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HIGHLIGHTS

® Macroporous AMPS cryogels are prepared in aqueous solutions at —18 °C.

® Local conditions of the gelation system determine the cryogel properties.

® Young's modulus and fracture stress of the cryogels are 0.73 and 6 MPa, respectively.
® They are completely squeezable under strain, and exhibit superfast responsivity.

ARTICLE INFO ABSTRACT

Cryogelation is a simple and eco-friendly technique to produce macroporous cryogels exhibiting extraordinary
mechanical properties. Most of the results on cryogels reported so far, however, lack a more detailed analysis to
provide real conditions of the cryogelation system, which is an apparently frozen reaction solution. We in-
vestigate here the correlations between the cryogelation conditions and properties of poly(2-acrylamido-2-me-
thyl-1-propanesulfonic acid) (PAMPS) cryogels, which are attractive materials with a wide range of application
areas. PAMPS cryogels are prepared by free-radical copolymerization of AMPS and N,N’-methylenebis(acryla-
mide) (BAAm) in aqueous solutions at —18 °C in the presence of a redox initiator system. The total pore volume
of the cryogels decreases whereas the average pore diameter increases with increasing AMPS concentration C,.
The morphological variations depending on C, could be explained with the local conditions during cryogelation,
i.e., the melting temperature of the reaction solution, the ice volume, and the true concentration of the
monomers in unfrozen domains. PAMPS cryogels prepared at 9.1 mol % BAAm exhibit the highest modulus
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(0.73 = 0.05MPa) and could withstand up to 6.0 += 0.5 MPa compressive fracture stress.

1. Introduction

Hydrogels based on 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS) attract significant interest in the past decades due to their
strong polyelectrolyte behavior that provides a pH-independent large
water uptake capacity [1-6]. Poly(AMPS) (PAMPS) hydrogels have
various potential application areas for the use in water purification,
food industry, agriculture, energy and environmental fields, and
bioengineering [7-12]. PAMPS hydrogels with a covalently cross-linked
network structure have generally been prepared via free-radical cross-
linking copolymerization of AMPS and a divinyl monomer, typically
N,N’-methylenebis(acrylamide) (BAAm) in aqueous solutions [4]. Such
hydrogels exhibit, however, insufficient mechanical performances re-
stricting their applications.

An alternative strategy to generate PAMPS hydrogels is the
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cryogelation technique which is a simple and eco-friendly technique to
produce macroporous hydrogels, so-called cryogels [13-17]. Cryoge-
lation bases on conducting the gelation reactions in an apparently
frozen reaction system. By this technique, free-radical cross-linking
copolymerization reactions are generally conducted in aqueous media
below the freezing temperature of the reaction system. As water freezes,
monomers expelled from the ice concentrate in the unfrozen domains
making them a highly concentrated solution, which is called cryo-
concentration [13,15,16]. After attaining thermal equilibrium with the
surrounding cold bath, the reaction system consists of unfrozen solution
phase containing a high concentration of monomers and initiator, in-
terconnected by ice crystals. Because the cryoconcentration effect
generally dominates over the reduced polymerization rates due to the
low temperature, cryogels can be obtained even at very low con-
centration [15,18]. After cryogelation followed by thawing the ice
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crystals acting as a template for the pores, a 3D network of polymers
containing pum-sized pores is obtained.

It is worth to mention that the cryoconcentration is a characteristic
phenomenon of cryogelation, which distinguishes it from freeze-drying.
For instance, freeze-drying of an already formed hydrogel does not lead
to materials with cryogel properties due to the formation of ice crystals
in a gel network rather than in a solution [15]. The pore wall produced
by cryogelation is a dense polymeric gel because of the cryoconcen-
trated solution of the monomers around the ice crystals. In contrast, the
pore wall formed after freeze-drying of a conventional hydrogel is a
loosely cross-linked gel due to the absence of cryoconcentration. As a
consequence, the porous structures produced during cryogelation are
mechanically stable, even under large strain conditions, whereas those
produced during freeze-drying are generally brittle in nature. For in-
stance, it was shown that the cryogel scaffolds prepared from frozen
aqueous silk fibroin solutions at —18 °C exhibit a Young's modulus of
8 MPa and a compressive fracture stress of 0.22 MPa, which are about 1
order of magnitude higher than those of the corresponding freeze-dried
fibroin hydrogels prepared at 50 °C [19].

