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ABSTRACT: Composite heterophase organic–inorganic
hybrid cryogels of poly(vinyl alcohol) (PVA) containing
silica constituents were prepared and studied. Such constit-
uents were formed in the course of hydrolytic polyconden-
sation (sol-gel process) of tetramethoxysilane (TMOS) intro-
duced in to the aqueous polymer solution prior to its freeze–
thaw treatment. It was shown that moderate (over the range
of �15 to �308C) freezing, then frozen storage, and subse-
quent thawing of the water/PVA/TMOS systems resulted
in the formation of macroporous composite cryogels filled
with dispersed silica particles (discrete phase). The continu-
ous phase of such gel materials represents the supramolecu-

lar PVA network, which is supposed to be additionally
cured with the silicon-containing oligomeric cross agents
formed from TMOS in the course of hydrolytic polyconden-
sation. The incorporated silica components influenced the
morphology of cryogels. The effects of significant increase in
gel strength and heat resistance with increasing TMOS con-
centration in the initial feed and with thawing rate decreas-
ing have also been observed. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 105: 2689–2702, 2007
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INTRODUCTION

It is known that macroporous noncovalent (physical)
cryogels on the basis of such synthetic and natural
polyol polymers, as poly(vinyl alcohol) (PVA),1–4

starch5–7 and its components (amylopectin and amy-
lose),8,9 maltodextrin,10 polygalactomannans,11–14 b-
glucan,15–16 etc., are formed in consequence of the
cryogenic treatment (freezing, frozen storage, thaw-
ing) of aqueous solutions or sols of the listed macro-
molecular precursors. At that, the driving force of
intermolecular interactions which gives rise to the for-
mation of microcrystallinity zones is the hydrogen
bonding between the OH-groups of neighboring
chains. Such microcrystallytes perform as junction
knots in the 3D polymeric network.17–20

The most studied among similar freeze–thaw-
induced noncovalent gel systems are the PVA cryo-
gels (cryoPVAGs) that also attract considerable atten-
tion regarding their practical use, in particular, as
materials of biomedical application (e.g., as gel bases

of artificial cartilages or certain soft tissues)1,3,21,22 and
in biotechnology (e.g., as matrices for the immobiliza-
tion of biomolecules and cells).2,4,23,24

In this respect, of special interest are the cryoPVAGs
formed not only from PVA solutions without any for-
eign additives, but the complex and composite cryoP-
VAGs containing extra soluble or nonsoluble (fillers)
components, capable of changing significantly the
properties of cryoPVAGs.2,4,21,22

Thereupon, the aim of this work was the prepara-
tion and study of novel organic–inorganic hetero-
phase cryoPVAGs, when tetramethoxysilane (TMOS)
was introduced in to the aqueous polymer solution
prior to its freezing. TMOS is known to transform to
polysicilic acid and then to silica structures during hy-
drolysis in aqueous media.25–27 Simultaneous ‘‘em-
bedding’’ of organic and inorganic polymers into the
common gel matrix results in arising of new addi-
tional properties for the end materials, as it was
shown for diverse (but not for cryogels) gel systems
(see, for instance, Refs. 28–31). In this case, the
increased mechanical strength and heat resistance of
similar multicomponent matrices (they are called by a
term ‘‘hybrid gels’’) are usually attributed to the inter-
action of inorganic and organic components on the
molecular or nanoparticular levels.32 Thus, the addi-
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tion of a tetra-alkoxysilane (e.g., TMOS) in the aque-
ous solution of some poly(N-vinylamides), likewise
poly(N-vinylpyrrolidone) or poly(N-vinylcaprolac-
tame), causes the formation of rubber-elastic hybrid
hydrogels,33,34 whereas in the absence of such silanes
the solutions do not gel at all. The addition of the
same amounts of TMOS simply in water results (after
completion of the sol-gel reaction) in dispersion of
silica particles. Hence, the ‘‘collage’’ of so distinct
components, as aqueous solution of a poly(N-vinyl-
amine) and tetraalkoxysilane, which undergoes the
hydrolytic polycondensation in such aqueous me-
dium, is able to impart new quality (gel state) to final
polymer system. Therefore, one can expect that intro-
duction of finely dispersed Si-bearing matter (silica
and intermediate products of TMOS hydrolysis) into
polymeric matrix during the cryotropic gel-formation
has to effect the properties of resulting cryogels. As far
as ordinary (i.e., without foreign additives) cryoP-
VAGs were extensively explored; those systems were
selected for the comparative study with hybrid cryoP-
VAGs (H-cryoPVAGs). As a direction of possible
practical application of such hybrid gel materials, we
are also planning to consider further their potential as
matrices for the immobilization of enzymes.

EXPERIMENTAL

Materials

PVA with molecular weight of 86 kDa and deacetyla-
tion degree of 99–100% (Acros Organics, Belgium)
was used in the work for the preparation of cryoP-
VAGs and H-cryoPVAGs.

TMOS (Merck, Germany) was purified by distilla-
tion at atmospheric pressure taking the fraction with
Tbp ¼ 121–1228C and n20D ¼ 1.3680.

The dye Congo red (Aldrich Chemical Co.), gelatin
(photo quality), phenol (chemically pure, >99% of ba-
sic substance), glycerol (pure for analysis), methanol
(chemically pure, >99% of basic substance) (all
Reachim Co., Russia) were used without further puri-
fication. All aqueous solutions were prepared using
deionized water.

Methods

PVA solutions were made in a following way. The
definite amount of PVA was suspended in the
required volume of water so to reach the PVA content
of 120 g/L. The mixture was stored 15 h at room tem-
perature for polymer to swell. Then the suspension
was heated for 1 h under stirring on a boiling water
bath for PVA complete dissolution. The sample was
weighed before and after heating, and the amount of
evaporated water was compensated. The obtained so-
lution was filtered, then thermostated at 208C for

30 min before making compositions with TMOS. The
latter one was introduced in amounts corresponding
to 0.14, 0.28, 0.42, 0.56, and 0.70 mol per 1 base-mole of
the polymer. Then water was added to make up final
PVA concentration 93.4 6 0.2 g/L in each sample, and
the composition was stirred for 7 min prior to freez-
ing.

