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Abstract Aqueous poly(vinyl alcohol) (PVA) solutions subjected to cryogenic
treatment form strong physical gels. The cryogenic treatment basically consists of
freezing an initially homogeneous polymer solution at low temperatures, storing in
the frozen state for a definite time, and defrosting. These gels are of great interest
for biotechnology, medicine, the food industry, and many other applications. The
outstanding properties of these systems depend on a complex macroporous archi-
tecture, whereby PVA chains and water molecules are organized over different
hierarchical length scales. The structure and the principal processes subtending the
formation of these systems are discussed in the framework of our current under-
standing of polymer gels. These processes involve formation of ice crystals, PVA
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crystallization, liquid-liquid phase separation, hydrogen bonding, and entangle-
ments. Small angle neutron scattering is used to follow the cryotropic gelation of
PV A/water solutions and detailed information is extracted concerning the gelation
mechanism and kinetic parameters related to the formation of these complex
systems.

Keywords Cryotropic gelation ¢ Poly(vinyl alcohol) hydrogels ¢« Time-resolving
small angle neutron scattering ¢ Ostwald stage-rule ¢ Confined polymer
crystallization
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CLSM Confocal laser scanning microscopy
Cp Polymer concentration

* /aq Scattering cross-section

d, Surface fractal dimension

DSC Differential scanning calorimetry

F Free energy

(D) Order parameter

f.(DSC) Fractions of crystalline phase from DSC analysis
f:(NMR) Fraction of rigid protons from NMR measurements

f:(XR) Crystallinity index from WAXS analysis
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q Scattering vector

SANS Small angle neutron scattering
SEM Scanning electronic microscopy
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T Melting temperature

TR-SANS Time resolving-SANS

UCST Upper critical solution temperature

WAXS Wide angle X-ray scattering
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1 Introduction

In this chapter, we deal with kinetic and mechanistic aspects associated with the
complex cryotropic gelation of semidilute aqueous solutions of poly(vinyl alcohol)
(PVA). The possibility of obtaining strong physical gels by cryogenic treatments of
PVA/water solutions has been well known since the 1970s [1-6]. The cryogenic
treatment basically consists of freezing an initially homogeneous polymer solution
at low temperatures, storing in the frozen state for a definite time, and defrosting.
Freezing is generally performed at high cooling rates and, in order to improve the
strength of the gels, freezing and thawing are repeated a number of times. The
strength of PVA cryogels prepared by means of freeze—thaw cycles depends on the
initial polymer concentration in the solution to be frozen, the thawing rate, the
permanence time of the solution at low temperatures, and the number of imposed
freeze—thaw cycles. Cryogel strength is virtually independent of the temperature of
freezing and the cooling rate of the initial solution to that temperature [4, 5,
7]. Strong physical gels can be obtained even by imposing a single freeze—thaw
cycle, either with use of slow thawing rates or by the prolonged storage of the
samples at subzero temperatures [3].

The large interest in PVA cryotropic hydrogels is due to a number of unique
properties, including high dimensional stability, large deformability, maintenance
of high conservative elastic modulus even after immersion in water for a long time
[8, 9], and self-healing performance [10]. In addition, the well-tested biocompati-
bility of freeze—thaw PVA hydrogels and their ability to incorporate and release
large amounts of host molecules of different size in their structure make these
systems particularly attractive for biomedical and biotechnological applications [1,
5, 11].

The outstanding physical properties of freeze—thaw PVA hydrogels derive from
their complex structure, whereby PVA chains and solvent molecules are organized
at different hierarchical length scales. These gels exhibit a structure that includes an
interconnected network of micro- and macropores filled by a polymer-poor phase.
The network scaffolding is ensured by interconnected regions of a polymer-rich
phase [1]. The latter phase is itself organized and consists of small fringed micelle-
like crystalline aggregates of PVA chains and amorphous domains. The PVA
chains in the amorphous domains are swollen by the solvent and act as tie chains
that connect the PVA crystallites.

