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Abstract Polymeric cryogels are the gel systems formed in moderately frozen
solutions or colloidal dispersions of precursors potentially capable of gelling.
Polymeric cryogels are of growing practical interest in various applied areas. The
fabrication of any cryogel includes the following necessary stages: preparation of
the feed system, its freezing, incubation of the gelation system in a frozen state, and
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thawing of the frozen sample. The nature of gel precursors, their concentration in
the initial feed, and the conditions of each of the stages affect the physicochemical
properties and porous morphology of the resulting cryogels. Certain specific effects
are inherent in the processes of cryotropic gel formation, namely, apparent decrease
in the critical concentration of gelation, acceleration of gel formation over a certain
range of negative temperatures, a bell-shaped temperature dependence of the
cryotropic gelation efficiency, and generation of the specific porosity peculiar to
cryogels. This chapter presents the basic principles of cryotropic gelation processes
and also discusses the factors influencing the properties of various types of
cryogels.
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Abbreviations

CCG Critical concentration of gelation
CTAB Cetyltrimethylammonium bromide
DMSO  Dimethylsulfoxide

GuAr Gum arabic

LCST Lower critical solution temperature
NMR Nuclear magnetic resonance

PVA Poly(vinyl alcohol)

SEM Scanning electron microscopy

UCST Upper critical solution temperature
UFLMP  Unfrozen liquid microphase

VA Vinyl alcohol

VAc Vinyl acetate

1 Introduction

As described in the previous chapter of this volume [1], studies on the gel formation
processes in moderately frozen solutions or colloidal dispersions containing the
necessary precursors started at the beginning of 1970s, although empirical obser-
vations of freeze—thaw-caused gelation were made long before. The experimental
data obtained during the past four decades in this field have resulted in a sum of
knowledge on the general aspects of cryotropic gelation, which is the subject of the
present chapter. Before starting the discussion, the terminology will be defined in
order to clarify what each specialized term means.
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1.1 “Gels” in General, and “Cryogels” in Particular

There are many definitions of what the gels are [2—6], and some of these definitions
are rather complicated because they include numerous significant properties of the
polymeric systems classified as gels. However, at a qualitative level one can say
that gels are systems consisting of polymer and immobilized solvent in which
macromolecular chains are connected to each other via chemical or physical
bonds, forming a 3D network. The definition can be made simpler still: gels are
swollen spatial polymeric networks. If the immobilized solvent is water, then we
deal with hydrogels; if the solvent is an organic liquid, then organogels are
considered. Certainly, various intermediate variants are also possible when the
solvents are water—organic mixtures. Depending on the nature of the interchain
bonds in the nodes of the polymeric 3D network, gels are commonly classified as
follows: covalent (i.e., chemically crosslinked) gels; ionically or ion-chelately
crosslinked gels; and noncovalent or physical gels. “Mixed” variants also exist.
The gel’s bulk morphology (homophase or heterophase) is determined by the
chemical structure of the constituent polymers and by the method of gel prepara-
tion. In this context, cryogels are gel systems whose formation occurs in moderately
frozen solutions or colloidal dispersions of precursors potentially capable of gelling
[7, 8]. Therefore, the occurrence of gel formation in the frozen precursor-containing
system is the necessary specific feature that distinguishes cryotropic gelation from
gel formation at temperatures above the freezing point of the feed [9].

1.2 “Cryotropic Gelation”

The word combination “cryotropic gelation” connects directly with the proper
processes resulting in the formation of diverse cryogels. The term’s construction
is similar to that of the terms ‘“chemotropic” (caused by chemical reactions),
“ionotropic” (caused by ionic bonding), and thermotropic gel formation (caused
by heating, as in the gelation of aqueous solutions of methylcellulose upon warming
above the lower critical solution temperature, LCST). Hence, cryotropic gelation,
derived from the Greek kryos (frost) and tropos (cause), is gel formation caused by
the cryogenic treatment (freezing—frozen storage—thawing) of the precursor system.
The solvent crystallization in this process acts as a trigger enabling the subsequent
gelation phenomena.

1.3 “Positive” and “Negative” Temperature

These terms are defined as, respectively, the temperatures above and below the
freezing/melting point of the initially liquid system (see [1]). In addition, in the
course of further discussions on nonaqueous systems we will also operate, when
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needed, with the relative temperature AT, defined as AT = T; — T\, where T is the
freezing point of the solvent used and T7; is the gelation temperature. Thus, if
gelation occurs in the medium of formamide (T, = +2.9 °C), AT = —20 and
420 °C correspond to gelation temperatures 7; of —17.1 and +22.9 °C, respectively.
Similarly, for gelation in cycloheptane with Ty = —12 °C, AT = —20 and +20 °C
correspond to T; = —32 and +8 °C, respectively.

1.4 “Gel-Fraction” and “Gel-Fraction Yield”

It is rather hard to measure experimentally with high precision the real content of
the gel phase, that is, the amount of the separate system composed of the
crosslinked polymer and immobilized solvent within the whole sample volume.
This is particularly so for heterophase cryogels because the value measured will
strongly depend on the swelling extent of the sample under a single set of exam-
ination conditions. That is why the notions “gel-fraction” and “gel-fraction yield”
imply, although being insufficiently strict terminologically, the content or the yield
of the dry crosslinked polymer relative to the dry weight of the respective pre-
cursors. Such a fraction is easily determined gravimetrically and does not depend
on the swelling extent of the particular gel or cryogel samples. Besides, if the tightly
bound solvate liquid is difficult to remove from the sample upon drying (as is
frequently the case for hydrogels), the residual moisture amount can be quantified
by auxiliary independent methods like Karl Fischer titration (e.g., see [10] for
chitosan-based cryogels).

The goal of this chapter is to describe and discuss general aspects of cryotropic
gelation with emphasis on its basic principles. The key factors affecting different
stages of cryotropic gelation processes and, thus, influencing the properties and the
structure of the resulting polymeric cryogels will also be considered. In addition,
when the current knowledge level is sufficient, explanation will be given for the
specific effects peculiar to this kind of gel formation.

2 Main Stages of the Cryotropic Gelation Processes

Similarly to the formation of conventional covalent gels, covalent cryogels are
prepared either through the crosslinking polymerization or polycondensation of
monomeric precursors, or by crosslinking (chemically or with radiation) of high
molecular weight compounds, the latter being either in molecular-dissolved or in
colloidal-dispersed forms [7, 8, 11]. In the case of noncovalent (physical) cryogels,
the initial substances are usually polymers capable of self-gelling upon cooling of
their solutions like water/gelatine [12] and poly(acrylonitrile)/N,N-dimethyl-
formamide systems [13], or their colloidal dispersions like the gelatinized starch
pastes [14, 15], or “cryosensitive” latexes [16, 17]. Ionic cryogels can, in principle,
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be created from the solutions of polyelectrolytes by their crosslinking using coun-
terions capable of forming low-dissociating ionic bonds between the charged
groups of such macromolecular precursors [7, 8]. In all these cases, the procedure
of cryogel preparation includes the following basic stages:

. Preparation of the feed system

. Freezing of the feed

. Incubation of the system in a frozen state
. Thawing of the frozen system

AW N =

The conditions of each stage, including the properties of the particular pre-
cursors, affect more or less significantly the efficiency of cryotropic gel formation
and, thus, the properties and structure of the resulting cryogel materials. So, it
seems reasonable to discuss step-by-step the factors that are of importance for such
freeze—thaw gelling systems.

2.1 Preparation of the Feed System

At first sight, preparation of the initial feed containing the precursors of the future
cryogel is a rather simple and routine procedure. This is a necessary step for the
preparation of any gel material both at positive and negative temperatures. How-
ever, definite peculiarities of the cryotropic gel formation generally dictate certain
requirements for the preparation of the initial system. For instance, one should
minimize the conversion of the precursor to the gel before freezing the feed.
Otherwise, if the gel-point is attained prior to the start of solvent crystallization,
the destruction of the primary 3D network thus formed may occur by the creation of
a polycrystalline phase. Such a process is especially detrimental in quickly forming
chemotropic gels because their covalently linked nodes do not allow the polymeric
chains to be slid apart easily by the growing solvent crystals. These effects, in turn,
can even result in splitting of the weakest covalent bonds in the structure of the
spatial polymeric network, especially, as shown by Jellinek and Fox [18], when the
crystallization fronts are moving rapidly.

There are two ways to “outrun” gelation of the still-unfrozen feed system. The
first method is to freeze the feed as quickly as possible where the gelation reactions
have already begun. The other method is to reduce the initial rate of such reactions,
e.g., by chilling the feed to just above its freezing point before adding the initiator
(the case of polymerization-type cryogels) or the crosslinking agent (the case of
covalent cryogels formed via crosslinking of macromolecular precursors). The
former way, such as the flash-freezing technique using liquid nitrogen, has two
significant drawbacks. First, the initial solution may undergo a glass-transition
instead of the required solvent crystallization so that no cryo-concentration effect
can be generated. Second, when the solvent crystallization does occur, the size of
the very quickly formed crystals is small, and so is the cross-section of the pores in
the resulting cryogel. Therefore, the latter approach, i.e., decreasing the rate of the
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corresponding reactions prior to freezing of the feed, looks more promising. As a
rule, for fast-reacting systems this goal is reached simply by chilling the initial feed.
Some examples of the procedures employed for the preparation of polymerization-
type cryogels and cryogels via chemical crosslinking of the polymeric precursors
can be found in [19-25] and [10, 26-32], respectively.

The above considerations are mainly related to the preparation of covalent
cryogels, where chilling the initial solution prior to the addition of either initiator
or crosslinking agent does not lead to the gelation per se. However, when dealing
with the preparation of physical cryogels, especially with systems undergoing a fast
sol-to-gel transition at positive temperatures (such as aqueous agarose solutions),
the situation is complicated. In such physically gelling systems one must decrease
the self-gelation rate of the precursors to shift the gel-point to longer reaction times
so that the gel will form within the volume of the unfrozen liquid microphase. As
discussed in Sect. 2.4 of [1], the preferable way is to use specific solutes capable of
slowing down gelation, e.g., alkaline additives for the preparation of wide-pore
agarose cryogels [33, 34].

Moreover, the feed compositions capable of producing ionically crosslinked
cryogels are even more sophisticated due to the very high rates of ionic reactions.
Besides, such reactions are only slightly sensitive to the temperature. Therefore,
cooling the initial feed containing dissolved polyelectolytes and necessary
crosslinking counterions cannot sufficiently decelerate ionotropic gel formation
prior to freezing of the system. Possible ways for bypassing such difficulties are
also discussed in Sect. 2.5 of [1]. In short, in terms of the composition of the
precursor solution, only two variants are relevant. The first method is to use a
crosslinking agent with a negative temperature coefficient of solubility, e.g., solid
salts exhibiting increased water solubility as the temperature is decreased
[7, 8]. The second method, namely the so-called internal gelation approach, is to
induce gelation via auxiliary agents capable of gradual solubilization of the
dispersed salt particles containing crosslinking counterions [35, 36]. Whereas the
former variant has already been realized in the preparation of Ca-alginate-based
cryogels [37, 38], no cases of the implementation of the latter variant are known so
far to the authors of this chapter.

2.2 Freezing of the Feed

Freezing of the initial precursor-containing system is the crucial step for both the
subsequent cryotropic gel formation per se and the properties of the resulting
cryogels. This is due to several simultaneous processes that are launched during
the transformation of the feed liquid into a frost-bound solid. These processes
strongly alter the concentration and thermal mobility of the dissolved/dispersed
gelation components, the volume of the unfrozen liquid fraction, its viscosity, and
its polarity. Moreover, depending on the freezing conditions, they also influence the
size and shape of the growing solvent polycrystals, thus biasing the macroporous
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morphology of the resulting cryogels. In other words, freezing of the initial
molecular or colloidal solution of the precursors affects not only the gelation
efficiency, but also the structural characteristics of the final cryogel.