Thus, cryogelation leads to a significant change in the mechanical
performances of the classical first-generation hydrogels. Almost com-
plete squeezability, high-toughness, and superfast responsivity are
some of the characteristics of the cryogels which are not observed in the
hydrogels [15,19]. Most of the results on cryogels reported so far,
however, lack a more detailed analysis to provide real conditions of the
cryogelation systems. This includes the true concentration of the
monomers in the unfrozen domains during cryogelation and its varia-
tion depending on the nominal monomer concentration. We investigate
here the correlations between the properties of PAMPS cryogels in-
cluding their porous structures and mechanical performances with the
cryogelation conditions. We prepare PAMPS cryogels from aqueous
solutions of AMPS and BAAm at various concentrations in the presence
of a redox initiator system at —18°C. As will be seen below, a clear
correlation was found between the morphology of the cryogels and the
local conditions during cryogelation including the melting temperature
of the reaction solution, the volume of ice template, and the true con-
centration of the monomers in unfrozen domains. We also show a sig-
nificant improvement in the mechanical properties of the cryogels with
increasing BAAm content. PAMPS cryogels prepared at 9.1 mol %
BAAm exhibit the highest modulus (0.73 * 0.05MPa) and could
withstand up to 6.0 = 0.5 MPa compressive fracture stress.

2. Experimental
2.1. Materials

2-Acrylamido-2-methylpropane sulfonic acid (AMPS, Merck), N, N’-
methylenebis(acrylamide) (BAAm, Merck), potassium persulfate (KPS,
Merck), N, N, N’, N’-tetramethylethylenediamine (TEMED, Merck), and
sodium hydroxide (NaOH, Merck) were used as received. To prepare
0.966 M aqueous solution of sodium salt of AMPS (AMPS-Na), AMPS
(20 g) was first dissolved in 40 mL distilled water at 23 + 2°C under
stirring. After addition of 10 mL of 30 w/v % aqueous NaOH, the so-
lution was titrated with 1 M NaOH to pH = 7 and then, the final solu-
tion volume was completed to 100 mL with distilled water. For the
preparation of the cryogels at a monomer concentration of 24 wt %,
1.18 M aqueous AMPS-Na solution was prepared starting from 24.33 g
AMPS. 24 mM KPS stock solution was prepared by dissolving 65 mg KPS
in 10 mL distilled water.

2.2. Cryogel preparation

PAMPS cryogels were prepared from aqueous solutions of AMPS-Na
and BAAm at —18 °C in the presence of 1 mol % KPS (with respect to
the monomers) and 0.25 v/v % TEMED as a redox initiator system. To
prevent the onset of gelation before freezing of the reaction solution at
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—18°C, the solutions were pre-cooled at —196 °C. Two sets of ex-
periments were carried out. In the first set, BAAm content in the
monomer feed was varied between 1.2 and 9.1mol % at a total
monomer concentration C, of 10 wt % whereas in the second set, C,
was changed between 10 and 25wt % at 1.2 mol % BAAm. A typical
synthetic procedure for the preparation of the cryogels at C, = 15wt %
and 1.2 mol % BAAm follows: BAAm (14 mg) was dissolved in 6.2 mL of
0.966 M AMPS-Na stock solution and the volume of the solution was
completed to 7.0 mL with distilled water. After addition of 3 mL KPS
stock solution, it was cooled to 0 °C in an ice bath and bubbled nitrogen
for 10 min to remove oxygen, TEMED (25 pL) was then added and the
solution was transferred into plastic 1 mL-syringes. The syringes were
first immersed into liquid nitrogen for 2 min and then transferred into a
cryostat at —18 °C to conduct the cryogelation reactions for 24 h.