The samples of cryoPVAGs and H-cryoPVAGs for
measurements of their physicomechanical characteris-
tics were formed in sectional duralumin molds (inner
diameter 15 mm, height 10 mm). For the determina-
tion of fusion temperature, cryogels were prepared in
transparent polyethylene test tubes (inner diameter
10 mm). The test tubes were filled with 5 mL of liquid
composition, and a stainless steel ball with the diame-
ter of 3.5 mm and weight of 0.275 6 0.005 g was
placed on the bottom of each test tube. The containers
and the test tubes were placed into the chamber of
precision programmable cryostat FP 45 HP (Julabo,
Germany), where the samples were frozen and kept at
certain subzero temperature for 12 h. Further the tem-
perature was risen to þ 208C with the rate controlled
by the cryostat microprocessor.

Apparent instantaneous shear modulus (G0) charac-
terizing elastic properties of the material and shear
modulus for the 30-min-loading (G30, reflects the plas-
tic behavior of a material) were determined according
to the technique earlier described in detail and used
for the characterization of rheological behavior of
diverse nonfilled and filled (composite) cryoP-
VAGs.35–38 The measurements were carried out at (21
6 1)8C by the penetration of spherical punch (5 mm in
dia.) into a gel sample at constant load of 4.9 � 10�3 N.
To avoid drying, the samples were covered with thin
layer of silicone oil. After the tests, the attained defor-
mations of cryogels were small and did not exceed
5%; no macroscopic squeezing of moisture was
detected for all the gel samples thus examined.

Gel fusion temperatures (Tf) were determined as
follows. The tightly stoppered polyethylene tube,
where cryogel with metal ball at the bottom has been
formed, was placed upside down into a water bath.
The temperature was increased with the rate of (0.4 6
0.1)8C/min. The gel fusion point was determined as
the temperature when the ball fell down the stopper
of the test tube after passing through the fusing gel.

Shear moduli and cryogel fusion temperatures were
measured for four parallel samples, where the sam-
ples were obtained in 3–5 independent experiments.
The results obtained were averaged.

The cryogels’ morphology was studied by means of
optical microscope Axiolab Pol (Carl Zeiss Jena, Ger-
many) equipped with video-recording system (Sony,
Japan). Thin (6–8 mm) sections of cryoPVAGs and H-
cryoPVAGs were prepared using cryomicrotome
Shandon Cryotome (Thermo Electric Corp., UK). Each
section was placed on the microscope glass, which
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was then immersed for 10 s into 1% aqueous solution
of Congo red for staining. The excess of the dye was
rinsed by water and the excess of water was removed
with filter paper. Then the section was poured with
one drop of ‘‘fixing medium’’ (solution of 1 g of gela-
tin in 12 mL of 50% aqueous glycerol and 0.2 g of phe-
nol as a bactereostatic agent) and sealed with a cover
glass. Prior to studies, the samples were stored at 48C
in a closed vessel.

The dimensions of SiO2 particles (number average
and weight average diameters—Dn and Dw, respec-
tively) entrapped in the H-cryoPVAG matrices were
determined by means of optical microscopy. For cal-
culation, the following formulas were used:

Dn ¼
P

NiD
3
i

� �P
Ni

� �1=3

; Dw ¼
P

NiD
6
i

� �
P

NiD
3
i

� �
 !1=3

;

where
X

Ni ¼ 100 6 5:

The polydispersity index was determined as k ¼ Dw/
Dn. Using the data obtained, respective distribution
diagrams were plotted.

RESULTS ANDDISCUSSION

Selection of experimental conditions for the
preparation of organic–inorganic hybrid cryoPVAGs

Structure, physicomechanical, and thermal properties
of cryoPVAGs are determined by the combination of
many factors, including characteristics of the gel-
forming polymer (i.e., molecular weight, content of
OH-groups, chain tacticity), its concentration in initial

solution, the presence of foreign solutes or dispersed
fillers, and, certainly, by the conditions of cryogenic
treatment.1–4 To clarify the effects of the added TMOS
and products of its hydrolysis on the properties of
resulting cryogels, it was, first of all, necessary to es-
tablish optimal conditions for the preparation of cry-
oPVAGs and H-cryoPVAGs with reproducible charac-
teristics (G0, G30, and Tf). Besides, it was also required
to explore the influence of methanol additives on cryo-
gel properties, inasmuch as methanol is liberated in
the course of TMOS hydrolytic polycondensation
(reactions (1) and (3) in Scheme 1), and this alcohol is
well-known to be the precipitant for PVA.

These experiments (their results are summarized in
the Table I) revealed some peculiarities of the influ-
ence of freezing temperature and methanol additives
on the charactestics of respective cryoPVAGs. Freez-
ing of PVA solutions over the temperature range of
�18 to �308C with subsequent thawing with the rate
of 0.038C/min resulted in the formation of cryoP-
VAGs possessing both high rigidity and fusion tem-
perature. Therefore, such conditions were imple-
mented for testing the ‘‘methanol effects.’’

It was found that addition of increasing amount of
methanol in the composition, which was used for the
preparation of cryoPVAGs, gave rise to considerable
decrease in gel strength and heat resistance of corre-
sponding samples. Thus, the presence of even small
(� 2%) amount of added CH3OH in the initial poly-
mer solution has diminished the values of both shear
moduli (G0 and G30) of the resulting cryogel by about
one third and decreased Tf by � 48C as compared
with the equiconcentrated cryoPVAG without metha-
nol additives. The fivefold higher amount of CH3OH
(� 11%) in the initial system gave rise to formation of