The key parameters of the freezing process are temperature, cooling rate,
spontaneous or, if special procedures are employed, directed heat sink [39, 40],
the ability of the initial liquid system to be supercooled, the presence of specially
added or accidental (e.g., specks of dust) germs of crystallization, the thermal
conductivity of the material, and the properties of the inner surface of the vessel
containing the feed to be frozen. In this respect, it is also necessary to define the
notions cooling/chilling rate and freezing rate as these two parameters are not
identical, especially when the ambient temperature is not too low. The cooling/
chilling rate can be controlled rather strictly, for instance, by using precision
programmable cryostats, whereas the freezing rate corresponding to the rate of
solvent crystallization depends on many factors, particularly on the supercooling
depth. For instance, in the case of slow chilling of dust-free feed solutions
containing dissolved polymeric precursors, the supercooling effect can be very
pronounced [8, 41]. This effect then results in an initial high rate of crystallization,
and at high crystallization rates the size of the forming solvent crystals is small. If
there is no supercooling, then the lower the freezing temperature, the smaller the
size of solvent crystals [42, 43] and, hence, the smaller the cross-section of
macropores in the resulting cryogels (see [8, 22, 23, 29, 34, 44-46] and also Sect.
4.1 in [47] of this volume). However, supercooling leads to a deviation from the
above-indicated regularity. One such example is given in Fig. 1, which shows the
micrographs of chitosan cryogels prepared in frozen aqueous systems at —10, —15,
and —30 °C [10]. The quantitative data obtained from the images, namely the
number and weight averages of the pore diameters and the coefficient of polydis-
persity of the pores, are listed in Table 1. The results show that the average diameter
of large pores in the cryogel formed at —10 °C is smaller than in cryogel prepared at
—15 °C (compare Fig. la with b). The reason for such an effect is exactly the
supercooling phenomenon.

In some cases, a spatial polymer network may form while the gelling system is in
the supercooled state. Such a nonequilibrium state was reported both during
chemical gelation processes like crosslinking polymerization as well as during
chilling-induced noncovalent gelation. The primary ordinary gel thus formed in
the supercooled state of the gelation system will be subjected to physical stresses
upon the start of the freezing process due to the movement of the crystallization
fronts. Such an effect has been registered upon very slow chilling (0.003 °C/min) of
100 g/L poly(vinyl alcohol) (PVA) aqueous solutions [48]. It was shown that a
low-melting physical gel with a fusion temperature of ~21.5 °C forms before
freezing of the system. In contrast, the equiconcentrated cryogels formed via
conventional freezing, i.e., without a significant supercooling effect, had fusion
temperatures of the order of 70-75 °C.

Several approaches have been proposed in order to exclude the influence of
supercooling on the formation of different cryogels. These approaches include
either special freezing profiles or the use of crystallization initiators. The former


http://dx.doi.org/10.1007/978-3-319-05846-7_3#Sec10

56 V.I. Lozinsky and O. Okay

Fig.1 (a—c) Optical micrographs of 2-mm-thick disks of chitosan cryogels formed in moderately
frozen aqueous solutions using glutaraldehyde as a crosslinker at —10 (a), —15 (b), and —30°C (c).
(From [10] with permission from Springer)

Table 1 Data on the quantitative analysis of microscopic images for the crosslinked chitosan
cryogels formed at different negative temperatures

Temperature of cryogel synthesis (°C) D, (pm)* Dy, (pm)® K

—10 57.4 70.1 1.22
—15 72.3 87.0 1.20
—-30 44.3 56.0 1.26

From [10] with permission from Springer

“Number-average pore diameter: D,, = (Z(N; - - - D?) Yy Ni)l/ 3. the overall number of test objects
in the micrograph is Y'N;

"Weight-average pore diameter: D,, = (Y(N; --- D) : ¥ (N; --- D})}'

“Coefficient of polydispersity: k = D,:D,
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Fig. 2 Freezing profiles of the reaction system according to the conventional, rapid, and
low-temperature quenching procedures. Tj,; initial temperature of the system before the start of
freezing; T freezing point of the neat solvent; T, reaction temperature. (From [49] with permission
from Springer)

variant can be subdivided into two techniques utilizing different freezing profiles,
namely the rapid freezing and low-temperature quenching techniques. The charac-
ter of these freezing profiles is shown schematically in Fig. 2. The rapid freezing
procedure includes placing the feed system, immediately after commencing of the
gel formation process, into a low-temperature bath (e.g., liquid nitrogen) for a short
time, usually less than 1 min, to ensure fast solvent crystallization. This is followed
by transfer of the feed into a cryostat for frozen storage at the desired subzero
temperature 7,. The second procedure, namely low-temperature quenching, also
uses liquid nitrogen for fast freezing of the system of interest, but for a longer time
(0.5-1 h) in order to make the reaction system completely solid. Then, the feed is
placed into a cryostat at a preset negative temperature 7, (Fig. 2). Although both of
these freezing procedures minimize the time period in the unfrozen state, they
influence the dynamics of cryotropic gelation as well as the porous morphology of
the resulting cryogels. In other words, the thermal prehistory of the feed during its
freezing influences both the course of the cryotropic gelation and the gel properties.
Such an influence was observed in the formation of poly(acrylamide) cryogels [23,
50] and in the linear cryopolymerization of acrylamide [49].

In this context, the use of “artificial” germs of crystallization looks rather
attractive. For instance, crystals of silver iodide (Agl) are known to cause efficient
ice formation in aqueous systems, thus preventing their supercooling [51, 52]. How-
ever, because of the polyvalent nature of both Ag and I atoms, this salt can act as a
scavenger for free radicals and ion-radicals. Therefore, introduction of Agl powder
into the solution of monomers will affect the course of cryogel formation via the
radical reactions. This necessitates certain preliminary tests in order to make sure
that such an additive has no undesired influence on cryotropic gelation. In this
regard, ultrasound treatment of the initial feed as it is cooled below the freezing
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point can be a better way to suppress supercooling. Such a physical impact on the
liquid system causes cavitation of gas microbubbles within the whole volume of the
sample, thus resulting in uniform nucleation of the solvent crystallization
[53]. However, no practical examples of implementing this approach for the
preparation of polymeric cryogels are known so far to the authors of this review.
This is probably due to the absence of laboratory-scale ultrasound equipment
suitable for cryotropic gelation procedures.

2.3 Incubation of the Gelation System in a Frozen State

Keeping the gelation system in a frozen state at a moderate negative temperature is
the main stage in the synthesis of covalent cryogels, since the chemical reactions
leading to gelation mainly occur during this time period [8]. In the case of physical
cryogels, the pattern is not so straightforward and will be discussed later. Nonethe-
less, in both cases, polymeric cryogels form within the volume of the unfrozen
liquid microphase (UFLMP, also called the “nonfrozen liquid microphase”) where
the precursors are concentrated as the solvent starts to crystallize [8]. Therefore, the
concept of UFLMP will be discussed in more detail.

The term “unfrozen liquid microphase” was proposed by Sergeev and co-authors
in 1973 for designating the liquid fraction at a particular negative temperature in a
macroscopically frozen system [54]. This concept was developed in the course of
exploration of various chemical reactions occurring in the non-deeply frozen
multicomponent solutions of low molecular weight reactants. These studies, begin-
ning from the initially empiric observations [55-61], then generalized by Pincock
[62], and leading to a rather harmonious kinetic theory elaborated by Sergeev and
Batyuk with coworkers [54, 63, 64], revealed the following three fundamental
features of such processes and their mechanisms:

1. When the initial molecular or colloidal solution is non-deeply frozen, although
the system looks like a completely solid matter, it is heterophase at a micro-
scopic level and contains, along with the solvent polycrystals, a certain unfrozen
fraction, UFLMP. Thus, the moderately or non-deeply frozen systems are those
where UFLMP is still present. The existence of UFLMP at temperatures both
above and below the eutectic point of the particular system is confirmed by
different physicochemical methods, e.g., by the narrow NMR signals of the
solutes [8, 41, 50, 52, 63-72] and by the shape of ESR spectra characteristic
of the liquid microenvironment of spin probes [8, 63, 73—76]. The temperature
boundary of the existence of UFLMP is stipulated by several factors such as the
nature of the solvent, the amount of solutes, their physicochemical properties
(e.g., molecular weight [77]), the flexibility of the chains in the case of poly-
meric precursors, thermal prehistory of the system during its freezing if the
phase equilibrium is not yet attained, etc.
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2. The concentration of solutes or dispersed colloid-size particles is increased
because of their expulsion into the volume of UFLMP as the solvent is crystal-
lized. This cryo-concentration effect is one of the major factors responsible for
the increase in the rate of the chemical reactions and intensification of
intermolecular interactions inside the unfrozen inclusions, which act as
microreactors. Provided the reactants are easily soluble compounds and are
completely concentrated within the UFLMP, the concentrating extent f at a
certain negative temperature T can be estimated using the following formula
[54]:

_To—-T
"y (1)

where T, is the crystallization point of the solvent, A is its cryoscopic constant,
and C; is the initial concentration of the solute i. Note that the concentrating
extent f is the ratio of the total concentration of solutes within the UFLMP to
that in the initial solution. It is also possible to measure the f values experimen-
tally from the NMR spectra of such frozen systems, provided that their compo-
sitions are not too complex and the solvent is suitable for use in the NMR
technique.

3. Owing to the competition of several oppositely directed factors, the temperature
dependence of the efficiency of the process in terms of the reaction rate or the
yield of the final products is, as a rule, bell-shaped. According to the structure—
kinetic model developed by Sergeev-Batyuk [63, 64], the temperature of the
maximum reaction rate (Ty,ax,) of cryochemical reactions between low molec-
ular weight substances with an order higher than 1 is given by the following
equation:

p

0.5
E? ET,
Tmax,r: 2+
R (Som ) —1] R[(Dom] -1
F J
E

20> ni) -1
J

where E is the activation energy of the reaction, R is the universal gas constant,
and n; is the reaction order with respect to the jth component.

Most of these features of cryochemical reactions are also of great significance
for cryotropic gelation processes [8]. Moreover, if the system contains polymeric
solutes, the still-liquid fraction can exist even at rather low temperatures and such
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systems are very sensitive to the thermal prehistory, i.e., the temperature profile
used to reach the preset temperature point. For instance, upon freezing of concen-
trated aqueous PV A solutions, the presence of mobile water molecules was detected
by NMR even at =50 °C [78]. In addition, since the relaxation processes in viscous
liquids are very slow, the characteristics of UFLMP (such as its volume during
freezing and defrosting stages) differ significantly, leading to hysteresis phenomena
[76, 79]. Similarly to cryochemical reactions, the gelation rate and the gel-fraction
yield of cryotropic gelation processes, as well as the mechanical characteristics of
the final cryogels, are strongly dependent on the frozen storage temperature and are
also bell-shaped. Such a character of temperature dependences was observed during
the formation of covalent cryogels from monomeric [7, 8, 22, 23, 80-85] and
macromolecular precursors [7, 8, 10, 27-29, 32, 45, 46, 86—88], for some physical
cryogels [7, 8, 34, 44, 48, 89—103] as well as during linear cryopolymerization
processes [49, 72, 104—106].