2.3. Determination of unfrozen water content during cryogelation

The amount of unfrozen water during cryogelation and true
monomer concentration in the unfrozen domains were estimated by
differential scanning calorimetry (DSC). For this purpose, gelation so-
lutions containing various amounts of AMPS-Na and BAAm were pre-
pared as described above, except that KPS-TEMED initiator system was
not included. The solutions in the plastic syringes were immersed into
liquid nitrogen for 2 min followed into a cryostat at —18 °C for 24 h.
30 mg of the frozen solution was then transferred in an aluminum pan
of the instrument (Perkin-Elmer Diamond DSC). After sealing and
weighing of the pan, the solution was frozen within the instrument at
—18°C for 2h and then heated from to 10 °C with a scanning rate of
1°C min~'. From the melting enthalpy AH of frozen water, the mass
fraction f,,r of unfrozen water in the apparently frozen solution at
—18°C was calculated as

AH

Jor =17 T, )

where AH,, is the melting enthalpy of ice (6.01 kJ mol ™).
2.4. Characterization of cryogels

PAMPS cryogels taken out of the syringes after a reaction time of
24 h were cut into small pieces of about 1 cm in length and they were
immersed in an excess of water at room temperature to remove soluble
species. After reaching equilibrium degree of swelling, which was
monitored by recording the mass and the diameter of the gel specimens,
they were freeze-dried (Christ Alpha 2e4 LD-plus) for 2 days. The gel
fraction Wy,i.e., the fraction of cross-linked polymer obtained from 1g
of AMPS was calculated as

Mary

W, = ——
¢ Mo Wamps (2

where mg,, and my are the weights of the gel specimens in dried and as-
prepared states, respectively, wanps is the weight fraction of AMPS in
the initial reaction solution. The equilibrium weight g,, and volume
swelling ratios g, of the cryogels in water were calculated as

mg

W= gy 3)
p, \

b= (Dm) )

where D4y and mg,, are the diameter and mass of the specimens in
dried state, respectively, and Ds and my are the same quantities but of
the equilibrium swollen specimens. To determine the pore volume V,, of
the cryogels, dried gel specimens were immersed in an excess of
acetone and their equilibrium masses ma.. were recorded. The pore
volume Vj, that is, the total volume of the pores in unit mass of dry
PAMPS network was estimated using the equation,
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where dac. is the density of acetone (0.784 gmL_l).

For the texture determination of dried cryogels, scanning electron
microscopy (SEM) measurements were carried out at various magnifi-
cations on Tescan GAIA 3 Field Emission SEM. Prior to the measure-
ments, the specimens were sputter-coated with gold-palladium using
Leica ACE 600 instrument. The average pore diameters D were calcu-
lated from at least 10 SEM images taken at various magnifications using
ImageJ image processing software (US National Institutes of Health,
Bethesda, MD).

The morphology of the cryogels was also visualized using micro-
computed tomography (u-CT) scanning performed using a p-CT Skyscan
1272 instrument (Bruker, Belgium) working at a voltage of 55 kV and a
current of 53 pA. All gel specimens were scanned at a 15.3 pm pixel
resolution and 180° rotation around their vertical axes, with 2 average
frames at every 0.20 angle step. The integration time was set to 70 ms
and no filter was applied. Reconstructions were carried out using
NRecon 1.7.4.2 reconstruction software (Skyscan, Bruker, Belgium)
using a full cone beam Feldkamp reconstruction algorithm with
grayscale limits defined automatically. Reconstructed data were further
processed in the volume of interest (VOI) data-sets within CTAn
1.18.4.0 + software (Skyscan, Bruker, Belgium) to investigate pore
sizes, structure wall thickness, and porosity. To produce binary images
for the morphological characterization of the cryogels, thresholding by
hysteresis was used as the segmentation method. An optimal threshold
for each analysis was chosen and kept consistent throughout all eva-
luations. To visualize the cryogel samples, reconstructed images were
volume-rendered within CTVox 3.3.0 r1403 program (Skyscan, Bruker,
Belgium).

Uniaxial compression tests were performed on cylindrical gel spe-
cimens at 23 * 2°C on a Zwick Roell mechanical test machine using
500 N load cell at a strain rate of 50 mm/min. The stress was calculated
as its nominal o, value which is the force per cross-sectional area of
undeformed specimen, while the strain was given by the elongation
ratio ¢. Young's modulus E was calculated from the slope of stress—strain
curves between 5 and 10% elongation. The compressive fracture stress
and strain were calculated from the maxima of true stress—strain curves
as detailed before [20].