Section 2 is aimed at recalling the general aspects of polymer gels. These
concepts turn out to be useful in Sect. 3 for understanding the mechanism of
formation, the structure, and the properties of PVA hydrogels generated by physical
crosslinking processes, first in general terms, then focusing on freeze—thaw PVA
hydrogels in particular. The structure of freeze—thaw PV A hydrogels is discussed in
detail and possible mechanisms leading to their formations are illustrated, empha-
sizing some aspects that have been investigated using time-resolving analysis with
small angle neutron scattering (TR-SANS). TR-SANS is used to follow the struc-
tural transformations occurring during consecutive freeze—thaw cycles, with the
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aim of extracting appropriate descriptors of the structural transformations occurring
at the relevant length scale and the kinetic parameters. Chemical hydrogels of PVA
are not included in the present context, in spite of their importance and interesting
properties in several applications. Some excellent reviews on this subject may be
found in the literature [1, 12, 13]. The last section is devoted to the conclusions and
outlook.

It is worth noting that understanding the factors that govern the cryogelation
mechanism of homogeneous polymer solutions is useful both in fundamental
studies of the phenomena subtending the formation of macroporous gels in PVA
and polymers in general and from an applicative standpoint. Such knowledge can
enable control of the final architecture of cryogels by simply tuning the conditions
of preparation, with the aim of obtaining materials with enhanced properties for
tailored applications.

2 General Considerations

Polymer gels are mesoscopic systems that include a liquid phase (solvent) and a
crosslinked three-dimensional (3D) polymer network intimately swollen by the
solvent (solvate) [14—16]. The two phases cannot be distinguished at macroscopic
level, meaning that the gels at macroscale are homogeneous systems.

Gels, are generally formed starting from a solution of a low or high molecular
mass precursor (sol) as a result of a crosslinking process that is able to create a
macroscopic 3D network (gel). Because the presence of crosslinks reduces the
mobility of the molecular species that have reacted to become part of the network,
the solvent may end up entrapped within the network-gel in high amounts instead of
being rejected. It is worth noting that, although the solvent may largely exceed the
polymeric component by weight, gels do not behave as viscous polymer solutions,
but rather behave as elastic solids or semisolids able to withstand their own weight,
even over long time scales.

The liquid component of a gel may either be a pure solvent of the initial
precursor or a polymer-poor liquid phase. The mobility of the solute and solvent
molecules in these liquid domains is high, as in a solution. Consequently, gels
combine the properties of a solid network structure and a liquid solution at the
mesoscale level, giving rise to materials with unique properties that are useful for a
variety of applications.

In particular, polymer gels (depending on the chemical constitution of the
components, processing conditions, and phase composition) may feature a gamut
of properties that range from those of hard and tough materials to those of
elastomers, that is, they are able to undergo large deformation upon application
of pressure and to quickly recover the initial shape and dimensions when the
external stress is removed [12—18]. In all cases, the high dimensional stability of
gels is ensured by the presence of a network, which can be built by either physical
or chemical crosslinks, giving rise to either physical or chemical gels.
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Examples of physical crosslinks are microcrystalline aggregates, entangled
chains, ionic interactions between charged atoms or groups of atoms, and hydrogen
bonds. Physical gels are also reversible because the physical crosslinks can be
created and removed by appropriate physical stimuli (e.g., pH, contact with a
nonsolvent, etc.), and, typically, temperature. For this reason, they are often
named “thermoreversible.”

In chemical gels, the crosslinks are covalent bonds connecting the arms of the
3D network. As a result of covalent bonding, chemical gels are irreversible.

Whereas chemical gels are generally strong, physical gels may be strong or
weak, depending on the strength of the interactions involved in the crosslinks.
Strong physical gels have strong physical crosslinks between polymer chains that
are effectively permanent for a given set of experimental conditions [15-17, 19]. As
an example, strong physical junctions may consist of glassy or microcrystalline
nodules, triple helices, or coiled-coils as, for instance, in the case of hydrogels
formed from fibrous proteins or biomacromolecules.