Scheme 1 Chemical reaction occurring upon the hydrolytic polycondensation of tetraalkoysilanes in aqueous media.26,27
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low fusible (Tf � 628C) and 3.9- to 4.9-times weaker
cryogels. It is noteworthy that the addition of metha-
nol somewhat stronger influenced on elastic rather
than plastic characteristics of cryoPVAGs. For
instance, the increase in methanol concentration in ini-
tial PVA solution from 2.1 to 11.2% yielded the
decrease in the G0 values (in comparison with cryogel
without methanol additives) by 32.6% and 77.9%,
respectively, whereas G30 values decreased by 26.9%
and 73.7%. It also has to be noted that even the highest
methanol concentration used in our experiments was
still lower than the methanol concentration causing
the precipitation of PVA from aqueous solutions at a
room temperature. However, owing to the cryocon-
centrating effects (an increase in solute concentration
as far as ice is crystallizing) the actual methanol con-
centration in the still unfrozen part of the system (so-
called unfrozen liquid microphase (ULMP)1,4,39) could
exceed the concentration required for PVA precipitat-
ing. Such an effect could deteriorate the efficiency of
PVA cryotropic gel-formation, as it follows from the
data of Table I (diminished gel strength and heat re-
sistance of CH3OH-containing cryogels). Very similar
effects, i.e., the decrease in rigidity and fusion temper-
ature of cryoPVAGs, were observed upon addition of
diol alcohol—ethylene glycol and triol alcohol—glyc-
erol in PVA solution prior to its freeze–thaw treat-
ment,40 and NMR studies confirmed the cryoconcen-
trating phenomena for such alcohols in ULMP.41 So,
all these data testify that low molecular weight alco-
hols, which are water-miscible nonsolvents (precipi-
tants) for PVA, are capable of causing the adverse
effects on the formation of cryoPVAGs.

In this context it was of significance to compare the
structural peculiarities of cryoPVAGs formed in the
absence and in the presence of methanol. Figure 1
shows the micrographs of fine sections of the equicon-
centrated (by polymer) cryogels prepared in experi-
ments, when CH3OH concentrations were as follows:

0 [Fig. 1(a)], 2.1 [Fig. 1(b)] and 11.2% [Fig. 1(c)]. On the
black and white photos, the dark area is the gel phase
stained with Congo red (see Experimental) and light
areas are the macropores filled with water.

If the cryoPVAGs prepared from the binary solution
water/polymer had relatively uniform distribution of
oval macropores in gel matter (diameters of these
macropores were mainly from 1 to 5 mm [Fig. 1(a)], the
formation of cryogels from the ternary systems
water/polymer/methanol led to considerable hetero-
genenization of macroporous material, as well as to
marked changes of both the structure of its gel phase
and size of the pores. Noticeable modification of the
morphology of the cryogels was observed even at low
(2.1%) methanol concentration in the initial system:
the pore walls became denser (their more intense
staining testifies this fact) and attained a ‘‘fibrous’’ tex-
ture [Fig. 1(b)], but in respect to the material as a
whole this resulted in its loosening owing to the
increase in the space of macrospores. This apparently
was the main reason for decrease in the integral rigid-
ity of such cryoPVAG (Table I). At the same time, a
decrease in the fusion temperature of cryoPVAG
formed in the presence of methanol additives indi-
cated that despite the mentioned higher density of the
gel framework, the structure of the junction knots of
the supramolecular physical network is, obviously,
less perfect (the knots are the microcrystallinity zones,
which dissociate at heating up to Tf).

2 Most probably
this was because of the changes in hydrophilic/lipo-
philic balance of the medium of gel-formation, i.e., of
ULMP, where because of worsening the thermody-
namic quality of the solvent certain collapse of PVA
coils took place. Further increase in CH3OH content in
the feed (e.g., till � 11%) caused even stronger
changes of microstructure of corresponding cryoP-
VAG. The gel phase became more diffuse, and the
boundaries of macropores became vague [Fig. 1(c)].
At that, the cryogel’s rigidity and heat resistance

TABLE I
Properties of PVA Cryogels Prepared from the Aqueous and Water–Methanol Solutions

of the Polymera

Methanol concentration
in PVA solution, % (w/w)

Freezing
temperature (8C)

Properties of cryoPVAGs

G0 (kPa) G30 (kPa) Tf (8C)

– �15 3.86 0.3 2.86 0.1 72.06 0.3
– �18 7.06 1.6 5.36 1.3 b

– �20 6.96 0.9 5.16 0.9 72.56 0.2
– �30 6.86 0.6 4.66 0.7 72.96 0.3
2.10 �20 4.66 0.9 3.86 0.8 68.46 0.4
4.45 2.96 0.3 2.36 0.1 66.96 0.3
6.60 2.16 0.2 2.06 0.1 65.86 0.3
8.45 1.96 0.2 1.76 0.3 62.96 0.2
11.2 1.56 0.2 1.46 0.1 62.36 0.3

a PVA concentration in the initial system: 93.4 6 0.2 g/L, freezing time: 12 h, thawing
rate: 0.038C/min.

b No data.
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decreased considerably (Table I). One can suppose
that in the course of formation of such materials, the
high enough methanol concentration in ULMP was
able to bring about not only the compression of PVA
macromolecular coils, but also led to the microcoagu-
lation of the polymer in its concentrated solution. As a
result, all these factors could hinder (including steri-
cally) the intermolecular interactions, which are ‘‘usu-
ally’’ responsible for the formation of 3D network of
cryoPVAGs.

Thus, taking in to consideration the experimental
data discussed above (Table I and Fig. 1), as well as
the fact that after introducing TMOS in to the system
water/PVA, the formation of silica-like structures is
accompanied by the liberation of methanol; one can
expect definite changes in the morphology of resulting
hybrid cryogels and, apparently, decrease in their ri-
gidity and fusion temperature in comparison with the
same parameters of common (i.e., without foreign
additives) cryoPVAGs. However, the measurements
of physicomechanical and thermal characteristics of
H-cryoPVAGs produced via the cryogenic treatment
of initial triple systems containing varied amount of
TMOS revealed an opposite trend.