3. Results and discussion

PAMPS cryogels were prepared from aqueous solutions of AMPS-Na
and BAAm at —18 °C in the presence of KPS-TEMED redox initiator
system. To highlight the individual effects of the monomer AMPS-Na
and the cross-linker BAAm on the cryogel properties, two sets of ex-
periments were carried out: In the first set, BAAm content was varied
between 1.2 and 9.1 mol % at a total monomer (AMPS-Na + BAAm)
concentration C, of 10 wt %. In the second set, C, was varied between
10 and 25wt % at a fixed BAAm content of 1.2mol %. Gel fraction
measurements showed that all cryogels reported here exhibit a gel
fraction close to unity after a reaction time of 24 h (Figure S1), in-
dicating that the monomers in the feed are completely incorporated
into the cryogel network.

Fig. 1a shows typical optical images of the cryogels at 23 + 2°C
formed at various monomer concentrations C, in swollen (upper panel)
and dried states (bottom panel). At C, < 20 wt %, swollen cryogels are
transparent due to their high water contents (98-99%) whereas those
produced at higher concentrations are translucent revealing scattering
of light from separate domains. They all become opaque in their dried
states reflecting their macroporous structures. Moreover, all cryogels
reported here exhibit superfast swelling response when immersed in a
good solvent. For instance, Fig. 1b shows the images of a cryogel spe-
cimen before (1) and just after immersion in water colored with crystal
violet (2). The specimen immediately absorbs the solution to attain its
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equilibrium swollen state and exhibits a blue-violet color which is the
typical color of crystal violet (CV) at a neutral pH. After a waiting time
of 1 h, the color of the cryogel turns to green corresponding to a form of
CV with two of the nitrogen atoms positively charged due to the acidic
character of PAMPS (images 3, 4 in Fig. 1b). Thus, swelling of dry gel
specimen occurs faster than the chemical equilibration of CV with the
gel phase.

Fig. 2a shows the equilibrium weight g,, and volume swelling ratios
g, of PAMPS cryogels in water as functions of BAAm (circles) and
monomer concentrations C, (triangles). The cryogels exhibit a large
weight swelling ratio g, between 70 and 20, which is a decreasing
function of both the cross-linker or monomer concentrations. The vo-
lume swelling ratios g, are 14- to 44-fold smaller than g,,'s, and slight
increasing functions of BAAm % and C,,. Because the volume swelling is
mainly determined by the expansion of the 3D PAMPS network in water
due to the favorable PAMPS-water interactions while weight swelling
also includes filling of the micro-voids within the gel with the solvent,
this finding reflects the existence of an interconnected open porous
structure in PAMPS cryogels. The total pore volume of the cryogels was
estimated from the uptake of acetone, which is a poor solvent of PAMPS
and hence, preferentially enters the open pores of the cryogels. We
found that the total pore volume V, is independent of BAAm % within
the limits of the experimental error, i.e., 2.4 = 0.4mL gfl, whereas it
decreases from 2.6 to 1.3mLg ™! as the monomer concentration C, is
increased (Fig. 2b). This behavior is attributed to the decreasing
amount of water in the gelation solution as C, is increased leading to
the formation of a lesser amount of ice acting as a template for the
formation of pores.

To determine the morphology of the cryogels, we used both SEM
and p-CT techniques which are destructive and nondestructive tests,
respectively, for the characterization of the porous structures.
Moreover, the advantage of SEM is its higher magnification and more
precise determination of the pore diameters as compared to p-CT.
Fig. 3a—c shows 3D and 2D p-CT, and SEM images of the cryogels, re-
spectively, at a low magnification (scaling bars = 0.5-2mm). The
cryogels were prepared at C, = 10 (upper panel) and 25 wt % (bottom
panel). All images show pore channels templated from the growing ice
crystals during cryogelation. The channels are aligned in radial direc-
tions the extent of which slightly decreases as C, is increased from 10 to
25wt %. The aligned pore channels are also illustrated in the attached
movie (Supporting Information movie). We attribute the alignment of
the pore channels to the pre-cooling step of the reaction solution in
liquid nitrogen, as illustrated in Scheme 1. Fast cooling of the solution
in the cold bath at —196 °C results in the rapid growth of ice from the
surface of the reactor to the interior, i.e., in the direction of the tem-
perature gradient.