Weak physical gels have reversible links formed from temporary weak interac-
tions between chains, of the order of kT. These associations have finite lifetimes,
breaking and reforming continuously. Examples of weak physical bonds are hydro-
gen bonds, ionic associations, and micellar aggregates of block copolymers.

The outstanding physical properties of gels associated with their fast stimuli
response have noticeably stimulated research for a long time. Polymeric gels have
been developed that are “smart,” i.e., able to quickly respond to different external
stimuli [15, 20]. For instance, Tanaka’s gels have valuable applications because
they can expand and contract up to 1,000 times their original volume in response to
external stimuli. These gels could be used as artificial muscles, set in motion by a
specific electric pulse [21]. More importantly, the polymers in the gels can capture
or expel specific substances as they grow or shrink, so that the gels could be used,
for example, as super-sponges to absorb and immobilize toxic waste, or as molec-
ular filters of various sorts [18, 20-23]. Among the smart gels, there are materials
that imitate proteins by recognizing conditions and responding to their environ-
ment. For example, smart gels can be fine-tuned to draw humidity from the air when
it is over a certain level at a given temperature. Other gels can release insulin when
the glucose level in the water-rich phase drops below a given point [15, 18]. More-
over, it is worth remembering that gels represent an important intermediate step in
polymer processing for obtaining highly oriented fibers showing high strength and
high modulus (e.g., ultrahigh-strength polyethylene fibers Dyneema and
Spectra) [17].

The outstanding properties of gels are directly related to the chemical nature of
their constituents, their reciprocal arrangement and interactions, and their mobility
in the space. Structure and mobility in a gel, in turn, are fixed by the preparative
conditions and processing. Although a gel may be assimilated to a single giant
branched macromolecule, the structure of its parts covers different orders of
hierarchical organization on different length scales. Roughly, the hierarchical
apparatus of gels ranges from a few nanometers for the size of knots; to hundreds
of nanometers for the organization of matter between first neighboring knots; to
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microns for the relative organization of clusters of knots; and so on. Gels may
include macro- and/or microscale heterogeneities such as macro- and micropores
inside their structure. The length scales and the kind and degree of heterogeneities
in a gel have a strong influence on its final properties. Therefore, the design of
preparation/processing methods for achieving gels with tailored morphology able to
ensure prefixed properties is a research area of great applicative interest.

From a fundamental point of view, the achievement of this goal needs the
establishment of precise relationships between the functionality of the gel and its
fundamental constituents, their chemical nature, their geometric arrangement, and
their mobility. Of primary interest in basic research in the field of polymer gels are
(1) definition of the structural organization of gel components on different length
scales and (2) the structural and morphological transformations of a gel in the initial
state (preparative ensemble), during its performance under application of external
stimuli on the proper time scale (applicative ensemble), and in the final state (end
use ensemble) [24]. In the present context we focus on gels in the preparative
ensemble.

2.1 Physical Gels in the Preparative Ensemble: Main
Processes Creating Networks

Physical gels may originate from a large number of processes able to create
junctions (Fig. 1). Each one of these processes may act alone or in synergy with
the other processes to induce the sol—gel transitions (gelations). Gelation is not a
first-order phase transition and does not lead to a state of thermodynamic equilib-
rium [16]. Instead, the kinetics of the process and the way a crosslinking process is
activated play key roles in the transition [17, 25].

As shown in Fig. 1, sol—gel transitions may be easily driven by the entangle-
ments established among the polymer chains in a semidilute or concentrated
homogeneous solution , i.e., at concentrations higher than that occupied by each
polymer coil within its own pervaded volume, corresponding to the overlap con-
centration [19]. This means that polymer random coils should overlap in order to
establish an entangled network [24] and, hence, to form a gel.