Properties and structure of hybrid organic–inorganic
cryoPVAGs

TMOS is unstable in the presence of water, and reac-
tions of hydrolytic polycondensation start to proceed
immediately after the silane is introduced in PVA
aqueous solution, that is, after mixing of reagents the
system water/PVA/TMOS is chemically changed
with time. Therefore, all the procedures for preparing
the initial samples and their freezing were standar-
dized throughout our studies regarding the tempera-
ture and time of the preparation protocol (see ‘‘Experi-
mental’’). So, as a result of the cryogenic treatment

Figure 1 Optical microscopy micrographs of thin sections
of cryoPVAGs prepared from the initial systems water/PVA
(a) or water/PVA/methanol (b, 2.1% CH3OH; c, 11.2%
CH3OH). Conditions of cryostructuring: PVA concentration
in the initial system 93.4 6 0.2 g/L, freezing at �208C for
12 h, thawing with the rate of 0.038C/min.

TABLE II
Properties of Hybrid Cryogels Prepared via the Freeze–
Thaw Treatmenta of the Systems Water/PVA/TMOS

Initial ratios Characteristics of H-cryoPVAGs

[TMOS] : [PVA]
(mol/base-mol) G0 (kPa) G30 (kPa) Tf (8C)
b 6.96 0.9 5.16 0.9 72.56 0.2
0.14 : 1 10.06 3.1 8.26 2.2 95.06 1.5
0.28 : 1 13.16 3.4 11.36 3.2 c

0.42 : 1 16.56 4.9 14.36 3.9 c

0.56 : 1 19.86 6.1 17.46 5.0 c

0.70 : 1 24.06 7.5 20.46 6.6 c

a PVA concentration in the initial water/PVA/TMOS sys-
tem: 93.4 6 0.2 g/L, freezing temperature: �208C, freezing
time: 12 h, thawing rate: 0.038C/min.

b PVA cryogel formed without TMOS additives.
c The samples did not melt upon heating till � 1008C; a

disturbance of their integrity and partial fragmentation took
place.
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under the conditions chosen and discussed in the pre-
vious section for producing of cryogels based on
water/PVA and water/PVA/methanol systems, the
goal objects of present study, namely organic–inor-
ganic H-cryoPVAGs, were prepared. The values of G0,
G30, and Tf measured for these novel PVA-based cryo-
gels are summarized in Table II.

The following peculiarities inherent in such hybrid
gels were revealed:

Firstly, the experimental error of the physicome-
chanical tests for the H-cryoPVAGs was considerably
increased as compared with the systems without
TMOS additives (from 8 to 18% up to nearly 30%).
This evidently was because of introducing chemically-
active TMOS in to the initial feed. TMOS additives
caused the structural and phase heterogenization of
final cryogels (see below), thus markedly influencing
the reproducibility of rheological tests.

Secondly, in spite of the ‘‘softening’’ effect of liber-
ating methanol on the strength of cryoPVAGs, the for-
mation of silica-like structures resulted in very pro-
nounced increase in rigidity of H-cryoPVAGs. For
instance, if at 11.2%-content of methanol the G0 and
G30 values of respective cryoPVAG were decreased by
77 and 74% (Table I), in the case of H-cryoPVAG pre-
pared with TMOS in an amount corresponding to the
same amount of liberated methanol, namely,
[TMOS]:[PVA] ¼ 0.7 : 1 (here and below in the text
such ratio is given in moles of TMOS per one base-
mole of PVA), the values of the moduli were increased
by 249 and 298% (Table II). However, also taking into
account the ‘‘negative constituent’’ of the effect of
methanol appearing upon the TMOS hydrolytic poly-
condensation, the ‘‘corrected’’ total values of such an
increasing effect should be 326 and 372%, respectively.
Note also that simply methanol additives somewhat
stronger influenced, as it was already pointed out, on
the elastic properties of cryogels, whereas for the
hybrid systems their G30 values (characterizing the
plastic behavior of the gel samples) were predomi-
nantly increased.

Thirdly, the fusion temperatures of H-cryoPVAGs
grew so considerably, as we were able to measure the
Tf values only for the cryogel samples prepared with
the lowest amount of TMOS ([TMOS] : [PVA] ¼ 0.14 :
1). At the higher initial TMOS concentrations the final
hybrid cryogels did not melt until the boiling tempera-
ture of their liquid constituent (water–methanol mix-
ture) was reached. This, in turn, did not cause the
fusion of the samples with the formation of highly vis-
cous sol, but gave rise to the disturbance of the integ-
rity of specimens and their fragmentation. Possible
reasons for such a heat resistance of H-cryoPVAGs
will be touched below after discussion of the data on
the structure of hybrid cryogels.

The microphotographs of thin sections of H-cryoP-
VAGs obtained by freezing–thawing method (after the

Figure 2 Optical microscopy micrographs of thin sections
of composite H-cryoPVAGs prepared from the initial sys-
tems water/PVA/TMOS with various concentration of
organosilicon compound: [TMOS] : [PVA] ¼ 0.28 : 1, (a); 0.56
: 1, (b); and 0.70 : 1 (c). Conditions of cryostructuring are the
same as indicated in the legend of Figure 1.
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addition of different amount of TMOS in PVA solution)
are shown on Figure 2. It turned out that the
morphology of each sample, as a whole, and of its
structural elements, in particular, depended on the con-
centration of organosilicon additive. First of all, when
comparing the micrographs in Figure 2 with those in
Figure 1, one can see the appearance of small dispersed
filler particles in the bulk of H-cryoPVAG. Such semi-
transparent (surrounded by a dark ‘‘halo’’) particles of
the discrete phase had average diameters from 1 to 5
mm [in Fig. 2(a), where the particles are few and small
enough, they are indicated by arrows]. It was found
that the particles of dispersed silica prepared by TMOS
dropping in pure water then looked analogous, when
observed in a microscope. Therefore, one can guess
that silica structures, which were generated from
TMOS in the course of its hydrolytic polycondensation
(Scheme 1), at least partially formed independent dis-
crete phase entrapped in continuous phase of macropo-
rous gel matrix, thus giving rise to the filled polymeric
material, i.e., composite PVA cryogel.