p-CT analysis also revealed the existence of less than 0.006% closed
pores in the cryogels and hence, they exhibit a highly porous, inter-
connected open pore structure. Fig. 4 shows SEM images of the cryogels
formed at various concentrations C, at 300 X (upper panel) and 500 X
magnifications (bottom panel). Aligned pore channels forming a
layered structure appear at C, = 10 and 15 wt %, whereas the degree of
alignment decreases above 15%. Thus, in accord with p-CT images,
cryogels formed below C, = 20 wt % exhibit an aligned morphology.
The existence of an interconnected open pore structure together with an
aligned morphology is important for many application areas of mac-
roporous materials including tissue engineering, bioseparation, micro-
fluidics, and organic electronics [21,22]. Spherical pores within the
layers together with irregular pores between the layers exist in the
cryogels whose number increases with increasing concentration C,.
Moreover, both p-CT and SEM images show no detectable effect of
BAAm content on the morphology and pore size of the cryogels.

Fig. 5a shows average pore diameters (D) and distances (I) between
the layers estimated from the SEM images plotted against the monomer
concentration C,. Average pore diameter slightly increases from
34 + 7to50 * 7um whereas layer spacing decreases from 168 + 23
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Fig. 1. (a) Optical images of PAMPS cryogel specimens formed at 1.2 mol % BAAm and at various C, in swollen (upper panel) and dry states (bottom panel). (b)
Optical images of a cryogel specimen before (1), just after immersion in an aqueous solution of crystal violet (2), after 1h (3) and 24h (4). C, = 10 wt %.
BAAm = 1.2 mol % BAAm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Scheme 1. Cartoon showing cryogelation of the monomers under fast freezing
condition in a radial direction from surface to the interior.

Fig. 2. Equilibrium weight q,, and volume swelling ratios g, (a) and pore vo-
lumes V,, (b) of PAMPS cryogels shown as functions of the monomer con-
centration C, (triangles) and BAAm content (circles).
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Fig. 3. 3D (a), 2D p-CT (b), and SEM images (c) of cryogels formed at C, = 10 (upper panel) and 25 wt % (bottom panel). Scale bars are 1 (a), 0.5 (b), and 2 mm (c).
BAAm = 1.2 mol %.
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Fig. 4. SEM images of cryogels formed at various C, as indicated. Scale bars are 200 (upper panel) and 100 um (bottom panel). BAAm = 1.2 mol %.

to 111 * 10 pum as the monomer concentration C, is increased from 10
to 25wt %. Analyzing p-CT images of the cryogels formed at C, = 10
and 25wt % gives a similar trend but somehow larger pore diameters
(Fig. 5b). The average pore diameters estimated from p-CT are 72 + 20
and 85 * 6um for C, = 10 and 25wt %, respectively, together with
large pores of about 0.9 mm in diameter. We should note that the pore
diameters using p-CT are estimated based on the number of pixels
present in the pores. Since one pixel corresponds to 15.3 um, the pore
diameters estimated here will be at least 15 um higher than those ob-
tained from SEM.

To explain the observed morphological variations depending on the
monomer concentration C,, one needs to know the local concentrations
of the reaction components during cryogelation, i.e., the amounts of
frozen and unfrozen water at —18 °C, and the actual concentration of
the monomers in the unfrozen domains. To quantify the amount of
unfrozen domain during the cryogelation reactions, DSC measurements
were conducted by heating frozen AMPS/BAAm solutions from —18 to
10°C with a scanning rate of 1°C min~! (Figure S2). Melting peak
shifted to a lower temperature and the area under the peak became

smaller as C, is increased, reflecting lowering the melting temperature
Ty of the monomer solution and decreasing amount of ice in the re-
action system. Fig. 6a shows the melting temperature T, of the
monomer solutions (triangles) and the fraction f,,r of unfrozen water at
—18°C (circles) both plotted against C, The fraction f,,s rapidly in-
creases from 36 *+ 2 to 79 *= 5% whereas T, decreases from —5.5 to
—12.3°C with increasing C, from 10 to 25 wt %. Because decreasing T,
means a slower rate of freezing of water in the reaction solution, larger
ice crystals will form as C, is increased leading to the formation of
larger pores and hence, a smaller spacing between the pores [15]. Thus,
the results are consistent with the experimental finding regarding C,-
dependence of the pore diameters and the distances between pore
channels in the cryogels (Fig. 5). Moreover, decreasing freezing rate of
water also leads to a lesser degree of alignment of growing ice crystals,
which is in accord with the SEM and p-CT results.