Besides entanglements, a second kind of crosslinking process leading to gelation
involves physical associations such as polar—polar interactions, ionic forces, colloid
interactions, hydrogen bonding, or complex associations such as formation of
multiple helices and/or coiled-coils in biopolymers, self-assembly with formation
of micellar aggregates in amphiphilic block copolymers, and so on.

As shown in Fig. 1, gelation may be also driven by phase transitions as for
instance crystallization. Under specific conditions, formation of crystals from a
homogeneous solution can give rise to junctions and then to a gel. This happens, for
example, with poly(vinyl chloride) [15], isotactic polystyrene, polyethylene [15,
26-31], and many other polymers [32]. In these gels, the junctions are constituted
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( Sol )
traFr"lr;?liSt?ns Associations
»
s & -f :
iquid-liquid ) Polar Complex
ph;;%u;tgg:j;?ion‘_. Crystallization Entanglements Corloid
Gel

Fig. 1 Different processes able to produce a network and therefore a physical gel, and their
possible correlations [17]

by small fringed micelle-like crystals or chain-folded lamellae, while the connec-
tivity is ensured by portions of chains connecting the crystallites throughout the
macroscopic samples, swollen by the solvent.

Finally, gels may be also generated through a liquid—liquid (LL) phase separa-
tion, or a combination of LL phase separation and crystallization, as we shall see in
Sect. 2.2 [17, 25].

Regardless of the kind of process, gelation involves complex mechanisms and
the gradual formation of junctions [16, 19]. As long as these junctions form
aggregates of small dimensions, the system is still a sol (Fig. 2a). Gel is formed
when the concentration of junctions reaches a threshold value, so that at least a
single aggregate having infinite size is created, that is, aggregates having the same
size as the macroscopic sample (Fig. 2b). Above this threshold value some sol
(aggregates of finite size, indicated with an arrow in Fig. 2b) may still survive, and
these aggregates end up connected to the gel only in the later stages of the process.
This is in essence the (site) percolation model [16, 19].

2.2 Metastability and Sol-Gel Transitions

In order to better understand the mechanism of formation of a 3D network, and then
a gel, via a gradual crosslinking (both physical and chemical) process according to
the percolative scheme shown in Fig. 2, we need to emphasize that, regardless of the
processes involved in the creation of junctions, these processes compete with
gelation [16, 17, 25]. As a result of this competition, the process is arrested at an
intermediate level instead of proceeding to completion, so that the system does not
attain the ultimate thermodynamically stable state, but reaches a state far from
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Fig.2 Scheme of percolation in a two-dimensional network [16, 19]. Only ~72 % of the sites are
occupied by “particles” able to form a junction. Each particle may form 1-4 junctions with a first
neighboring particle. Empty balls correspond to unbound particles, filled balls are the particles
connected with at least one first neighbor. (a) Sol: The fraction of particles that have created a
junction is below a threshold value. (b) Immediately above this threshold, we have an aggregate of
infinite dimensions (i.e., the aggregate is of the same size as the macroscopic sample) swollen by
the solvent, unreacted particles, and aggregates of finite dimensions (indicated by an arrow). (c)
Gelation progresses to include all particles

equilibrium [17, 25]. This means that, although gels are often quite long-living with
respect to the lifetime of an experiment, they are usually in a metastable state [17,
25]. For instance, in the framework of the percolation model shown in Fig. 2, for
crystallization-driven gels, when the number density of crystallites that gradually
form in a solution achieves a threshold value, they give rise to a percolative network
extending all over the macroscopic sample, with consequent formation of a gel.
Simultaneously, the crystallization process is arrested at an intermediate state far
from equilibrium, namely, corresponding to a metastable state. This mechanism is
valid for any process able to form junctions [17, 25].