At the same time, the methanol, being secreted
upon such cryotropic gel-formation, transformed the
structure of continuous phase. Thus, similar to the
micrograph in Figure 1(b), in the images of Figure
2(b,c) one can see the condensed fibrous structure of
the material with the considerably larger pores as
compared to cryoPVAG prepared without any addi-
tives [Fig. 1(a)]. It is noteworthy that even at the high-
est used concentration of organosilicon component in
the initial feed, i.e., at [TMOS] : [PVA] ¼ 0.7 : 1 corre-
sponding to the 11.2%-concentration of liberating
methanol, the morphology of the gel phase of respec-
tive H-cryoPVAG [Fig. 2(c)] differed from the cryoP-
VAG prepared with the addition of the same amount
of methanol [Fig. 1(b)]. The micrograph in Figure 2(c)
most of all resembled that in Figure 1(b) related to cry-
oPVAG prepared at the minimum (2.1%) concentra-
tion of added methanol. This important fact testifies
that some of the products of TMOS hydrolytic poly-
condensation, commencing from certain stages of gel-
formation, hindered from the methanol-induced fur-
ther changes of the morphology of gel phase, namely,
prevented its transition to the structure shown in Fig-
ure 1(c). Moreover, if also will take into account the
above-mentioned effect of strong increase in heat re-
sistance of H-cryoPVAGs even at low concentration of
TMOS in the initial feed (Table II); the nature of such
structural features requires special discussion.

First, it was reported elsewhere38 that fusion tem-
peratures of composite cryoPVAGs obtained by freez-
ing–thawing of suspensions (silica particles mixed
with PVA solution) only slightly (by 1–28C) differed
from the Tf values of nonfilled cryo-PVAGs. This
means that simply additives of dispersed silica par-
ticles have small effect on the thermal properties of
the continuous gel phase. However, the rigidity of the

filled cryogels is increased considerably. Thus, silica
particles acted as active fillers, mainly influencing the
physicomechanical properties of such composite cryo-
gels. Therefore, strong increase in Tf in the case of H-
cryoPVAGs can not be attributed to the formation of
TMOS-originated discrete silica phase in the bulk of
continuous phase (Fig. 2).

Second, as far as the particles of the inorganic filler
were virtually unable to affect on the heat resistance
of H-cryoPVAGs, and in situ liberating methanol
should considerably bring down the Tf values (Table
I) and loosen the gel phase structure [Fig. 1(c)], it
might be some other factors hindering those proc-
esses. It is soundly to suppose that some of the still
soluble ‘‘intermediate’’ products of TMOS hydro-
lytic polycondensation could interact (either react)
with PVA macromolecules and thus to be incorpo-
rated into the network of the polymer gel. One of the
arguments in favor of this assumption is the fact that
no particles of discrete silica were detected in the
micrographs of thin section of H-cryoPVAG formed
at the lowest used TMOS concentration ([TMOS] :
[PVA] ¼ 0.14 : 1), whereas the gel strength and Tf of
such samples were already considerably increased
(Table II). The formation of the particles of inorganic
discrete phase was observed only at a higher initial
TMOS concentration. Apparently, this was the con-
sequence of two competing processes: (i) the interac-
tion of still soluble ‘‘intermediate’’ products of
TMOS hydrolytic polycondensation with PVA mac-
romolecules leading to the formation of quasi-homo-
geneous polycomplexes and (ii) the 3D TMOS
hydrolytic polycondensation giving rise to the
growth of silica particles. The former process had,
apparently, somewhat greater rate.

In the third place, evidently just the incorporation
of the above-discussed ‘‘intermediate’’ silicon-con-
taining products (they perform as crosslinking agents)
in the polymeric phase of H-cryoPVAGs was respon-
sible for the ‘‘inhibition’’ of unfavorable influence of
methanol. Unfortunately, the exact nature of such
crosslinking compounds is not so far identified,
although it is known42,43 that at low conversion of the
reactions of tetraalkoxysilanes’ hydrolytic polycon-
densation among the products there are linear,
branched, and cyclic oligoalkoxysilaxanols, which are
soluble in aqueous alcohols (ULMP of the studied sys-
tems is quite such a system). Therefore it is natural to
assume the processes of binding (most probably coop-
erative) of those compounds with OH-groups of PVA
via the hydrogen bonds. Oligoalkoxysilaxanols like
the H[��O��Si(Alk��O)2��]xOH (or those with par-
tially saponificated pendant groups), which were
found out among the products of hydrolytic polycon-
densation,42 can be the examples of similar Si-contain-
ing cross agents. Such an assumption does not contra-
dict the chemistry of these systems, so it can be con-
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sidered as a working hypothesis capable of explaining
the experimental data obtained.

Principally, there are two possible types of hydro-
gen bonds that can be formed in these systems
(Scheme 2):

A. ‘‘normal type’’—in between the H-atom of PVA
hydroxyl group and siloxane oxygen atom
(more exactly its lone electron pair),

B. ‘‘highly polarized’’ hydrogen bond—in between
the unshared electron pair of the oxygen atom of
PVA hydroxyl group (acting as a weak base) and
the silanol group of a siloxanole (exhibiting weak
acidic properties).

The first type (A) of such hydrogen bonds has to be
thermosensitive and dissociate at moderate heating in
a similar way to the hydrogen bonds in the junction
knots of physical gels like the gelatin ones44 or cryoP-
VAGs.45,46 At the same time, the second type (B) of H-
bonds forthcoming by its nature to ionic bonds has to
be significantly more thermostable and, therefore,
from our viewpoint, just this type of H-bonding can
be responsible for the enhanced heat resistance of H-
cryoPVAGs (Table II).

In addition, one can not exclude direct reaction of
TMOS, either intermediate methoxysilaxanols with
OH-groups of PVA via the mechanism of trans-esteri-
fication. However, the intermolecular covalent
Si��O��C-bonds formed in this case are the hydrolyti-
cally unstable and should be cleaved in the presence
of gross excess of water in the system of interest.