The true concentration Cy,. of the monomers in the unfrozen do-
mains and the volume of ice per gram of dry cryogel Vi.. can be esti-
mated from the fraction f,,¢ of unfrozen water using the equations,

D /um (a) Iipgm  vol% (b)
60 — i s = 10 ||
n C wt% =
E — 200 | oWt% XXX 25
r 4 20 + 30
50 N ] 0 | ::::
u - o
e 4 150 %
k= i o:::
E 1 10F <N -§ =
30 § 2 R S
E — 100 Y R
E - KXl LX) )
- ] = B R
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oo lvvv o b bvvn e b by b by n by w o by 0 o2 KX o5 :‘:‘
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C, wt%
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Fig. 5. (a): Average pore diameter D and layer spacing [ of the cryogels calculated from the SEM images plotted against the monomer concentration C,. (b):
Distribution of the pore diameters D estimated from p-CT of cryogels formed at C, = 10 and 25 wt %. BAAm = 1.2 mol %.
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unf (a) L] ""7 () LS 'ce_ —18°C (circles) and the melting temperature Ty,
— 0 L — 2.5 E (triangles) both plotted against C,. (b): True
] 30 - ] i monomer concentration Cyue in the unfrozen do-
T - B ] 6 mains (circles), the ratio Cy4e/C, (triangles up) and
] 4 L N 20 ] the volume Vj.. of ice per gram of dried cryogel
] 20 - 47 = 4 (triangles down) shown as a function of C,.
-8 - J4s
] or 1" J2
\\\l\lllll\\\‘!llllll\\\:-12 oTl‘lIIJ[lljlll“l ‘—1-0 _-0
0 5 10 15 20 25 10 1 20 2
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c 10%C, could be compressed up to 94-97% strains without any damage.
frue C + (1-0C) ﬁmf 6) Moreover, the insets reveal that the stress-strain curves first exhibit an
elastic region followed by a quasi-plateau regime during which the gel
1 =Co) A = fuup) specimens easily deform. Finally, they exhibit hardening behavior at
Vie = d C, @ strains above 80%. The appearance of a plateau regime in stress-strain

where d; is the density of ice at —18°C (0.995 gmL ™). Fig. 6b shows
Cuue (circles), the ratio of true-to-nominal monomer concentration
Cirue/Co (triangles up), and the volume of ice per gram of dry cryogel
Vice (triangles up) plotted against C,. At the nominal monomer con-
centration C, of 10 wt %, Cyye is 24 = 1% whereas, at higher con-
centrations, Cy, remains constant at 29 = 3wt %. Thus, increasing
monomer concentration in the reaction solution above 10 wt % does not
change its actual concentration C.. in the unfrozen solution at —18 °C,
revealing that it is a saturated AMPS/BAAm solution. Moreover, the
Ciue/Co ratio representing the extent of cryoconcentration is the
highest at the lowest monomer concentration of 10 wt %, i.e., Cyye iS
about 2.4-fold larger than C,. Increasing C, continuously decreases the
effect of cryoconcentration and the C../C, ratio reduces to 1.2at
C, = 25wt %. Fig. 6b also shows a continuous decrease of the ice vo-
lume Vj.. with increasing C, which is in accord with the pore volume
measurements (Fig. 2b). All these findings reveal that DSC measure-
ments conducted on frozen gelation solutions are means for predicting
the final properties of the cryogels.