Based on the concept of UFLMP, the scheme of cryotropic gelation processes
can be depicted by the simple diagram in Fig. 3, which reflects all the essential
features of the systems [107]. When the initial feed containing the monomeric or
polymeric precursors freezes at a moderate negative temperature (Fig. 3a), the
frozen system consists of at least two phases, namely the solvent polycrystals and
the UFLMP where the solutes are concentrated (Fig. 3b). Due to the considerable
increase in the concentration of solutes in these liquid-like inclusions, the gelation
can intensify and result in the formation of a 3D polymeric network within the
volume of this phase. Thus, a cryogel is formed in a solution of the precursors that is
much more concentrated than the initial solution. After thawing of the frozen
system, numerous macropores arise in place of the melted solvent crystals
(Fig. 3c). Hence, the crystals act as a pore template or porogen, whereas the
structure of gel phase (the pore walls) is determined by the initial concentration
of gelling agents and by the number of crosslinks of the respective spatial networks.

2.4 Thawing of the Frozen System

Thawing of the gelation system after incubation in a frozen state for a necessary
time period is the last basic stage of the cryotropic gelation processes. The least
energy-consuming procedure is a simple spontaneous thawing of the frozen system
at an appropriate positive temperature. The conditions of thawing are generally
unimportant as long as the formation of a particular covalent cryogel is mainly
completed before this stage, i.e., if the reactions are virtually stopped and the
gel-fraction yield reaches the maximum possible value. However, it is sometimes
necessary to stop the gelation prior to its completion, e.g., for studying the variation
in gel-fraction yield with reaction time [7, 8, 22, 23, 27, 28, 32, 86]. In this case, fast
defrosting techniques should be employed in order to thaw the reacting system as
quickly as possible, but without overheating. The reactions may also be stopped
either by intense dilution or by addition of a relevant chemical inhibitor, e.g., free
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2 — Solvent
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5 — Unfrozen liquid microphase

6 — Polymeric framework of a cryogel (gel walls of macropores)
7 —Macropores

8 — Solvent

Fig. 3 (a—c) Conceptual diagram of the formation of polymeric cryogels. (From [107] with
permission from Elsevier)

radical scavengers in radical-type reactions. Sometimes, a short-term microwave
exposure can be used for fast defrosting [10, 65], or rapid heating of the frozen
system with a programmed rate.

Similarly to the non-equivalence of the chilling and freezing rates of the initial
feed, the rates of heating and defrosting (i.e., melting of the solvent crystals) should
also be distinguished. Whereas the heating rate is easy to govern using program-
mable cryostats, the defrosting rate corresponding to the melting of solvent crystals
is subject to multiple factors and is difficult to control.

The conditions of the thawing stage are often much more important in the
preparation of physical cryogels than for covalent gels. If the physical cryogels
are formed rapidly upon freezing of the feed containing certain precursors such as
starch polysaccharides [14, 15, 98, 108, 109] or agarose [33, 34], the contribution of
the thawing conditions to the final result is not very substantial. However, for slow
gelation systems like the solutions of PVA [7, 8, 44, 48, 93-95, 97,99, 110-114] or
locust bean gum [100, 102, 115], the thawing conditions become significant. The
plots in Fig. 4 illustrate the influence of the thawing rate on the shear modulus and
the fusion temperature of physical PVA cryogels [44]. The cryogels were prepared
by freezing of PVA solutions at —20 °C for 18 h followed by thawing at different
rates. The different curves in Fig. 4 correspond to initial PVA concentrations of
120, 100, and 80 g/L. Both the shear modulus and the fusion temperature of the
cryogels gradually increase as the thawing rate is decreased. For instance, at a PVA
concentration of 80 g/L (curve 3), decreasing the thawing rate from 0.3 to 0.003 °C/
min increases the modulus, i.e., the rigidity of the cryogels from 2 to 13 kPa. This
effect is even more pronounced in more concentrated samples. Thus, for the system
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Fig. 4 Effect of the thawing rate on (a) the shear modulus and (b) the fusion temperature of PVA
cryogels prepared by freezing of aqueous polymer solutions at —20 °C for 18 h. PVA concentra-
tions were 120 (/), 100 (2), and 80 g/L (3). (Plotted based on data from [44])

containing 120 g/ PVA (curve 1), the modulus increases by factors of 1.77 and
5.64 as the heating rate is increased from 0.3 to 0.03 and 0.003 °C/min, respec-
tively. The slow-thawed samples are also more thermoresistant, as evidenced from
the fusion temperatures (Fig. 4b), and the enthalpy of their fusion is also consider-
ably greater than that of fast-thawed samples. Note that when the moderately frozen
PVA solutions were heated with a high rate such as 15 °C/min, no cryogels were
obtained at all. Thawing of the samples at such a high rate led to the formation of
viscous and turbid (heterogeneous) fluid instead of a rubber-elastic gel [44, 93, 95],
whereas the efficiency of PVA cryotropic gelation (such as the yield of gel-fraction)
increases when defrosting is slowed down [113]. The results thus show that the
slower the thawing rate, the larger the modulus (i.e., strength of the resulting
cryogels) and the heat endurance. The reason is the fact that, since gel formation
proceeds slowly in highly viscous UFLMP medium, the sol-gel transition in such
systems requires a long time to occur so the PVA microcrystallites in the nodes of
spatial network become more perfect at slow thawing rates.

Studies on the fine details of the processes taking place at the thawing stage have
shown that the formation of a supramolecular 3D physical network of PVA
cryogels proceeds most intensively within the subzero temperature range between
4 and 1 °C below the melting point of the system [44, 93, 99]. In NMR experiments,
the well-resolved '*C NMR signals of frozen samples in this temperature range
indicate segmental mobility in PVA chains [78], which is a necessary factor for
effective interchain interactions. Hence, the longer the system stays within this
temperature range during defrosting, the higher is the gel formation efficiency. For
instance, at a heating rate of 3 °C/min, the temperature increases from —4 to —1 °C
within 1 min, while at a rate of 0.003 °C/min, it takes about 17 h [111]. Thus, slow-
enough defrosting ensures a prolonged passage time across the temperature diapa-
son, which favors the formation of stronger PVA cryogels. At low heating rates, the
system has sufficient time for slow PVA microcrystallization, which promotes the
extent of intermolecular contacts. This leads to an increased degree of hydrogen-
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binding cooperativity rather than to an increase in the number of microcrystallites.
The former is manifested in a substantial increase in the fusion enthalpy, whereas
the latter leads to a moderate increase in the fusion temperature of cryogels, i.e., to a
small change in the entropy factor. At a qualitative level, there is an analogy with
the crystallization of low molecular weight substances upon cooling of their hot
saturated solutions; when the system is cooled slower, less crystals are formed, but
their sizes are larger and the crystalline lattice becomes more perfect [116].

The regime of the thawing stage also influences markedly the macroporous
structure of such noncovalent cryogels. During sufficiently slow heating of frozen
samples, the gel formation occurs at subzero temperatures and, simultaneously, the
re-crystallization of the frozen solvent is intensified, which has an impact on the
porous morphology of the resulting cryogels. This influence is demonstrated by the
micrographs in Fig. 5, which show thin sections of PVA cryogels formed at
different heating rates. The cryogels were prepared from aqueous PVA solutions
frozen under identical thermal conditions but defrosted at heating rates of 0.3
(Fig. 5a), 0.03 (Fig. 5b), and 0.003 °C/min (Fig. 5c¢). Because slowing of defrosting
of the frozen system results in an increase in the rigidity of the corresponding
cryogels (Fig. 4a), it can be suggested that such changes in their mechanical
parameters are caused not only by the strengthening of the gel phase of heteroge-
neous material, but also by a decrease in the inhomogeneity of its structure, where
the macropores act as defects. This was indeed observed. As seen in Fig. 5, the
slower the thawing of the frozen system, the less pronounced is the orientation of
the texture elements. Most likely, this effect is associated with the re-crystallization
of ice at slow heating of the frozen samples when the system has enough time to
balance the temperature fields, and the processes of mass transfer participating in
re-crystallization become equiprobable in all directions. In this regard, the texture
of the sample shown in Fig. 5b seems to be transient between the clearly unidirec-
tional texture of the rapidly thawed sample (Fig. 5a) and the texture of a very slowly
defrosted sample pierced with intersecting pores (Fig. 5c¢). In addition, slowing
down of the heating rate at the thawing stage leads to a decrease in the total porosity
of PVA cryogels and in a slight diminution in the average cross-section of the
macropores (see caption to Fig. 5).

Another freeze—thaw procedure having a strong impact on the properties and
porous morphology of noncovalent cryogels such as PVA-based cryogels is the use
of multiple or iterative “freezing—frozen storage—defrosting” cycles. This variant of
cryogenic treatment results in the growth of the crystallinity degree of PVA
cryogels [117-120]. Such thermal cycling is able to increase considerably the
strength of physical cryogels and their heat endurance [111, 121-133]. One of the
reasons for this effect is the fact that the gelation system passes across the above-
indicated subzero temperature zone several times, which is very favorable for such
cryotropic gel formation. Thus, the durations of the several traversals at the subzero
temperature range are virtually summed. Such a “temperature saw” also affects the
pore morphology of the resulting cryogels. This is illustrated by the micrographs in
Fig. 6, which show the effect of the number of cycles on the pore morphology of
PVA cryogels. The second freeze—thaw cycle results in a significant increase both
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Fig. 5 (a—c) Optical micrographs of thin sections of PVA cryogels prepared by freezing of
aqueous polymer solutions (100 g/L) at —20 °C for 18 h and then thawed at a rate of 0.3 (a),
0.03 (b), and 0.003 °C/min (c). The average size of macropores was 2.8 (a), 2.7 (b), and 2.5 pm (c).
The fraction of macropores was 61.3 (a), 53.1 (b), and 49.6 % (c). Scale bars: 20 pm. (From [44]
with permission from Springer)

in the average size of macropores (by a factor of 2-3) and in the total (macro)
porosity (by ~30 %), whereas the subsequent cycles cause only a slight increase in
these characteristics. At the same time, both the rigidity and the fusion temperature
of the cryogels continue to increase with every following cycle. These experimental
results demonstrate that the pore space of PVA cryogels is mainly expanded during
the second freezing step when the ice crystals grow inside the micrometer-sized
pores formed after the first freeze—thaw cycle, whereas the gel formation processes
in the gel phase continue to occur at every subsequent thawing stage.
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Fig. 6 (a—c) Optical micrographs of thin sections of PVA cryogels prepared by iterative freezing
of aqueous polymer solutions (100 g/L) at —20 °C for 18 h and then thawed at a rate of 0.3 °C/min.
The number of freeze—thaw cycles was 1 (a), 2 (b), and 5 (c¢). The average size of macropores was
2.8 (a), 6.1 (b), and 6.5 pm (c). The fraction of macropores was 61.3 (a), 80.8 (b), and 79.8 % (c).
Scale bars: 20 pm. (From [129] with permission from Springer)

In summary, we can conclude that the conditions of each step in the preparation of
cryogels affect the course of gelation and, hence, the properties and structure of the
resulting gel materials. The extent of the influence of the processing conditions is
different and depends on the chemical nature of the cryogel precursors, their initial
concentrations, and on the temperature regimes of the cryogenic stages, i.e., on the
parameters of freezing, frozen storage, and defrosting. Therefore, there is no general
procedure for the preparation of any cryogel; for each specific case a preliminary
search for the most suitable conditions is required to obtain the materials with desired
characteristics. Such a search can sometimes involve a lot of effort; however, it gives
useful information regarding the factors that are important for each kind of cryotropic
gelation process as well as the fine details of the corresponding mechanisms.
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3 Specific Effects of Gel Formation in Moderately Frozen
Systems

