°C.  All the network samples formed at or below 0°C have 
relatively small pores with sizes about 100 μm.  As the temperature is increased above 
0°C, both the average pore size and the degree of polydispersity of the pores rapidly 
increase.  The formation of the porous structure at or below 0°C is as a result of the 
cooling-induced phase separation mechanism, while the large pores of the networks 
prepared at higher temperatures appear during the freeze-dry process of the hydrogels. 

Acknowledgements.  Work was supported by the Scientific and Technical Research Council of 
Turkey (TUBITAK), TBAG –105T246.  M.V. Dinu is very grateful for the financial support by 
TUBITAK. 

References 

1. Seidl J, Malinsky J, Dusek K, Heitz W (1967) Adv Polym Sci 5:113. 
2. Okay O (2000) Prog Polym Sci 25:711. 
3. Okay O (1999) Polymer 40:4117. 
4. Lozinsky VI (2002) Russ Chem Rev 71:489. 
5. Lozinsky VI, Plieva FM, Galaev IY, Mattiasson B (2002) Bioseparation 10:163. 
6. Arvidsson P, Plieva FM, Lozinsky VI, Galaev IY, Mattiasson B (2003) J Chromatogr A  

986:275. 
7. Ivanov RV, Babushkina TA, Lozinskii VI (2005) Polymer Science Series A 47:791. 
8. Lozinskii VI, Kalinina EV, Grinberg VY, Grinberg VY, Chupov VV, Plate NA (1997) 

Polymer Science Series A  39:1300. 
9. Dinu MV, Ozmen MM, Dragan ES, Okay O (2007) Polymer 48:195. 
10. Ozmen MM, Okay O (2005) Polymer 46: 8119. 
11. Ceylan D, Ozmen MM, Okay O (2006) J Appl Polym Sci 99:319. 
12. Gundogan N, Melekaslan D, Okay O (2002) Macromolecules 35:5616. 
13. Sayil C, Okay O (2001) Polymer 42: 7639. 
14. Treloar LRG (1975) The Physics of Rubber Elasticity. University Press: Oxford. 
15. Ilavsky M (1982) Macromolecules 15:782. 
16. Wiewior PP, Shirota H, Castner EW (2002) J Chem Phys 116:4643. 
17. Lee PA, Mora SJ (1999) J Phycol 35:8. 
18. Ozmen MM, Okay O (2003) Eur Polym J 39:877. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