Mechanical behavior of the cryogels was determined by uniaxial
compression tests conducted on cryogels in their dried states at
23 + 2°C. Fig. 7a and b shows typical stress-strain curves of the
cryogels prepared at various BAAm and monomer concentrations, re-
spectively. The insets to the figures present the initial portion of the
curves in a semi-logarithmic scale up to 23% compression. All cryogels

(a)
N BAAmM mol % 9.1
6 [ 107
5F ,
- 10° 4.8
& 4F
= C
- - 103 2.0
§ SF
5y c
2
C 1.2
1F
0 z i T R |
60 70 80 90 100
E%

curves suggests the collapse of the porous structure of the cryogels, as
also reported before for silk fibroin cryogels [19]. The plateau stress
increases with increasing BAAm or monomer concentration indicating
increasing mechanical strength of the pore walls constituting the net-
work structure. For instance, the plateau stress increases by one order of
magnitude (from 13kPa to 140kPa) with increasing monomer con-
centration C, from 10 to 24 w/v %.

The appearance of three regimes in the stress-strain curves was also
reflected from the instantaneous slope of the stress-strain curves cor-
responding to the instantaneous modulus E; of the cryogels. Fig. 8a and
b shows strain-dependence of E; of the cryogels formed at various
BAAm and monomer concentrations, respectively, calculated from the
slope between two consecutive data points in Fig. 7. To eliminate noise
in the data series, they were smoothed using the negative exponential
procedure with a sampling proportion of 0.1, i.e., 10 data points for one
smoothed value (Figure S3) [23]. The modulus E; decreases and attains
a minimum value between 10 and 20% strains but then continuously
increases and approaches to a value of 10> MPa, which is in the range of
the mechanical strength of bulk polymers. This suggests the dis-
appearance of the pores at high strains and hence compressing bulk
PAMPS network. Fig. 9 shows Young's modulus E and compressive
fracture stress or of the cryogels plotted against BAAm and total
monomer concentrations C,. Increasing C, or BAAm mol % also in-
creases both Young's modulus E and compressive fracture stress of of the

b
4 — C,wt. %= (b)
L 100 24
3T 102
I 20
- 109
2 -

40

E%

Fig. 7. Typical stress-strain curves of dried cryogels as the dependence of the nominal stress 0,0m 0n the strain . The data are from cryogels formed at various BAAm
(a) and monomer concentrations C, (b). The insets show the initial portion of the curves in a semi-logarithmic scale.
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Fig. 8. Instantaneous modulus E; of the cryogels formed at various BAAm (a) and monomer concentrations (b) plotted against the strain .

cryogels. However, a much significant improvement in the mechanical
properties of the cryogels was observed at high BAAm contents. The
cryogels prepared at 9.1 mol % BAAm exhibit the highest modulus
(0.73 = 0.05MPa) and could withstand up to 6.0 + 0.5MPa com-
pressive fracture stress.

All cryogels exhibited superfast swelling behavior when immersed
in water (Fig. 1b). They also exhibited fast responsivity against changes
in the solvent quality. Fig. 10 shows swelling-deswelling kinetics of the
cryogels formed at various C, in water and acetone, respectively, as the
dependences of their weight q,,, and volume swelling ratios g, on the
contact time t. They all attain their equilibrium swollen state in water
before the first measurement time of 1 min. When equilibrium swollen
cryogels are immersed in acetone, a poor solvent for PAMPS, they as-
sume an equilibrium collapsed state within 5min. This swelling-des-
welling cycle was totally reversible and independent of BAAm content
(Figure S4). Another feature of all PAMPS cryogels is their almost
complete squeezability, as illustrated in Fig. 10b using the images of a
colored gel specimen. Compressing the specimen under load squeezes
water out of the cryogel network (images 1 — 4) whereas, upon un-
loading, the specimen fully recovers its original shape by sucking back
the released water into pores (images 5, 6). The cycles consisting of
squeezing and autonomic reswelling steps were repeated 20 times after
placing the bottom end of the specimen in contact with water. The
swollen cryogels returned to their original shapes and masses after each
cycle.