3.1 Apparent Decrease in the Critical Concentration
of Gelation

One of the principal conditions for conventional gelation at positive temperatures is
that the concentration of the precursors in the feed has to exceed a certain boundary
value, called the critical concentration of gelation (CCG) [2]. The same is also true
for cryotropic gel formation. In the early systematic studies on the main factors
influencing the properties of freeze—thaw gels, it was found that cryogels can be
obtained at initial precursor concentrations considerably lower than the critical
values needed for gel formation at positive temperatures. Such a decrease in CCG
is inherent in the formation of both chemically crosslinked cryogels [19, 20, 26, 27]
and noncovalent gels [12]. This effect has been observed for cryostructuring in
moderately frozen aqueous systems [20, 26, 27] as well as in organic systems
[27]. Figures 7 and 8 represent typical examples of such an effect. These data
concern covalent-type gelation in ‘“solvent—polymeric precursor—crosslinking-
agent” systems, namely crosslinked chitosan gels in an aqueous medium (Fig. 7)
and crosslinked poly(styrene) gels in nitrobenzene medium (Fig. 8). Figure 7a
shows the scheme of the crosslinking reaction of chitosan using glutaraldehyde as
a crosslinker. In Fig. 7b, c, the gel-fraction yield is plotted against the initial
chitosan concentration and the initial molar ratio of aldehyde to amine groups,
respectively. The two curves represent data for chitosan gels formed at —8 and
24 °C. It is seen that the crosslinking of chitosan with glutaraldehyde at —8 °C
results in the formation of cryogels at about one third of the initial polymer
concentration compared with the formation of conventional gels at 24 °C. More-
over, there is also an approximately threefold difference in the critical crosslinking
agent concentration in terms of the molar ratio of aldehyde to amine groups
(Fig. 7c). The reason for this phenomenon is the cryo-concentration effect
(Fig. 3), since the gel phase of cryogels forms within the UFLMP, which is more
concentrated than the initial solution. Therefore, the decrease in CCG in cryotropic
gel formation is an apparent decrease due to the confinement of the reacting species
to the microreactor UFLMP [8]. Qualitatively, the same trend was observed during
the synthesis of covalent cryogels in organic media, which is exemplified by the
crosslinking of poly(styrene) using 4,4’-xylylene-dichloride via the Friedel-Crafts
reaction (Fig. 8a). Such cryogels possess a wide-pore spongy texture and can be
obtained in moderately frozen nitrobenzene (7o = +5.5 °C). In Fig. 8b, the
gel-fraction yield is plotted against the polymer concentration for gels prepared at
relative temperatures AT of —19 °C and 428 °C. The critical polymer concentration
at AT = —19 °C is six times lower than that at 28 °C. Thus, the data in Figs. 7 and
8 demonstrate the universal character of the effect under discussion in both aqueous
and organic media.
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Fig. 7 (a) Crosslinking reaction of chitosan using glutaraldehyde as a crosslinker in aqueous acetic
acid solutions. (b, ¢) Gel-fraction yield plotted against the initial chitosan concentration (b) and the
initial molar ratio of aldehyde to amine groups (c). Gelation temperature was —8°C (curve 1) and
24 °(curve 2). CCG critical concentration of gelation (Plotted based on the data from [26])

Another interesting example illustrating the cryo-concentration effect is the shift
of pH during the acetalation reactions between the OH groups of poly(vinylalcohol-
co-vinylacetate) (80:20 by mole) and CHO groups of glutaraldehyde (Fig. 9a). The
mechanism of this reaction in acidic media includes the initial protonation of the
carbonyl of aldehyde [134]. Thus, at low concentrations of hydroxonium ions, the
reaction rate is slow and, therefore, the gels are usually synthesized at pH < 1.5-1
in order to ensure high-enough yield of the gel-fraction [135, 136]. In Fig. 9b, c, the
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Fig. 8 (a) Crosslinking reaction of polystyrene using xylylene dichloride as a crosslinker in
nitrobenzene. (b) Gel-fraction yield plotted against the initial polymer concentration expressed in
molarity of styrene (S7) units. Relative temperature (AT) was —19 °C (curve 2) and 28°C (curve 1).
(Plotted based on the data from [26])

gel-fraction yield is plotted against the initial pH of the polymer solution for
gelation at 24 °C and for cryogelation at —12 °C, respectively. The boundary pH
value of the feed at which cryogels can be generated (Fig. 9c) has shifted by about
0.5 units toward less the acidic zone as compared to the case of conventional gels
(Fig. 9b). Such a difference in pH corresponds to about a threefold difference in the
concentration of H* ions. Thus, the apparent decrease in CCG due to the cryo-
concentrating effect is reflected in this example with an increase in medium acidity
rather than in the gel precursor concentration [7]. It is also interesting to compare
the osmotic characteristics, e.g., the equilibrium swelling capacities of such gels
and cryogels. Figure 9d, e shows the equilibrium swelling degrees of the gels and
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Fig. 9 (continued)

cryogels in water, plotted against the pH of the initial feed solution. The homophase
chemically crosslinked PVA gels swell strongly in water (Fig. 9d), and their
swelling degree increases considerably (from tens of grams to more than 100 g
water per gram of dry polymer) as the pH of the feed rises from 1 to 3 due to the
decreasing crosslinking efficiency. However, the heterophase sponge-like cryogels
are not only formed under apparently less acidic initial conditions, but also their gel
phase swells significantly less than the corresponding homophase gels (from several
to 20-30 g water per gram of dry polymer). This indicates a higher crosslinking
extent of the 3D networks in the cryogel samples as compared to the conventional
gels synthesized under identical crosslinking agent content and pH. The reason for
the different swelling behavior of PVA gels and cryogels is because the cryo-
concentration processes in UFLMP give rise to an increase in the concentrations
of both the gel precursors and H* ions. This facilitates the formation of a more
concentrated, highly crosslinked gel matrix forming the pore walls in such cryogels.

In this connection, we should note that for such wide-pore gel matrices, the
swelling capacity of the gel phase is an essential indicator of the polymer content in
this phase and of the crosslinking extent. By contrast, the total volume occupied by
such swollen gel materials is a less informative indicator for the properties of the
polymeric network. This is due to the fact that the volume occupied by free solvent
inside the capillary-sized pores accounts for the greater part of the liquid absorbed
by these wide-pore sponges. In turn, the fraction of tightly bound solvate liquid
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Fig. 9 (a) Crosslinking reaction of poly(VA-co-VAc) (80:20 by mole) using glutaraldehyde as a
crosslinker in aqueous acid solution. (b—e) The gel-fraction yield (b, ¢) and the swelling degree of
the gels in water (d, e) plotted against the initial pH of the feed solution. Gelation temperature was
24°C (b, d) and —12 °C (c, e). Polymer concentration was 50 g/L. Glutaraldehyde molar ratio with
respect to OH groups in the polymer was 5.6 (curve 1), 11.2 (curve 2), 16.8 (curve 3), and 22.4 mol
% (curve 4). (Plotted based on the data from [8])

inside the pore walls is only a small share of the whole volume of liquid soaked up
by such polymer materials. The net amount of the free liquid is determined by the
inner volume of the large pores, which depends on the total mass of solvent crystals
formed in the system during the cryotropic gelation process and, to a certain extent,
on the size of these crystals. The liquid from the capillaries of the sponge-like
cryogels can be squeezed off by mechanical compression, sometimes almost
completely [46], whereas the solvate fraction can only be removed from the
polymer matrix by intense drying, i.e., by heating under reduced pressure. Thus,
the total volumetric swelling degree does not characterize the osmotic properties of
the gel pore walls in the wide-pore cryogels. However, in some cases, comparison
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of the swelling behavior of cryogel matrices in different solvents can be an indicator
of the affinity of the capillary system of cryogels with respect to the tested liquids.

The apparent decrease in CCG is also characteristic during the formation of
polymerization-type cryogels. This phenomenon was first observed upon compar-
ison of the critical concentrations of vinyl and divinyl comonomers, namely
acrylamide and N,N’-methylene(bis)acrylamide, for the formation of poly(acryl-
amide) gels and cryogels [7, 8, 19-23]. At room temperature, the CCG for this
gelation system lies in the vicinity of 2 wt% and also varies depending on the ratio
of vinyl and divinyl components [137-139]. However, when the polymerization
occurs in a moderately frozen medium, wide-pore sponge-like poly(acrylamide)
cryogels can be prepared using at least half the concentration of the comonomers [7,
19]. The physicochemical features of such gelation systems are considered in more
detail in [47]. Here, it is reasonable to emphasize only that the effect of an apparent
decrease in CCG is common for the formation of any type of chemically
crosslinked cryogels, and this effect is mainly determined by the increase of
precursor concentration in the volume of UFLMP as the solvent freezes out.

The question is whether the same decrease in CCG is also inherent in the
formation of physical cryogels. The answer in most cases is obviously, yes. For
instance, the gelation process of aqueous solutions of locust bean gum was inves-
tigated both at positive and negative temperatures. Locust bean gum is a polygalac-
tomannan gum consisting of poly(1,4-B-p-mannose) main chain and 1,6-a-D-
galactose pendant chains with a mannose to galactose ratio of 1:4 [140]. Solutions
(1-4 wt%) of locust bean gum remain fluid during prolonged storage at positive
temperatures and they transform into very weak gels only after 2-3 months
[141]. However, cryogenic treatment of the same feed systems produces cryogels
within a short period of time [100, 102, 115, 142-144]. Thus, the effect of CCG
decrease was clearly demonstrated for such cryogels. They are thermoreversible,
i.e., the cryogels can be melted by heating and they form again after a new freeze—
thaw cycle. The morphology of the cryogels based on locust bean gum is hetero-
geneous; they resemble soft sponges as long as the initial polysaccharide concen-
tration is lower than 2.0-2.5 wt%. Such sponge-like cryogels exclude free liquid
under a slight compression. Although cryogenic treatment of more concentrated
locust bean gum solutions also yields gel materials, they do not exclude free liquid
under a moderate pressing. However, the latter gels are similar to the physical PVA
cryogels in that they are also macroporous because, during cryotropic gel forma-
tion, ice polycrystals act as porogens and macropores of various sizes and archi-
tecture remain in the cryogel body after thawing.