As for the dispersed silica particles themselves
being entrapped in H-cryoPAAGs, their size charac-

teristics were evaluated. The average diameter of the
particles and their size distribution for the filled cryo-
gels, whose morphology is shown in Figure 2(b,c), are
presented in Figure 3. It was found that increase in
the initial TMOS concentration from [TMOS] : [PVA]
¼ 0.56 : 1 to [TMOS] : [PVA] ¼ 0.7 : 1 gave rise to
increase in the mean diameter of silica particles and in
broadening of their size distribution (the polydisper-
sity index k was risen from 1.155 to 1.225). In other
words, the higher the amount of TMOS introduced in
the initial PVA aqueous solution, the higher the possi-
bilities for the growth of particles of inorganic discrete
phase in these systems in the course of their cryotropic
gelation.

Summing up the above considered data on the cryo-
gels formed from the feed of water/PVA/TMOS com-
position, we can draw the conclusion that such cryo-
gels include at least two types of silicon-containing
components: the particles of dispersed silica filler and,
presumably, oligomeric substances performing asScheme 2 The structures of possible hydrogen bonds

between the fragments of oligomethoxysilaxanols and OH-
groups in PVA (see the text for explanations).

Figure 3 Size distribution of the particles of discrete phase
in composite H-cryoPVAGs prepared from the initial sys-
tems water/PVA/TMOS with [TMOS] : [PVA] ¼ 0.56 : 1 (a)
(Dn ¼ 3.49 mm, Dw ¼ 4.03 mm, k ¼ Dw/Dn ¼ 1.155) and 0.70 :
1 (b) (Dn ¼ 4.58 mm, Dw ¼ 5.61 mm, k ¼ Dw/Dn ¼ 1.225). Con-
ditions of cryostructuring are the same as indicated in the
legend of Figure 1.
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crosslinking agents. Therefore, such materials could
be defined as hybrid composites to distinguish them
from the virtually homophase (or with the heterogene-
ity on a nanoscale level43) organic–inorganic hybrid
gels formed upon the hydrolytic polycondensation of
tetraalkoxysilanes in aqueous solutions of poly(N-
vinylpyrrolidone)33 or poly(N-vinylcaprolactame).34

Influence of cryotropic gel-formation conditions on
the properties of composite H-cryoPVAGs

The influence of the conditions of cryogenic treatment
of aqueous PVA solutions on the properties of result-
ing traditional nonfilled cryoPVAGs was studied
rather comprehensively.1–4,23,35,36 It is known that
when the only freeze–thaw cycle is applied, the most
important process’s factors are the temperature re-
gime and, especially, the profile of thawing.2,4,46

Therefore, in the present study, the role of these pa-
rameters was investigated in relation to composite H-
cryoPVAGs. Table III contains the data on the physi-
comehanical characteristics of hybrid composites
formed at various freezing temperatures and
defrosted with the same rate of 0.038C/min, and Table
IV gives the experimental results for the samples fro-
zen at equal temperature (either at �208C, or at
�308C), but thawed off with different rates.

These results show that over the studied ranges of
TMOS, initial concentration and freezing temperature
(�15 to 308C) and the rigidity of composite samples
monotonically (i.e., without the extreme points)
increased with decrease in the temperature of cryo-
genic process (Table III). Thus, the G0 value for
the H-cryoPVAG prepared from the feed with
[TMOS] : [PVA] ¼ 0.14 : 1 and frozen at -308C
exceeded by a factor of 3.1 times the G0 value of the
equiconcentrated cryogel sample frozen at �158C, and
the corresponding G30 values differed by a factor of
three times. In the case of cryogels formed from the
feed with [TMOS]:[PVA] ¼ 0.7 : 1 the ratios of these
moduli were � 7 and 7.1 times, respectively. Accord-
ingly, such a trend was equally manifested in respect
of both elastic and plastic properties of the composite
organic–inorganic cryogels under discussion. At that,
the bigger amount of TMOS introduced into the initial
reagents mixture, the more pronounced the effect of
increase in rigidity of H-cryoPVAGs with lowering
the freezing temperature (over the range studied in
our work). Obviously, this testified that the increase in
initial TMOS concentration caused not only the
‘‘strengthening’’ effect due to the rise of a portion of
dispersed filler in the composite cryogels, but also that
the cryoconcentrating effects (the lower the tempera-
ture, the less the volume of UFLP and the higher the
solutes concentration there)2,4 very markedly pro-
moted the processes of H-bonding between the sili-

con-containing crosslinking substances (Scheme 2)
and the supramolecular network of PVA cryogel.

If to normalize the measured values of G0 and G30

with respect to the lowest shear module, namely,
assuming the G value of the H-cryoPVAG sample pre-
pared at �158C (Table III) as the unity, the discussed
trend becomes even more obvious. The plots for such
normalized data are depicted in Figure 4, where the
dependences of reduced magnitudes (r0 and r30, corre-
spondingly) on the [TMOS]:[PVA] ratios are given.
One can see not only the total effect of the freezing
temperature, but also somewhat stronger influence of
that factor on the r30 values [a more steep slope of the
lines in Figure 4(b) as compared with those in Fig.
4(a)]. Most likely, this fact points to a decrease in flexi-
bility of polymer chains because of their ‘‘fixation’’ by
the silicon-containing crosslinking agents.

It is of interest that the rigidity of cryoPVAGs pre-
pared without addition of TMOS and frozen at one of

Figure 4 Dependences of normalized r0 (a) and r30 (b) val-
ues on the initial [TMOS]/[PVA] ratio for H-PVAGs pre-
pared at freezing temperatures of �188C (1), �208C (2) and
�308C (3). Conditions of cryostructuring: PVA concentration
in the initial water/PVA/TMOS system: 93.4 6 0.2 g/L;
freezing time: 12 h; thawing rate: 0.038C/min; every r pa-
rameter was computed assuming as the unity the lowest G
value for respective (identical initial [TMOS]/[PVA] ratio)
cryogel prepared at �158C.
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the temperatures over the range of �18 to �308C was
changed only by 5–15%, whereas strengthening of
composite H-cryoPVAGs was increased by a factor of
several times. Besides, the differences in the r values
for samples formed at these temperatures of cryo-
structuring increased progressively with the concen-
tration of TMOS [Fig. 4(a,b)]. So, it enables to infer that
cryoconcentration of substances in ULMP with lower-
ing the temperatures of cryogenic process facilitated
significantly the binding phenomena of organosilicon
cross agents with PVA (Scheme 2).