4. Conclusions

Cryogelation is a simple and eco-friendly technique to produce
macroporous hydrogels, so-called cryogels, exhibiting extraordinary
properties including large porosity, complete squeezability, high-
toughness, and superfast responsivity. Most of the results on cryogels
reported so far, however, lack a more detailed analysis to provide real
conditions of the cryogelation systems. This includes the melting tem-
perature of the gelation system, the true concentration of the monomers
in the unfrozen domains, and the amounts of frozen and unfrozen water
during cryogelation. We investigated here the correlations between the
cryogel properties and the real conditions of cryogelation. Formation of
strong polyelectrolyte PAMPS cryogels was selected for this research
because of their wide range of application areas, including water pur-
ification, food industry, agriculture, energy and environmental fields,
and bioengineering. Cryogelation reactions were conducted in frozen
aqueous solutions of AMPS and BAAm at —18°C in the presence of a
redox initiator system at —18°C. We found that the nominal AMPS
concentration C, affects significantly the porous structure of the cryo-
gels. Both the total volume of the pores and the distance between pore
channels decrease whereas the average diameter of the pores increases
with increasing AMPS concentration C,. These morphological varia-
tions depending on C, could be explained with the local concentrations
of the reaction components during cryogelation. The measurements
reveal a continuous decrease of the volume of ice acting as a template

BAAM mol % BAAmM mol %
2 4 6 8 2 4 6 8
FTTT | TTTT | TTTT | TTTT | TTTT TTTT | TTTT | TTTT I TTTT | T 1] 7
0.8 — 7
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% B = =
-~ ~ ] ~
w 04 — 53 g
B -2
0.2 =
C1 11 | | I | I { G A | ‘ | L1 | L1 11 l L1 11 | | | | I . O
10 15 20 25 10 15 20 25
C, wt.% C,wt.%

Fig. 9. Young's modulus E and compressive fracture stress o of cryogels plotted against BAAm mol % (circles) and C, wt % (triangles).
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Fig. 10. (a, b): Swelling and deswelling of PAMPS cryogels in water and acetone, respectively. Weight g, . (a) and volume swelling ratios g,,, (b) are shown as a
function of contact time t. The monomer concentration C, is indicated. BAAm = 1.2 mol %. (c): Images of a cryogel specimen under loading and unloading. The
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for the pores in the reaction system with increasing C, which is in
accord with the experimental results. Moreover, the melting tempera-
ture Ty, of the monomer solution was found to decrease with increasing
C,. Because decreasing T,,, means a slower rate of freezing of water in
the reaction solution, larger ice crystals will form as C, is increased
leading to the formation of larger pores and hence, smaller spacing
between the pores. Further, decreasing freezing rate of water also leads
to a lesser degree of alignment of growing ice crystals, which is in ac-
cord with the experimental results. The extent of cryoconcentration was
found to be the highest at the lowest monomer concentration of 10 wt
%, i.e., the true concentration Ci., of the monomers in unfrozen do-
mains is about 2.4-fold larger than its nominal value C,. The results also
show a significant improvement in the mechanical properties of the
cryogels with increasing BAAm content. PAMPS cryogels prepared at
9.1 mol % BAAm exhibit the highest modulus (0.73 * 0.05MPa) and
could withstand up to 6.0 + 0.5 MPa compressive fracture stress.

The results of the present study thus reveal that the following
parameters of cryogelation systems determine the properties of the final
cryogels:

1) The melting temperature T,, of the cryogelation system,

2) the volume of ice after cryogelation

3) the fraction f,,¢ of unfrozen water during cryogelation, and
4) the monomer concentration Cg.. in unfrozen domains.

Because these parameters are determined by DSC, such simple
measurements conducted on frozen gelation solutions are means for
predicting the final cryogel properties. For instance, decreasing Ty, of
the cryogelation system also decreases the freezing rate of the solution
leading to the formation of larger pores with a lesser degree of align-
ment. Further, the volume of ice template after cryogelation determines
the total volume of the pores. Because the unfrozen domains in the
reaction system form the pore walls in the final cryogels, the monomer
concentration Cie in these domains reflects the polymer concentration
of the pores walls. Thus, a higher C,,. means a higher polymer con-
centration of the pore walls and hence, a higher mechanical stability of

the porous structure of the cryogels (Fig. 7). Similarly, increasing the
fraction f,,r of unfrozen water also increases the amount of polymer in
the pore walls contributing to the mechanical strength of the cryogels.
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