There are also other examples of the manifestation of a CCG decrease during the
formation of noncovalent cryogels. The precursors (i.e., polysaccharides, proteins,
synthetic polymers) together with the conditions of gel formation processes and the
appearance of the final material are listed in Table 2. These data demonstrate the
universal character of the CCG decrease in both aqueous and organic media during
cryotropic gelation as compared to conventional gelation. The best studied among
the processes of the formation of noncovalent cryogels is the cryotropic gelation of
PVA solutions. The reason for this is twofold: First, the final “products”, i.e., the
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Table 2 Influence of the freeze—thaw treatment on the solutions of polymeric precursors capable
of forming physically crosslinked gels

Precursor
concentration in

Temperature of Appearance of the

the gelation

samples after the gel

Precursor the feed (wt%) Solvent process (°C) formation process References
Agar-agar 0.5 Water +20 Rather weak gel [12]
—10 Sponge-like cryogel
1.0 +20 Weak gel
—10 Sponge-like cryogel
Agarose 0.5 Water 420 Jelly-like system [7]
(low-gellin- -20 Weak sponge-like
g-tempera- cryogel
ture brand)
Amylopectin 1.0 Water  +18 Thin precipitate [98]
—18 Non-spongy cryogel
5.0 +18 Very viscous paste
—18 Non-spongy rigid
cryogel
Gelatin 0.5 Water  +20 Liquid [12]
(A-type) —10 Sponge-like cryogel
1.0 +20 Liquid
—10 Sponge-like cryogel
1.5 +20 Very weak gel
—10 Sponge-like cryogel
Locust-bean 0.3 Water +18 Turbid liquid [100, 115]
gum -30 Spongy cryogel
3.0 +18 Viscous opaque paste
-30 Non-spongy cryogel
Maltodextrin®  12.5 Water  +18 Opalescent liquid [101]
—24 Spongy weak cryogel
Oat p-glucan 3.0 Water +22 No gel formation [145, 146]
—18 Spongy cryogel
Potato starch 2.5 Water +18 Rather weak starch [147]
gel
—18 Sponge-like cryogel
PVA® 15.0 Water +25 Mechanically weak [13]
gel
PVA® 10.0 Water  +20 Liquid [12,92]
-10 Non-spongy cryogel
—20 Rather rigid cryogel
16.0 +20 Liquid
+2 Very weak gel
—10 Rigid cryogel
-20 Rigid cryogel
13.0 DMSO AT = +1.6 Liquid [12]
AT = -28.4 Rather rigid cryogel

“Molecular weight 8 kDa

"Duration of the incubation at gelation temperature 12 days

“Molecular weight 69 kDa
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noncovalent PVA cryogels, possess outstanding mechanical and thermophysical
properties. Second, owing to the very simple structure of the polymer itself, they are
very convenient model systems for studying the fine mechanisms of cryotropic
noncovalent gelation [8, 111, 112, 127, 129, 130, 148—-152]. The shift in CCG upon
the formation of PVA cryogels is also very remarkable. Even concentrated (10—
16 wt%) aqueous and DMSO solutions of PVA (the latter must be highly deacylated
PVA) do not transform to gels at room temperature for many days, whereas the
freeze—thaw cycle produces viscoelastic cryogels that can be fused only when
heated up to 60-80 °C. Similarly to the formation of chemically crosslinked
cryogels, the main reason for such a decrease in CCG is the cryo-concentration of
the gel precursors, strengthening the polymer—polymer interactions owing to higher
overlapping of the polymer coils in the more concentrated medium of UFLMP.

3.2 Acceleration of Gel Formation Over a Certain Range
of Negative Temperatures

One of the important consequences of the cryo-concentration effect is an acceler-
ation of cryotropic gel formation processes within a certain range of negative
temperatures as compared with conventional gelation [8]. Since the rate of the
second or higher order reactions is proportional to a positive power of the concen-
tration of the reactants, a freezing-induced increase in the precursor concentration
within the UFLMP accelerates cryogelation reactions [54, 62-64]. The reaction
scheme in Fig. 10a illustrates the oxidative gelation of a thiol-derivative of poly
(acrylamide) in the presence of water-dissolved air oxygen acting as a crosslinking
agent [28, 153, 154]. Since the number of free SH groups decreases during the
course of interchain coupling through the formation of disulfide crosslinks, the
evolution of SH group concentration with time reflects the process dynamics.
Figure 10b shows the variation in the amount of residual SH groups in 2 wt%
aqueous polymer solutions at positive (15 and 25 °C) and negative (—15 and
—25 °C) temperatures. Two arrows (Fig. 10b) indicate the vicinity of the gel points
for the unfrozen and frozen gelation systems. The rate of the decrease in thiol group
content (i.e., the crosslinking rate) increases and the gel point shifts to shorter times
in the moderately frozen polymer solutions as compared to unfrozen solutions.
Remarkable is the shortening of the gelation time, which differs by a factor of about
22 in favor of cryotropic gel formation.

The thermal prehistory of such cryogenically gelling systems also influences the
process dynamics. The kinetic data in Fig. 10b were obtained by conventional
freezing of the feeds, i.e., without low-temperature quenching, as mentioned in
Sect. 2.2. When the same reaction solutions are subjected to the low-temperature
quenching technique to freeze the feeds quickly, one obtains the plots illustrated in
Fig.10c. Here, the decrease in the thiol group content of the polymer is shown
during the course of the first 2 h of the reaction. Note that the zero time in these plots
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Fig. 10 (a) Crosslinking reaction of thiol-containing poly(acrylamide) in aqueous acid solutions.
(b, ¢) Variation in the percentage of residual thiol groups on the polymer chains with reaction time.
The freezing technique was conventional (b) or low-temperature quenching (c). Gelation temper-
atures are indicated. White and black arrows in b indicate the vicinity of the gel points in unfrozen
and frozen gelation systems, respectively. Plotted from the data of [28]

corresponds to the moment of transfer of the reaction solutions from liquid nitrogen
into the cryostat/thermostat chamber with a pre-set temperature. A certain delay
(i.e., lag period) is observable at the start of the reactions at negative temperatures,
followed by a quick decline of the SH content of polymer chains. For the gelation
reactions conducted at positive temperatures, the reaction rates with and without
low-temperature quenching are identical. However, at negative temperatures,
low-temperature quenching further accelerates the gelation reactions. Moreover,
except for the lag phase, the slope of the kinetic curves obtained both at —15 and
—20 °C is much higher than that obtained at positive temperatures. Thus, indepen-
dent of the thermal history, the rate of the crosslinking reactions is much faster in
frozen solutions than in unfrozen solutions due to the existence of UFLMP.
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The volume and concentration of solutes in UFLMP depend on the cryoscopic
properties of the solvent, the freezing temperature, concentration of the precursors
in the feed, their solubility, and their dimensions, i.e., molecular weights. In this
connection, it is of interest to demonstrate how the presence of an inert additive
(e.g., an inert polymer) can affect the reaction kinetics in such non-deeply frozen
systems. This effect was investigated in cysteine—cystine conversion by oxygen
[28]. Figure 11a shows the scheme of the oxidation of cysteine, a thiol-containing
amino acid, to the respective disulfide by water-dissolved air oxygen. Figure 11b
presents the kinetic curves of this reaction as the dependence of the thiol group
content of cysteine on the reaction time [28]. When the reactions are conducted at
room temperature or at —15 °C (represented by the curves 1 and 3, respectively, in
Fig. 11b), the concentration of SH groups slowly diminishes with time due to this
oxidation, i.e., the reactions proceed slowly. When the initial cysteine solution also
contains about 1 wt% poly(acrylamide) as an inert polymeric additive, no marked
effect was observed at room temperature (curve 2 in Fig. 11b). Thus, the polymer
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does not have any chemical impact on the process of interest. However, a signif-
icant acceleration of cysteine oxidation occurs in the presence of polymer when the
temperature is decreased to —15 °C (curve 4 in Fig. 11b). Since the water solubility
of cysteine is low, the slow rate of the reactions in the frozen solution at —15 °C is
due to the fact that the system is in the post-eutectic state and the amount of cysteine
dissolved in UFLMP is very small. However, the presence of a hydrophilic
unreactive polymer carrying bound water molecules increases the solubility of
both cysteine and oxygen so that their concentrations in UFLMP increase and,
hence, the reaction rate increases. This example also demonstrates one of the
possible approaches for performing the reactions with thermally instable and
insufficiently soluble low molecular weight substances. The presence of an inert
polymeric additive during cryogelation protects the precursors from thermal
decomposition and accelerates the reactions due to the cryo-concentration effect.

The acceleration of gel formation and the non-equivalence of its dynamics,
depending on the thermal prehistory of moderately frozen reaction systems, were
also observed during the synthesis of polymerization-type cryogels. One typical
example is the formation of poly(acrylamide) gels starting from acrylamide mono-
mer and N,N’-methylene(bis)acrylamide crosslinker in aqueous solutions with
using of redox initiator systems (Fig. 12a). In Fig. 12b, c, gel fraction versus
reaction time plots at various gelation temperatures are shown for reaction solutions
frozen by conventional and low-temperature quenching procedures, respectively
[23]. At positive temperatures, lowering the reaction temperature from 25 to 13 °C
causes a decrease in the rate of ordinary gel formation, and thus results in a lower
gel-fraction yield. This is expected. However, performing the reactions in a mod-
erately frozen system leads to a faster gelation as well as to a higher yield
(Fig. 12b). The freezing mode, i.e., the thermal history of bringing the system to
the reaction temperature, also affects the course of cryotropic gel formation
(cf. Fig. 12b, c), thus pointing to the non-equivalence of the phase states in such
differently frozen polymerizing systems. Similar trends were also observed by use
of NMR during the formation of poly(acrylamide) cryogels [50], as well as during
the linear cryopolymerization of acrylamide in moderately frozen aqueous media,
where different freezing procedures (conventional freezing, flash freezing, and
low-temperature quenching) were employed [65].

The acceleration of gelation over a certain range of negative temperatures is also
inherent during the formation of physical cryogels. This fact was already partially
touched upon in the discussion of the data in Table 2, for instance, regarding the
gelation time of aqueous solutions of locust bean gum or PVA. The same effect was
also observed in maltodextin- and B-glucan-containing systems [101, 145, 146], i.e.,
in systems where the noncovalent self-gelation at positive temperatures proceeds at
a rather slow rate. Probably, somewhat similar events do take place in fast-gelling
systems such as aqueous solutions of agarose, amylopectin, amylopectin—amylose
mixtures, or concentrated solutions of gelatin. However, because of their rapid self-
gelation before freezing, the additional acceleration due to the presence of UFLMP
can hardly be detected.
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Fig. 12 (a) Free-radical crosslinking copolymerization of acrylamide and N,N'-methylene(bis)
acrylamide. (b, c¢) Gel-fraction yield plotted against reaction time for the case of conventional
freezing (b) and low-temperature quenching (c). Gelation temperatures are indicated. (Plotted
based on the data from [23])
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3.3 Bell-Shaped Temperature Dependence of Cryotropic
Gelation Efficiency

In early studies on the kinetic features of simple model reactions in moderately
frozen systems, it was found that the temperature dependence of the reaction rates is
bell-shaped [62, 63]. This type of temperature dependence is a consequence of
competition between the acceleration effect because of the cryo-concentration and
the deceleration effect due to the decreasing thermal mobility of the reactants and
increasing viscosity in the medium of UFLMP at negative temperatures [54,
63]. The temperature dependence of cryotropic gelation efficiency is, as a rule,
also bell-shaped during the formation of both covalent and noncovalent cryogels
[8]. In the following, such effects are demonstrated for cryogels produced via
chemical crosslinking of macromolecular precursors as well as for the
polymerization-type and noncovalent cryogels.

Figure 13 shows the temperature dependence of the gel-fraction yield during the
formation of chitosan-based cryogels, when this polyaminosaccharide was
crosslinked with various amounts of glutaraldehyde (for the reaction scheme see
Fig. 7a). The results reveal that, in the moderately frozen aqueous medium, the
highest performance of the crosslinking process was achieved in the vicinity of
—25 °C, whereas above and below this temperature the gel-fraction yield was
lower [10].