The next important parameter influencing the
properties of cryoPVAGs is the thawing rate. It is
well known that decreasing the rate of thawing of
the moderately frozen solutions of polyol polymers
(capable of forming physical (noncovalent) cryogels)
results in the stronger and more heat resistant speci-
mens.2,4,8–10,12,36,47 Usually such effect of the defrost-
ing dynamics is explained by a very high viscosity of
ULMP; therefore, rather long time is required for real-
izing the large enough amount of stable intermolecular
contacts.2,4,48 In the case of cryoPVAGs with the high-
est efficiency, these processes proceed in the vicinity of
�2 to �38C.46 This means that the lower the thawing
rate, the longer time the system resides within such
‘‘optimal’’ region of negative temperatures.

The data presented in Table IV indicate that slow
thawing of the samples, which were frozen at various
temperatures upon the preparation of cryoPVAGs
without TMOS additives, resulted in considerable
increase in gel strength. In particular, the normalized
(regarding the respective lowest shear modulus) r0
and r30 values for cryoPVAGs prepared by freezing at
�208C and then thawed with the rates of either 0.3, or
0.03 or 0.0038C/min have varied as follows: 1, 2.03,
3.29 and, respectively, 1, 1.82, 2.11. That is, the effect
was stronger pronounced concerning r0 rather than
r30. It means that the decrease in thawing rate mainly
facilitated the growth of elasticity of cryoPVAGs. On
the contrary, for the composite H-cryoPVAGs the
tendency was somewhat another. Although, likewise
the case of cryoPVAGs, the absolute values of G0 and
G30 for H-cryoPVAGs also increased with slowing the
thawing rate (Table IV), the trends of variation in the
r0 and r30 reduced values differed from cryoPVAGs.
Thus, composite samples prepared from the feed with
maximum TMOS concentration ([TMOS] : [PVA] ¼
0.7 : 1), frozen at �208C, and thawed with the rates of
0.3, 0.03 or 0.0038C/min had values r0 and r30 equal to,
correspondingly, 1, 1.28, 1.56 and 1, 2.03, and 2.31.
That is, here the effect was stronger pronounced for
r30. This evidently means that in the case of H-cryoP-
VAGs, a decrease in thawing rate right now greater
influenced on the plastic behavior of such gel matri-
ces. In other words, entrapment of the particles of
inorganic discrete phase into the matrix of PVA cryo-
gel and simultaneous crosslinking of the polymeric

network of continuous phase by the silicon-containing
oligomers not only increased the rigidity of final gel
materials, but also changed their elasticity/plasticity
balance.

In this respect, it is of interest to analyze the data in
Figure 5 demonstrating the effects of thawing rate on
the r0 and r30 values normalized relatively to the corre-
sponding lowest shear modulus for cryoPVAG sam-
ples defrosted with every particular rate. One can see
[Fig. 5(a)] that increasing the initial TMOS concentra-
tion exerted strong influence on the elastic properties
of H-cryoPVAGs in the case of fast thawing, whereas
at slow defrosting this effect was not so manifested.
For example, H-cryoPVAGs formed from the feed
with [TMOS] : [PVA] ¼ 0.7 : 1, frozen at �208C and
thawed off with the rates of 0.3, 0.03 or 0.0038C/min
had r0 values equal to 5.53, 3.48 and 2.63, respectively.
This demonstrates a very strong influence of the thaw-
ing conditions on the ‘‘intensity’’ of elasticity growth,

Figure 5 Dependences of normalized r0 (a) and r30 (b) val-
ues on the initial [TMOS]/[PVA] ratio for H-PVAGs pre-
pared, when frozen (�208C/12 h) samples were thawed out
with the rates of 0.38C/min (1), 0.038C/min (2), and
0.0038C/min (3). Conditions of cryostructuring: PVA con-
centration in the initial water/PVA/TMOS system 93.4 6
0.2 g/L; freezing at �208C for 12 h; every r parameter was
computed assuming as the unity the lowest G value for re-
spective (the same thawing rate) cryogel prepared without
TMOS additives.
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which was induced by filling and, in parallel, cross-
linking of such composite cryogels. At the same time,
it turned out that variation of plastic characteristics of
H-cryoPVAGs with increase in initial TMOS concen-
tration did not virtually depend on the thawing rate
within the studied its interval [Fig. 5(b)].

Therefore, the following two questions can be for-
mulated:

i. Why, as a matter of fact, the thawing rate of fro-
zen system water/PVA/TMOS influenced the
physicomechanical properties of final composite
H-cryo-PVAGs? Indeed, if the fixation of poly-
meric chains with organosilicon cross agents
occurs in ULMP, such an influence has not to be
observed in a similar way to synthesis of cova-
lently-linked cryogels,4 when the 3D network is
formed during prolonged incubation of the sys-
tem in a moderately frozen state. Therefore, the
rate of subsequent thawing does not practically
affect the properties of the resulting chemically-
linked cryogel.

ii. The second question: what is the reason for dif-
ferent influence of thawing rate on the elastic
and plastic characteristics of composite H-cryoP-
VAGs with increasing TMOS concentration in
the initial systems? In other words, what is the
reason for the differences between the plots in
Figure 5(a,b)?

To answer these questions, let us consider the fol-
lowing facts.