The formation of a gel and the concept of a gel as a metastable state of matter fits
quite well with the Ostwald “stage rule” [33]. This rule was formulated at the end of
the nineteenth century and states that “a phase transformation from one stable state
to another proceeds via metastable states, whenever such states exist, in stages of
increasing stability.” Although this rule does not explain why phase transitions
evolve in this ways, it is considered an intrinsic property of matter.

A metastable state of matter is a state that can exist on the basis of the laws of
thermodynamics and is stable with respect to infinitesimal fluctuations, yet it does
not represent the state of ultimate stability. In Fig. 3, the free energy, F, is reported
as a function of an “order parameter” (®). It is apparent that both metastable (M)
and ultimate stable (E) states are such that the first derivative of F' with respect to
(@), dF/d(®), is equal to zero, and the second derivative (d°F/d(®)?) is positive.
Evolution from the metastable state M to the equilibrium state E needs activation,
AF. Although a metastable state will evolve to an equilibrium state sooner or later,
its lifetime may be longer than the timescale of the experiment [17, 25].

At this point, it is important to introduce two different classes of metastability:
classical metastability and circumstantial metastability [25].

A kind of classical metastability occurs in the case of thermodynamic phase
transitions, as for instance in the case of an LL phase separation. Here, the order
parameter (@) may be identified with the polymer concentration. Fig. 3 states that at



Kinetic Analysis of Cryotropic Gelation of Poly(Vinyl Alcohol)/Water. . . 167

Fig. 3 Scheme of a
metastable state (M) in a Metastable
plot of the free energy F as a State
function of the order

parameter (®). AF .
represents an activation F Equilibrium
barrier bringing the system State
from the metastable state
M to the equilibrium state
E [33]

<P>

a given concentration (and temperature) a solution in a state of metastability M may
reach the equilibrium state E corresponding to phase separation, only by crossing a
barrier AF able to create nuclei of the two phases. The nuclei, once formed, grow,
thus decreasing the free energy and the system reaches the ultimate state of
thermodynamic equilibrium at its own pace.

The concept of circumstantial metastability [25] comes into play in the case of
gels. Here, the order parameter (&) may be identified with the gel fraction, i.e., the
fraction of “particles” (i.e., molecules, bonds, chains, portion of chains, etc.) in
Fig. 2 attached to a macroscopic aggregate during its development. If we assume
that all particles have a functionality of 4 in the square lattice of Fig. 2, each particle
is expected to form a connection with all particles located in the first neighboring
sites in the final state. However, in the configuration of Fig. 2c it is evident that
some particles are connected with only two or a maximum of three of the available
first neighboring particles. Therefore, the system in Fig. 2c is far from equilibrium;
it is in a metastable state, and can attain a state of lower free energy only by crossing
a thermodynamic barrier. The reason why it may assume a frozen-in configuration
such as that in Fig. 2c can be explained by kinetics. Some agency able to create
metastability comes into play [25], reducing the “reactivity” of the particles and
freezing the gel in that configuration. The nature of the agency able to create a
metastable state in a sol-gel transition could be the presence of impurities blocking
the functionality of some particles, the high viscosity achieved by the system at
onset of gelation, the temperature, and many other factors.
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2.3 Role of Phase Separations in Gel Formation

The arguments of Sect. 2.2 mean that two specific conditions must be fulfilled in
order for a phase transformation to lead to a macroscopic network of junctions and
thus to a gel [17]: first, the phase transformation must be incomplete and, second, it
must stop wherever connectivity has been established throughout the whole mac-
roscopic sample.

The first condition is driven by thermodynamics, but it is always controlled by
the kinetics of the process through some kind of agency able to create metastability
[25]. Because of this agency, the system fails to attain its ultimate stability
(corresponding to completion of the process) and is arrested in one of the multiple
minima of the free energy profile with respect to the order parameter (@) (Fig. 3).