Because the freezing procedure employed (i.e., the thermal history of the
system) influences the cryotropic gelation dynamics, it is reasonable to anticipate
that it can also affect the temperature dependence of the gel formation efficiency.
Indeed, this assumption was confirmed experimentally. Figure 14 is a relevant
example showing the temperature dependence of the initial rate (vo) of SH group
decline in the course of oxidative gelation of thiol-bearing poly(acrylamide)
[28]. Curves 1 and 2 correspond to the reaction systems subjected to conventional
freezing and low-temperature quenching procedures, respectively. The distinctions
are obvious: when the reaction solution is subjected to the low-temperature
quenching procedure, the initial rates become slower over the whole range of
reaction temperatures studied, and the position of the maximum shifts towards a
lower temperature. These results testify once again that the reaction conditions in
moderately frozen systems, especially at the initial stages, differ significantly
depending on the thermal prehistory, i.e., on the freezing procedure employed.
Most probably, one of the main reasons for this effect is the nonequivalence of the
phase states in such differently frozen gelling systems. Nonetheless, the bell-like
character of curves 1 and 2 in Fig. 14 is very similar, thus showing the generality of
the tendencies described by such temperature dependences, irrespective of the
thermal history. At the same time, no differences were observed in vy values for
the gelation in solutions without any freezing (solid line in Fig. 14) and initially
frozen in a liquid nitrogen followed by placing in a thermostat with pre-set positive
temperature (dashed line in Fig. 14).
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Fig. 13 Gel-fraction yield
plotted against temperature
for chitosan cryogels
crosslinked using
glutaraldehyde. Polymer
concentration in the initial
solution was 1.6 wt%. NH,-
to-CHO molar ratio was
2.5:1 (curve 1), 15:1 (curve
2) and 25:1 (curve 3). (From
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The bell-shaped temperature dependence of the gelation rates is, as mentioned

already, due to the competition between the favorable and adverse factors. The
favorable factors are as follows:

1.

2.

The cryo-concentration effect leads to increased concentrations of solutes within
the UFLMP, facilitating the reaction efficiency.

The effect of the so-called thermodynamic selection of the reactions [63] that are
characterized by the lowest values of the activation energy.

. The heat sink from the reaction system is useful for the exothermic processes so

that it is also one of the favorable factors, provided that the heat is released
during the gelation, as it usually is for free-radical polymerization.

. Since the dielectric conductivity € increases as the temperature decreases, the

polarity of the solvent in UFLMP is higher than its polarity at positive temper-
atures, which is an additional favorable factor. For example, during the hetero-
lytic reactions where the separation of charges is of significance, e.g., coupling
of polymeric precursors through the formation of aldimine (Fig. 7a), alkyl-aryl
(Fig. 8a), or acetal (Fig. 9a) crosslinks, increasing the polarity of the reaction
medium also increases the efficiency of the respective reactions.

. During the formation of noncovalent cryogels from the polymeric precursors

exhibiting an upper-critical-solution-temperature (UCST) behavior, cooling
down the reaction solution also facilitates the sol-to-gel transition.

There are also several factors acting adversely on gel formation in moderately

frozen systems as follows:
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1. According to the Arrhenius principle, a decrease in temperature lowers the

thermal mobility of the solutes and thus, decelerates the reactions. This is the
most significant unfavorable factor affecting the cryogelation process.

. The high viscosity of UFLMP is the second unfavorable factor for cryotropic gel
formation. This factor is significant for cryogelation reactions starting from
polymeric precursors. Since the lower the temperature of a moderately frozen
system, the larger the amount of frozen solvent and, thus, the higher the polymer
concentration in UFLMP, the resulting high viscosity strongly hinders the
translational and segmental mobilities of the polymeric precursors and interferes
with their interactions. The molecular weight of the polymeric precursors also
affects the course of gel formation. The higher the molecular weight of the
polymeric solute, the higher is the extent of coil overlap and, hence, the higher is
the probability of intermolecular interactions. On the other hand, the higher the
chain length of the polymers, the higher is the viscosity of the equiconcentrated
polymer solutions. Thus, these two trends act oppositely and compete against
each other in the course of gel formation. This is also the reason why a bell-like
dependence of the gelation efficiency on the molecular weight of the polymeric
precursors is often observed. For particular examples, see [32, 44, 155] dealing
with the synthesis of chitosan and poly(acrylamide) cryogels via crosslinking by
glutaraldehyde, and with the noncovalent cryotropic gelation of aqueous
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solutions of PVA of various molecular weights. Therefore, it is desirable to
perform some preliminary experiments with polymeric precursors of different
molecular weights in order to search for an optimum value of this parameter.

3. The formation rate of crosslinks between the polymer chains is also a factor
capable of hindering the gelation processes inside the UFLMP. When the
reactions proceed slowly, the crosslinks are generated rather uniformly through-
out the UFLMP. However, for the fast reactions, the polymer chains are rapidly
bridged by the introduction of the first crosslinks, once the primary network is
formed, the subsequent crosslinks in highly viscous UFLMP are strongly ham-
pered. This effect can result in a pronounced inhomogeneity in the crosslink
density distribution within the network. To minimize this effect and, thus, to
prepare cryogels with reproducible properties and porous morphology, one can
reduce the reaction rates and the initial concentration of the precursors.

All these favorable and unfavorable factors and mechanisms are effective to a
different extent during cryotropic gelation in both aqueous and organic media. For
instance, Fig. 15 shows the bell-like temperature dependence of the gel-fraction
yield when poly(styrene) was crosslinked with 4,4’-xylylene dichloride in nitro-
benzene (see Fig.8a for the reaction scheme). At temperatures 30—40 °C lower than
room temperature, the efficiency of polymer crosslinking is higher than in unfrozen
solutions (curve with open circles in Fig. 15) [27]. Thus, close similarity in the
character of such temperature dependences for the processes in frozen aqueous and
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Fig. 16 Time for the onset t (h)
of gelation #,_, plotted .
against the temperature

during the crosslinking 94
copolymerization of
acrylamide and
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Molar ratio of vinyl to
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feed was 30:1. (From [23]
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Wiley)
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organic media obviously proves that the same factors are responsible for the
efficiency of cryotropic gel formation in solvent—polymeric precursor—crosslinking
agent systems, irrespective of the type of crystallizing solvent.

Temperature dependences of the rate of cryogelation reactions and the cryogel
properties were also investigated in reaction systems leading to the formation of
polymerization-type cryogels, i.e., in solvent—-monomers—initiator systems.
Figure 16 shows the reaction time for the onset of gelation (i.e., the gel-point
time, t,_,) during the redox-initiated copolymerization of acrylamide and
N,N"-methylene(bis)acrylamide in aqueous solutions plotted against the reaction
temperature. The curves 1 and 2 in Fig. 16 represent the trend of data obtained from
the reaction solutions subjected to conventional freezing and low-temperature
quenching procedures, respectively [23]. The shortest time to reach the gel point
at —20 °C was 15 and 14 min for the conventional freezing and low-temperature
quenching, respectively. At room temperature, this time is about four times longer
(~1 h). This feature was already touched on in the discussion on the acceleration
effect inherent in cryotropic gelation as compared with gel formation at positive
temperatures. Moreover, an interesting point can also be gained by comparing
curves 1 and 2 in Fig. 16 within the temperature interval from —20 to —10 °C.
For the reaction solution subjected to the conventional freezing procedure (curve 1),
i.e., when the solution just after initiator addition is placed into the cryostat chamber
with the required preset temperature, a concave upward bell-like dependence of
t,_p on the reaction temperature was observed. In contrast, application of the
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Fig. 17 Influence of the freezing/frozen storage temperature on (a) the shear modulus and (b) the
fusion temperature of PVA cryogels. Initial polymer concentrations were 120 (curve 1), 100 (curve
2), and 80 g/L (curve 3). (Plotted based on the data from [44])

low-temperature quenching procedure using liquid nitrogen markedly alters the
temperature dependence between —10 and —20 °C. This result most probably
indicates that, when a deeply frozen system is heated to the subzero level, the
concentration of the reactants in the resulting UFLMP at the early stages of gel
formation is higher than that in the UFLMP formed as a result of a conventional
mode of freezing. The reason for such an effect is obviously a low rate of solid-to-
liquid phase transition of solvent crystals after the low-temperature quenching [23,
50, 65]. This phenomenon in its nature resembles prolonged (days) thawing of snow
and ice in spring when the environmental temperature is already considerably
higher than the ice melting point.

The last example in this section concerns the temperature dependence of the
efficiency of the noncovalent cryotropic gel formation. This is illustrated in Fig. 17
for PVA cryogels, where their shear moduli (Fig. 17a) and the fusion temperatures
(Fig. 17b) are plotted as a function of the freezing temperature. The cryogels were
prepared by freezing aqueous solutions of PVA (80-120 g/L) for a fixed time at
various negative temperatures followed by defrosting at the same rate [44]. The
modulus and the fusion temperature of the cryogels represent their rigidity and heat
endurance, respectively, and are indicators of the gelation performance. It can be
seen that both of these parameters also have bell-shaped dependences on the
process temperature. This also indicates the competition of the facilitating and
inhibiting mechanisms participating in the formation of such gel matrices. Thus,
lowering the storage temperature of the frozen solution results in the formation of a
larger mass of solvent crystals and, hence, increases the polymer concentration in
UFLMP so that PVA gelation becomes more efficient, as in the case of systems
having a higher initial PVA concentration in the feed. On the other hand, the drastic
increase in viscosity within UFLMP hinders efficient intermolecular interactions
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and, thus, formation of PVA microcrystallites, the nodes in the final cryogel. As a
result, the temperature dependences of the respective parameters pass through the
maxima, a common trend for the formation of physical cryogels in general.

Summing up the discussion on the influence of favorable and detrimental factors
on cryotropic gel formation, one can see that their competition is the main reason
for the bell-like temperature dependence of the gelation efficiency. This effect is
manifested both for chemically crosslinked cryogels and noncovalent gels, when
either monomeric or polymeric precursors are used, and both in aqueous and
organic media. So, such bell-shaped dependences are a characteristic feature of
cryotropic gel formation. However, the exact position of the corresponding maxima
or minima on the temperature axis depends on the particular cryogelation system.
Therefore, the necessity of preliminary search for the “optimal” temperature con-
ditions for freezing and for frozen storage is evident. Although such preliminary
studies can require time and effort, only this path will result in cryogels with the
best possible properties and structure.

3.4 Generation of Specific Porosity Peculiar to Cryogels

The scheme in Fig. 3 visually demonstrates formation of macroporosity in cryogels
due to the presence of polycrystals of frozen solvent acting as porogens. Depending
on the nature of the cryogel precursors, their initial concentrations, the type of the
solvent used, and the cryogenic processing conditions, it is possible to obtain
cryogels with pores having a cross-section from the submicron range up to several
micrometers (Figs. 5 and 6), or supermacroporous (wide pore) gel matrices similar
to the sponge-like chitosan-based cryogels (Fig. 1) where the cross-section of large
pores ranges from tens to hundreds of micrometers. Certainly, some “intermediate”
variants are also possible. The main characteristics of the porosity of cryogels have
been described in several review papers [8, 9, 107, 111, 114, 130, 148—150, 152,
156-164], and are also considered in [47]. However, certain aspects of
macroporosity generation in the course of freeze—thaw gelation will be discussed
in this section.

We will first consider the reason why the size of pores in the cryogels varies by
two orders of magnitude depending on the synthesis conditions. This is mainly due
to the different size of the pore template (i.e., the frozen solvent polycrystals),
which depends on the amount of freezable solvent under the freezing conditions
employed. For instance, when the initial concentration of the monomeric precursors
is not too high, i.e., less than 10 wt%, the fraction of free solvent freezable at
moderate negative temperatures is large, and the viscosity of the feed solution is not
so high as to markedly inhibit crystal growth. This effect leads to the formation of
large polycrystals and, hence, large pores. On the other hand, when the initial
concentration of the polymeric precursors is high, a greater part of the solvent is
bound to the dissolved macromolecules so that the volume of the freezable liquid is
considerably less than in the previous case, leading to a high solution viscosity that
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hinders the growth of solvent crystals. As a result, only relatively small porogen
particles can be formed, thus generating relatively small pores in the resulting
cryogels.