Firstly, it is known that the formation of 3D network
of traditional cryoPVAGs, i.e., those prepared by the
freeze–thaw treatment of aqueous PVA solutions,
occurs quite in the course of thawing of frozen sam-
ples.2,4,36,48,49 On the other hand, if the thawing pro-
cess is carried out with a high enough rate (around 5–
108C/min and faster), the cryogel is not formed at all,
because a rather slow sol-gel transition requires long
time, as the gel-formation proceeds in the ULMP pos-
sessing very high viscosity. Besides, at high thawing
rates, the water from the melting ice progressively
dilutes ULMP, and the polymer concentration quickly
becomes lower than the critical gelation concentration.
At the thawing rate equal to, for instance, 38C/min,
the system under defrosting ‘‘passes through’’ the
interval of negative temperatures from �38C to 08C
for only 1 min, i.e., for a very short while. At the thaw-
ing rate of 0.38C/min this time is 10 min, at the thaw-
ing rate of 0.038C/min it is 1 h 40 min, and at the
thawing rate of 0.0038C/min nearly 17 h. Quite such
an elongation is known to result in the higher effi-
ciency of PVA cryotropic gelation (the increase in
yield of the gel-formation process is observed).48

Secondly, upon the entrapment of preliminary pre-
pared (rather than formed in situ from the TMOS)
silica particles in the matrix of PVA cryogel no ‘‘addi-
tional’’ (plus to the influence of thawing rate) effects
were detected: decreasing the thawing rate has
increased the rigidity of both filled and nonfilled sam-
ples at the same extent.38 Hence, different slopes of
the curves in Figure 5(a) were not the consequence of
the presence of dispersed filler in the gel matrix. These
differences testified to the apparent interrelation in
between the thawing regimes and the already dis-
cussed crosslinking reactions caused by the silicon-
containing oligomeric products of TMOS hydrolytic
polycondensation.

Then, in the third place, it can be inferred that the
processes of formation of physical network of PVA
cryogel occur in parallel (but with different rates) with
binding of organosilicon cross reagents and PVA mac-
romolecules (as well as their associates and network
elements) exactly when such complex multicompo-
nent reaction system is thawed off. Otherwise, if the
crosslinking agents will ‘‘complete their work’’ at
essential extent yet in the course of freezing or incuba-
tion the system frozen, no noticeable influence of the
thawing rate should be observed. Apparently there-
fore, that is because of simultaneous action of the two
processes (the formation of physical network of the
cryogel and its ‘‘fixation’’ by the silicon-containing
crosslinking species), the cross agents play a dominat-
ing role at relatively fast thawing rates (e.g., 0.38C/
min). This is because, rising of noncovalent intermo-
lecular contacts polymer–polymer and the formation
of physical junction knots of the network (the micro-
crystallinity zones) do not have time to occur till a sig-
nificant degree. Just in this case, the higher the TMOS
concentration, the stronger the effect of the crosslink-
ing molecules in respect to increase in rigidity of com-
posite H-cryoPVAGs (Table IV) and in rise of respec-
tive r0 values [Fig. 5(a), line 1]. On the contrary, at
slower thawing (in our experiments at 0.03 and, espe-
cially, 0.0038C/min) the processes of the formation of
physical network have already enough time to pro-
ceed significantly deeper. As a result, the influence of
organosilicon cross agents is descended, as the main
contribution to the integral mechanical properties of
the final material is right now determined by the
physical junction knots of the polymer network, i.e.,
by the microcrystalites (by their amount and average
length of ordered segments) formed during the pro-
longed residing the system within the temperature
zone of the most favorable for PVA cryotropic gelation
(see above).

As for the difference in the character of r0 and r30
depends on the initial TMOS concentration [Fig.
5(a,b)], we believe that such a difference was because
of the already discussed influence of Si-containing
cross agents on the flexibility of PVA chains. Since this
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property is responsible for the plastic behavior of the
samples, a decrease in chain flexibility caused by
crosslinking should result in the decrease in plasticity
of the gel material on the whole. Inasmuch as the vari-
ation of the thawing rate by two orders of magnitude
(from 0.3 to 0.0038C/min) did not have effect on corre-
sponding dependences of r30 on TMOS concentration
[Fig. 5(b)], it could be inferred that the rate of cross-
linking processes that occurred with the participation
of soluble products of TMOS hydrolytic polyconden-
sation has exceeded the rate of the formation of physi-
cal junction knots (the microcristallinity zones) in the
cryoPVAGs. That is why, even a slow thawing (i.e.,
prolonged residence of the yet frozen system over the
temperature range being optimal for PVA microcrys-
tallization) was unable to influence considerably the
segmental motion of the polymer chains blocked by
the crosslinks. Another argument in favor of the
higher rates of the cross agent/PVA binding as com-
pared to the PVA-PVA interactions can be the struc-
ture (b) shown in Scheme 2, as the formation of highly
polarized hydrogen bonds between hydroxyl and sila-
nol groups (i.e., the formation of H-bonds approxi-
mated to the properties of ionic bonds) is a fast pro-
cess likewise the ionic reactions, in general.

CONCLUSIONS

This article describes a novel type of polymer gel-het-
erophase (composite) hybrid organic–inorganic cryoP-
VAGs, which is formed as a result of freezing–thaw-
ing of aqueous PVA solutions with additives of
TMOS. The main structural features of these gel mate-
rials are their macroporosity and the presence of the
particles of dispersed silica filler. The latter ones are
entrapped in the matrix of the continuous phase,
which, in turn, is the supramolecular PVA physical
network, which is supposed to be additionally fixed
by the silicon-containing crosslinking oligomeric
products of TMOS hydrolytic polycondensation. Such
organic–inorganic cryogels are, simultaneously, the
composite materials (because of the presence of dis-
crete phase) and the hybrid systems (as the gel-form-
ing polymer and Si-containing moieties belong to the
content of gel phase). The complex multicomponent
and heterophase structure of composite H-cryoP-
VAGs differs them cardinally from the known appa-
rently homophase hybrid hydrogels formed upon the
addition of tetraalkoxysilanes (including TMOS) in to
the aqueous solution of poly(N-vinylamides),33,34 and
also from the composite cryoPVAGs merely filled
with dispersed silica,38 in which continuous phase
does not differ chemically from that in nonfilled cry-
oPVAGs. Because of combining in the same material
of the properties inherent in filled cryoPVAGs and of
the hybrid organo–inorganic nature of the addition-

ally linked continuous phase, composite H-cryoP-
VAGs acquire a set of novel qualities. Namely, rigidity
and heat resistance of these gels are substantially
increased. Such effects for polymer cryogels, in gen-
eral, and for cryoPVAGs, in particular, were unknown
earlier and revealed for the first time.
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