The second condition is a geometric factor and it is not related to the process, but
represents the condicio sine qua non for obtaining a gel. It is worth noting that the
connectivity can be established either by individual chain molecules or by a
continuity of microphase separated domains, or by a combination of both kinds
of associations [25]. As a consequence, a large variety of morphologies may be
obtained, depending on the chemical nature of the polymer, the kind of solvent, the
initial polymer concentration, the gelation temperature, the rate of cooling/heating
to this temperature, and so on.

Although application of the above general concepts to understand physical
gelation is, at least on a qualitative ground, straightforward in the case of crystal-
lization, it is more tricky in the case of LL phase separations.

LL phase separation may play a key role in the gelation of some noncrystalline
polymers such as atactic polystyrene (a-PS) [34—-36]. For a-PS, the physical junc-
tions are not crystals and there are no specific interchain interactions, yet a-PS can
form gels. Arnauts and Berghmans were the first to explain the gelation of a-PS in
terms of LL phase separation combined with vitrification [36]. In this case, vitrifi-
cation acts as the agency responsible for arrest of the LL phase separation, and locks
the system in a metastable state.

This mechanism is illustrated in Fig. 4a, where the phase behavior of a polymer
solution featuring an upper critical solution temperature (UCST) behavior at T is
shown as an example, with T, being the critical temperature. Curve b in Fig. 4 is the
binodal, i.e., the curve delineating the concentration of the polymer-rich and
polymer-poor phases in equilibrium at each temperature. The LL phase separation
occurs at temperatures below the binodal, in any case at temperatures below the 7.
In Fig. 4, the curve s represents the spinodal, which is the ultimate thermodynamic
limit of stability for homogeneous solutions. Below this curve, homogeneous
solutions are unstable and undergo phase separation due to the effect of infinites-
imally small fluctuations in composition and density (spinodal decomposition). For
concentrations that fall in the region between the spinodal and binodal, homoge-
neous solutions are in a (classical) metastable state, that is, they are stable with
respect to concentration and density fluctuations, and undergo phase separation by a
free-energy-activated process involving nucleation and growth. Finally, curve g in
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Fig. 4 Schematic phase diagrams of a polymer solution showing LL phase separation with UCST
behavior. Curve s is the spinodal, curve b is the binodal, and curve g is the glass transition
temperature as a function of polymer concentration. BP indicates the Berghmans point. (a) LL
phase separation is the only thermodynamic transformation of the system [17, 25, 36]. (b) Curve ¢
shows the crystallization temperature of a polymer fully miscible in a solvent as a function of
concentration in the solution [17, 25]. The LL phase coexistence curve (combined with vitrifica-
tion) is a (classical) metastable process that lies beneath the crystallization curve c. In route /, a
polymer solution is supercooled at ATy, and the only active process is polymer crystallization. In
route 2, the initially homogeneous solution is supercooled to a larger undercooling than AT
namely AT,. Crystallization may compete either with LL phase separation when reaching point C,
or LL phase separation coupled with vitrification when reaching point D. At C, crystallization may
take place in the polymer-rich phase. At D, both LL phase separation and crystallization may
become arrested by vitrification

Fig. 4 represents the dependence of the glass transition temperature Ty, on the
polymer concentration. Because T, of the pure polymer decreases by addition of the
solvent, curve g intersects the binodal at the point BP, named Berghmans point after
Hugo Berghmans [36].

Starting from a homogeneous polymer solution with concentration C,, the LL
phase separation sets in by decreasing the temperature below T, for instance, at
temperature 7. The tie line (isotherm) intersects the binodal at points A and B (see
Fig. 4), and these points define the concentrations of the polymer-poor and
polymer-rich phases in equilibrium at 7';, originating from the LL phase separation.