In this connection, PVA solutions subjected to multiple freeze—thaw cycles
represent a specific case where the porosity characteristics are governed not only
by the conditions of the first cryogenic cycle, but also by the following cycles [111,
126-130, 133, 149, 165, 166]. As illustrated in Fig. 6, the most significant step-like
changes in the size and shape of the macropores occur during the second cycle.
During this cycle, the free solvent crystallizes mainly within the space of the
already formed “primary” macropores, where the liquid contains only a small
amount of sol-fraction [113]. Therefore, the viscosity within this space is consid-
erably lower than that of the initial PVA solution, and larger ice particles are
formed. In addition to widening of the primary pores by these growing crystals, a
certain compression of the pore walls owing to the physical stresses caused by the
ice crystallization also occurs, thus facilitating compaction of the proper gel phase
in the heterophase material. As a consequence, after the second freeze—thaw cycle,
the cross-section of the macropores increases by a factor of 2-3, whereas further
cryogenic cycles have an insignificant influence on the size and shape of these
pores [133].

The cryogenic processing conditions of PVA solutions also affect significantly
the porous structure of PVA cryogels. To demonstrate this effect, noncovalent PVA
cryogels were prepared starting from aqueous solutions of PVA (100 g/L)
according to two different freezing and frozen-storage procedures [44]:

(a) PVA solution was frozen at —20 °C for 24 h
(b) PVA solution was first frozen at —20 °C for 1 h, then incubated at a fixed
negative temperature between —5 and —1.1 °C for 23 h

The micrographs in Fig. 18a, b represent thin sections of PVA cryogels formed
by the two procedures, respectively, where the latter was incubated at —2 °C. The
morphology of the cryogel formed by a single-temperature freezing differs mark-
edly from the two-temperature freezing procedure. As pointed out in Sect. 2.4, ata
storage temperature of —2 °C, cryotropic gelation of PVA occurs with the highest
efficiency. Moreover, ice re-crystallization phenomena are also very intensive at
this temperature [167—169]. Since the prolonged incubation of the frozen sample at
—2 °C equalizes the temperature fields in all directions, the branched crystals are
formed as a result of the re-crystallization. After defrosting, such secondary crystals
leave a net-like system of intersecting macropores in the body of the PVA cryogel.

The next key feature of the textural morphology of freeze—thaw gels is the
interconnected character of their macropores. The main reason for such a porous
character is the 3D growth of porogen particles (i.e., solvent crystals) during
freezing of the feed system, whereby the growth stops for a particular facet of a
crystal when it comes into tight contact with some facet of a neighboring growing
crystal [8]. During subsequent thawing of the frozen sample, these contact areas are
transformed into the connections between macropores. When the unidirectional
freezing technique is employed, the propagation rates of different facets are
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Fig. 18 Micrographs of thin sections of PVA cryogels prepared from aqueous solutions of PVA
(100 g/L) using (a) single-temperature and (b) two-temperature procedures. The freezing/storage-
frozen regimes were —20 °C for 24 h (a) and —20 °C for 1 h and then —2 °C for 23 h (b). The
average size of macropores was 2.8 (a) and 2.4 pm (b). The fraction of macropores was 61.3 (a)
and 52.5 % (b). Scale bars: 20 pm. (From [44] with permission from Springer)

strongly unequal, and crystal growth dominates in the direction that follows the
vector of temperature gradient. Nonetheless, other facets are also enlarged and have
the possibility to come into contact with their neighbors, thus forming future
connections between the unidirected macropores in the defrosted cryogel.

The interconnected character of the pores in stimuli-responsive cryogels is also
responsible for their fast response rate to a change in the external conditions. As is
well known [170, 171], hydrogels may exhibit drastic volume changes in response
to specific external stimuli, such as temperature, solvent quality, pH, electric field,
etc. However, such stimuli-responsive hydrogels prepared by conventional tech-
niques exhibit a slow rate of response to external stimuli. For instance, the kinetics
of the collapse of temperature-sensitive swollen hydrogels is controlled by heat
transfer into the gel and by diffusion of the solvent out of the gel, where both of
these processes depend on the size of the gel sample. The larger the gel size, the
lower is its response rate. The presence of interconnected pores of capillary size in
cryogels, as well as the high polymer content of their pore walls, ensure their very
fast volumetric response to external stimuli. Thermoresponsive poly(N,N-diethyla-
crylamide) and poly(N-isopropylacrylamide) cryogels are typical examples of
stimuli-responsive cryogels [172, 173]. As the temperature passes across the critical
(LCST) point, the gel phase (pore walls) deswells so that the inner water is rapidly
squeezed out of the cryogel through the system of interconnected capillaries. In
such spongy gel matrices, absorption or desorption of water occurs through the
macropores by convection, which is much faster than the diffusion process that
dominates inside the conventional hydrogels. Figure 19 shows a typical example of
the dynamics of heating-induced collapse of poly(N,N-diethylacrylamide) gels,
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Fig. 19 Thermally induced collapse of poly(N,N-diethylacrylamide) hydrogel (curve I) and
cryogel samples (curve 2) upon increasing the temperature from room temperature to 60 °C.
The variation in the volume of the gel samples is shown as a function of the deswelling time.
Synthesis conditions: initial monomer concentration 5.66 wt%; molar ratio of vinyl to divinyl
monomers 200:1; gelation temperature +20 °C (curve 1) and —10°C (curve 2). (From [172] with
permission from Springer)

where the variation in gel volume is plotted against the deswelling time. Here, the
gel samples swollen to equilibrium in water at room temperature were immersed in
water at 60 °C, and the volume change was recorded as a function of time. Data
obtained from hydrogels and cryogels are shown in curves 1 and 2 of Fig. 19,
respectively. Compared to the conventional gel, the rate of deswelling is much
faster and the extent of volume variation is much larger for the cryogel sample due
to its 3D pore structure.

Another aspect related to the formation of macroporous structure in polymeric
cryogels is the implementation of auxiliary porogens in addition to the solvent
crystals. Combination of various pore-forming agents allows one to vary the
macroporous morphology of the cryogel-type materials over a very wide range.
Such auxiliary agents can be divided into two groups: first, the pore-formers that
can be later extracted from the gels, such as silica particles, salts, or oil droplets; and
second, those that cannot, such as gas bubbles. In the first case, the corresponding
porogens can be either temporarily insoluble or even soluble in the feed, while the
second group includes permanently insoluble disperse matter playing the role of
pores.

One of the simplest examples of a temporarily insoluble porogen is chalk or
silica powder, whose particles are initially dispersed in the feed to be cryogenically
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treated. Such feed systems result in the formation of composite cryogels with
incorporated fillers, which are then dissolved by rinsing the composite with aqueous
acid or alkali. The pores formed with the aid of such additives are isolated from
each other and have a size close to that of the filler grains, whereas the system of
interconnected macropores is ensured by cryotropic gel formation. Hydrophobic oil
can also be used as an insoluble porogen in the preparation of hydrophilic thermo-
or pH-responsive poly(N-isopropylacrylamide)-based copolymer cryogels [174—
176]. After preparation of such wide-pore spongy gel composites, they contain
entrapped microdroplets of hydrophobic liquid. These droplets can be removed
upon the stimulus-induced collapse of the cryogel, i.e., by heating or by changing
pH. Since the collapse is reversible, when the collapsed cryogel is placed in oil-free
water, it swells again so that additional “non-cryotropic” spherical pores filled with
water instead of oil microdroplets can be obtained. By iterative collapse—swelling
cycles it is possible to remove completely such hydrophobic auxiliary porogens.
The soluble auxiliary pore-forming agents are compounds dissolved in the
common solvent together with the gel precursors. The porogenic properties of
these agents may affect the crystallization of the liquid medium so that they are
also called modifiers of solvent crystals. This effect is illustrated by the micro-
graphs in Fig. 20, which show the images of thin sections of PVA cryogels prepared
in the presence of various low molecular weight salts at two different concentra-
tions. All the samples were cryostructured under identical freeze—thaw conditions,
and Table 3 summarizes their porosity parameters [177]. The porous morphology of
PVA cryogels is affected by both the nature and the concentration of low molecular
weight electrolyte additives. The size of the macropores decreases as the salt
concentration is increased, in accord with the well-known influence of salts on
the spatial geometry and size of ice crystals [167, 178, 179]. Moreover, the
influence of other processes like the salting-out effect, which leads to an increase
in the ionic strength of UFLMP, cannot be excluded. As a result, certain integral
changes in the macroporous morphology of cryogels can be registered at the
resolution provided by an optical microscope. In other words, such low molecular
weight salt additives act as powerful pore modifiers for the resulting cryogels, and
their impact is achieved via their influence on the course of solvent crystallization.
Certain soluble auxiliary pore forming agents may induce a liquid-liquid phase
separation. Spongy PVA-based cryogels prepared from “water-PVA—gum arabic”
feeds are a good example of the influence of such phenomenon on the formation of
additional pores in cryogels [180]. Aqueous feed systems containing a gel-forming
agent (PVA) and a polymeric additive (gum arabic) unable to form noncovalent
cryogels are interesting because they demonstrate the effect of thermodynamic
incompatibility of the polymeric components on the texture of the resulting
cryogels. Several types of PVA cryogels prepared from such multicomponent
feeds have been described, where the auxiliary pore-forming agents were both
synthetic polymers and natural biopolymers such as polysaccharides, proteins,
and nucleic acids. All of these additives affect the properties and the porous
structure of the formed PVA cryogels [181-187]. There are potentially two extreme
variants of PVA-based feed systems capable of liquid-phase de-mixing. First, the
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Fig. 20 (continued)

solution of PVA and the polymer additive can be frozen while in a homophase
liquid state. As the pure ice is initially crystallized, both polymeric components are
concentrated in the UFLMP. This cryo-concentration process causes liquid—liquid
phase separation within the volume of the unfrozen inclusions. In the second case,
the initial common solution of PVA and the polymeric additive can undergo liquid—
liquid separation prior to the cryogenic treatment, a behavior inherent in the well-
known Albertsson’s liquid two-phase polymeric systems [188], so that the already
formed two coexisting liquids are frozen. Certainly, there can be some intermediate
variants because the phase segregation in viscous polymer solutions occurs rather
slowly, i.e., the process is kinetically controlled.

An example of the first case is the preparation of macroporous PVA cryogels in
aqueous solutions of PVA in the presence of poly(ethylene glycol) of molecular
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Fig. 20 (a-h) Micrographs of thin sections of PVA cryogels formed in the presence of alkali
metal chloride additives at a concentration of 0.6 (a, b, ¢, d) and 1.2 M (e, f, g, h). Salt additives:
LiCl (a, e), NaCl (b, ), KClI (c, g), and CsCl (d, h). Initial polymer concentration was 100 g/L.
Conditions of cryotropic gelation were freezing at —20°C for 24 h and defrosting with a rate of
0.03 °C/min. (From [177] with permission from Springer)

weight 1,000 g/mol (PEG-1000) acting as an auxiliary porogen [182]. At PEG-1000
concentrations below 10 wt%, although the initial solution is homophase, two
liquid phases appear within the UFLMP during the course of the freezing/frozen-
storage stage due to the freeze-induced concentrating effect. NMR studies show
that these are PV A-rich and PEG-rich phases [151, 189]. Cryotropic gelation of the
PV A-rich phase fixes the morphology of the complex system containing segregated
phases. Thus, the PEG-rich phase acts as the auxiliary porogen causing the forma-
tion of so-called “compartments” [189], i.e., the large pores in addition to the
ice-templated pores.
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Table 3 Data from morphometric analysis of images of thin sections of PVA cryogels formed
without and with salt additives

Morphometric data

Alkali metal Salt concentration in the initial Fraction of Average size of
chloride solution (M) macropores (%) macropores (pm)
- 0 57.7 5.62
LiCl 0.3 61.6 4.73
0.6 63.8 3.02
0.9 53.8 2.74
1.2 46.9 2.51
NaCl 0.3 42.0 2.40
0.6 55.4 2.32
0.9 76.6 2.14
1.2 48.6 2.11
KCl1 0.3 50.1 2.77
0.6 57.6 3.03
0.9 64.4 2.62
1.2 52.7 2.58
CsCl 0.3 47.0 2.29
0.6 544 2.79
0.9 52.1 2.77
1.2 55.1 2.81

From [177] with permission from Springer

Another type of auxiliary extractable porogen is gum arabic (GuAr), which was
used for the preparation of PVA cryogels from the above-mentioned two-phase
ternary system, namely from the “water—PVA—GuAr” system. This system contains
the gel-forming PVA and the water-soluble GuAr, whose aqueous solutions per se
are not transformed into cryogels after freezing—frozen storage—thawing stages. The
cryotropic gelation of such feeds at various PVA/GuAr ratios and concentrations, as
well as the properties of the resulting gel matrices were explored in detail in the
study [180]. The micrographs in Fig. 21 demonstrate the hierarchy of the
macropores in such cryogels. Here, the morphology of the cryogel samples is
given at four different magnifications. The dark areas in the pictures are the
PV A-based gel phase stained with Congo Red, while the clear areas are the pores
of various shape and size. The gross through-hole pores with a cross-section of the
order of 1 mm can be observed, even in the survey photograph of a whole
2-mm-thick disc (Fig. 21a). These capillary-sized pores are also seen in an optical
microscope at a low magnification (Fig. 21b). At a fivefold higher resolution
(Fig. 21c), one can distinguish a high porous morphology of the gel matter,
which is the continuous phase in this spongy heterogeneous material, where the
roundish pores are also observed. The micrograph in Fig. 21d of the thin section
illustrates the structure of space between the gross pores. Here, at least two kinds of
pores are distinguished within these gel matrices, namely the “larger” roundish
pores of 10-70 pm in diameter (some of which are somewhat deformed) and the
“smaller” pores, also rounded, of ~1-5 pm in diameter. Hence, these micrographs
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Fig. 21 Porous morphology of wide-pore PVA cryogels prepared using the feed system water—
PVA-GuAr. (a) Photograph of 2-mm-thick disc stained with Congo Red. (b, ¢) Survey micro-
graphs of the same disc obtained with an optical microscope at two different magnifications. (d)
The image of a thin section of the disc. (From [180] with permission from RCS)

testify to the definite hierarchy in the porous morphology of such polymeric gels
prepared by combining the processes of liquid—liquid phase separation and
cryotropic gelation.

Note that the fine microstructure of such gel systems is provided by the light
microscopy of their thin sections, a technique successfully employed for the
analysis of various PVA cryogels, including conventional, complex, and composite
gels [44, 48, 133, 150, 177, 190]. This technique is important because it allows
visualization of the intact morphology of water-swollen PVA cryogels, whereas, for
instance, SEM analysis allows the observation of either dried or frozen (cryo-SEM)
samples that are not intact.

The hierarchical pore system of the cryogels under discussion is manifested in
the presence of several kinds of macropores that differ significantly in their size.
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Whereas the largest capillary pores are interconnected and, therefore, liquids can
easily leak through blocks of such wide-pore cryogels (Fig. 21a, b), the rounded
pores of other kinds are closed (Fig. 21c, d). The former are replicas of the
continuous GuAr-rich phase in the two-phase system formed as a result of liquid—
liquid separation. The heterogeneous morphology of such a system is fixed by the
cryotropic gelation of the PVA-rich phase. Since the cross-section of pores in
conventional PVA cryogels generated by the ice polycrystals does not usually
exceed 1-3 pm [92, 95, 126, 150, 165, 166, 177, 191], it is evident that the 10—
70-pum pores (Fig. 21b, d) are also replicas of the non-gelling GuAr-rich phase, but
in this case dispersed as liquid droplets in the bulk PV A-rich phase. Moreover, the
smallest pores visible in the light microscopy image of Fig. 21d are, most probably,
left in the gel matter by the ice particles after thawing. The pores of the latter type
have a rounded shape, whereas those observed in the “conventional” PVA cryogels
prepared under the same conditions but without foreign polymeric additives are
usually anisodiametric (prolate) in their shape (see Figs. 5, 6, and 18). We have to
mention that the round-shaped ice-derived pores in PVA cryogels are also inherent
in the gel matrices prepared with the addition of surfactants as pore modifiers,
which are capable of influencing the shape of the ice crystals by decreasing the
surface tension at the solid—liquid interface during crystal growth [192]. Thus, such
“rounding” of the pores inside the gel phase of wide-pore cryogels fabricated from
the water—-PVA—GuAr feeds are probably due to the surfactant properties of GuAr
macromolecules present in a small amount in the initial PVA-rich phase.

The last type of auxiliary pore-forming agents that will be considered here are
the gaseous porogens. These agents are constantly being entrapped in the cryogel
matrix and perform as the pores per se. Examples of such porogens are small gas
bubbles, and the resulting gas-filled cryogels can be termed “foamed cryogels.”
Inside the foamed freeze—thaw gels, two sorts of macropores can be distinguished:
the cryogenically induced macropores, i.e., those derived from the thawed solvent
polycrystals, and the closed microbubbles remaining entrapped in the cryogel after
defrosting of the frozen foam. Such gas-filled gel materials, PVA-based gels in
particular, have been prepared, studied, and some promising instances of their
practical application have been reported [192—-197]. In these works, the gaseous
porogen was generated either using physical methods, e.g., whipping, barbotage,
microfluidic foaming techniques [192-194, 197], or via the chemical liberation of
gas products, e.g., by the reaction of ammonium chloride with sodium nitrite
(NH4CI + NaNO, — NaCl + 2H,0 + N,7), that were introduced into the feed
prior to its freezing [196].

For instance, foamed cryogels were fabricated by mechanical whipping of
aqueous PVA solutions followed by freezing of the resulting foams, storing the
samples frozen, and then slowly defrosting [193]. The peculiarities of the porous
morphology of such gel foamed matrices are illustrated by the microphotographs in
Fig. 22a, b, which show thin sections of the samples prepared by cryostructuring of
the PVA-based liquid foam. These foamed cryogels possess two sorts of pores
distinguishable by optical light microscopy. The first type are the gross round pores
of ~50 to ~250 pm in diameter formed by the auxiliary pore-forming agent, i.e., by
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Fig. 22 Optical micrographs at two different magnifications of thin sections of foamed PVA
cryogels prepared from the fluid foam produced by whipping of aqueous polymer solutions in the
(a, b) absence and (c, d) presence of the surfactant CTAB at a concentration of 0.415 mM. Initial
polymer concentration was 120 g/L. Cryotropic gelation conditions: freezing temperature —20 °C;
freezing duration 18 h, thawing rate 0.03 °C/min. (From [192] with permission from Springer)

the air bubbles. The second type are smaller prolate pores with a cross-section of
around 1-3 pm within the gel phase in the space between the bubbles. The pores of
the latter type are typical of cryogenically induced pores in conventional PVA
cryogels (e.g., see Figs. 5 and 6), and these pores are filled with water rather than
gas. The microbubble-type pores generated by simple whipping or by the barbotage
of a gas through a porous filter to the initial polymer solution have a wide size
distribution. In this respect, a recently developed microfluidic foaming technique is
attractive because it allows a rather narrow, practically monodisperse distribution
of pore dimensions [197]. The air bubbles entrapped in the PVA cryogel matrix
decrease its density down to values smaller than that of water, thus imparting
buoyancy to such cryogels, i.e., foamed cryogels can float in water for a long
time and do not sink [193].

The impact of surfactant additives on the porous structure of foamed cryogels is
of special interest. Fig. 22¢c, d shows the micrographs, at two different magnifica-
tions, of thin sections of foamed PVA cryogels stained with Congo Red. The gel
samples were prepared by whipping of an aqueous PVA solution having the same
initial polymer concentration as the sample shown in Fig. 22a, b, but it additionally
contained dissolved surfactant, cetyltrimethylammonium bromide (CTAB). Even
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at a small concentration of CTAB (e.g., 0.415 mM), the microstructure of the
cryogel undergoes very significant changes [192]. The cross-section of the
ice-templated pores is enlarged from 1-3 pm (Fig. 22b) to 4-5 pm (Fig. 22d) due
to the presence of the ionic surfactant. Simultaneously, the morphology of the gel—
gas interfaces also changes drastically. Although the surface of these interfaces in
surfactant-free foamed cryogel is almost smooth (Fig. 22a, b), the presence of
CTAB causes pronounced ulceration of the surface (Fig. 22c, d). A similar effect
was also observed using sodium dodecyl sulfate as an anionic surfactant additive
[192]. Thus, the presence of surfactants significantly affects the shape of the
gaseous macropores. It is evident that bubbles with such a pitted surface cannot
exist in the initial liquid foam, since such foam would be absolutely unstable.
Therefore, this unusual morphology of the gas—gel interfaces appears to be due to
the decreased surface tension between the liquid—gas interfaces and the growing
facets of ice crystals, which can evidently pierce the air bubbles. However, the
freezing solidification of the foam and consequent formation of cryogel in the
bubble walls prevent the complete destruction of the bubbles, thus “imprinting” a
certain intermediate structure of the boundary layers. Hence, surfactants similar to
CTAB in terms of their influence on the foams can be considered as auxiliary
modifiers of the architecture of gaseous pores within the foamed cryogels.

The results presented here thus show that there are very broad possibilities for
affecting the macroporosity parameters in diverse cryogels and to govern, within
certain limits, the architecture and size of the pores templated by the solvent
crystals. In addition, there are many possibilities for creating multifarious addi-
tional macropores in these gel matrices by using auxiliary porogens. In each
particular case, the approach employed depends on the purpose of the produced
cryogel and on the set of material properties required for its efficient application.

4 Conclusions

Finalizing the overview of the literature related to the general aspects of cryotropic
gelation processes, the following basic conclusions can be drawn [7-9, 105, 107,
111, 114, 148]:

1. Cryotropic gel formation is a liquid-phase process occurring in the unfrozen
liquid microphase of a macroscopically frozen system.

2. The final products of such cryostructuring are macroporous, sometimes wide-
pore sponge-like, gel matrices, i.e., cryogels.

3. Due to concentrating of solutes in the unfrozen liquid microphase, an apparent
decrease in the critical concentration of gelation is observed in cryotropic gel
formation as compared to gelation at positive temperatures

4. Acceleration of the gel formation is usually observed in the moderately frozen
systems over a definite range of negative temperatures. The key reason for such
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an acceleration is also the increased concentration of gel precursors in the
unfrozen liquid microphase compared with their concentration in the initial feed.

5. A bell-like dependence of the gelation efficiency on the process temperature is
inherent in cryotropic gel formation.

6. The properties and macroporous morphology of cryogels are controlled by the
gelation temperature, solvent used, concentration of the gelling compounds, the
presence of other solutes, freezing and thawing rates, freezing mode, duration of
the frozen storage, and some other factors.

Finally, polymeric cryogels have a wide range of applications; this statement is
confirmed by the majority of recent experimental papers and reviews relating to the
implementation of cryogel-type materials in various applied areas (e.g., see reviews
[152, 163, 164, 198-203] published in 2013). Certain important aspects related to
the application of various cryogels are also considered in the subsequent chapters of
the present volume.
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