We recall that, regardless of the exact mechanism leading to phase separation
(spinodal decomposition or nucleation and growth), the ultimate stable morphology
obtained upon de-mixing should correspond to a two-layered liquid in order to
minimize the specific interfacial area [37]. Spinodal decomposition is driven by
spontaneous barrier-free composition fluctuations, so that, since the beginning and
during the transient stages of the transformation, the morphology is characterized
by a kind of a bi-continuous network of the two phases. By contrast, in the case of
nucleation and growth, droplets of one phase are formed in the continuous matrix of
the other phases before reaching macroscopic segregation. Therefore, during the
de-mixing process a gamut of morphologies develops, gradually leading to the
coalescence of the small domains of the two phases into increasingly bigger
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domains, up to the ultimate layered morphology. The transient morphologies
depend not only on the initial concentration and temperature, which in turn define
the relative amount of the two phases in equilibrium based on the lever rule [19],
but also on the degree of evolution of the phase separation and, hence, on the time
of observation [25].

At temperatures lower than T, the intersection point B shifts towards higher
concentrations up to reach the Berghmans point BP at T, (see Fig. 4). At this point,
the polymer-rich phase vitrifies, blocking the progress of the phase separation. A
first direct consequence of vitrification is that at and below the temperature
corresponding to BP, the system ends up in a metastable state characterized by
the same phase morphology prevailing at the stage of vitrification, instead of
attaining the ultimate thermodynamically stable state characterized by the segre-
gation of the two phases in layers [17, 25].

A second consequence of vitrification is that morphological development is
arrested and all further compositional changes cease, and the glass transition
becomes invariant with composition. If, at the moment of the arrest of LL phase
separation, the vitrified phase has become connected throughout the macroscopic
sample volume, the solution converts into a gel [17, 25]. Possible limiting mor-
phologies of these gels are illustrated as an example in Fig. 5.

Gels may also arise from a combination of LL phase separation coupled with
crystallization [17, 25]. This is a more complex situation and occurs when one or
more metastable states lie “buried” beneath the state of ultimate stability in the
phase diagram [17, 25]. A hierarchy of metastability arises in this case due to the
possibility of several metastable phases. These metastable phases, once formed, can
evolve faster than the transition leading to the ultimate stable phase and can
dominate the whole transformation process.

As an example, Fig. 4b illustrates the case of a fully miscible polymer solution,
in which polymer crystallization takes place at equilibrium values of temperatures
delineated by the curve c. Hence, for this system, at temperatures below the curve c,
the crystalline state corresponds to the state of ultimate stability. However, the
system in Fig. 4b also displays a metastable LL phase separation, as indicated by
curve b, lying below the crystallization curve c. Also shown is the glass transition
temperature T, of the polymer as a function of polymer concentration intersecting
the binodal at the Berghmans point BP. A first set of metastable states may arise
because of the high undercooling AT that is generally required for crystallization to
take place at practical rates. Besides crystallization, other sets of metastable states
may also arise for this system, depending on the undercooling, according to a
hierarchy. Such scheme fits quite well what occurs in the case of poly(phenylene
ether) in cyclohexanol, as an example [38]. In Fig. 4b, route 1 shows that, starting
from an initially homogeneous solution, crystallization takes place at low
undercooling AT if sufficient time is allowed. At low undercooling, only crystal-
lization takes place. In route 2, the undercooling AT is larger than AT and crosses
the binodal. Depending on the magnitude of the undercooling, either de-mixing
occurs first and crystals are formed in the polymer-rich phase (point C) or the
polymer-rich phase vitrifies at and below the Berghmans point (point D), and both
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Fig. 5 Three typical frozen-in morphologies of gels obtainable by LL phase separation
interrupted by vitrification: (a) Molecularly connected morphology comprising glassy spheres of
the polymer-rich phase connected by isolated solvated chains. (b) Bi-continuous two-phase
morphology. (¢) Continuous glassy phase including droplets of the polymer-poor phase. The
polymer-rich phase is gray, the solvent-rich phase is white. In b, the connectivity of the two
phases could only be represented in two dimensions. For crystallizable polymers, the physical
crosslinks in a—c may also be small crystallites, either in the shape of chain-folded lamellae or
fringed micelle-like aggregates

de-mixing and crystallization processes are arrested by vitrification. In both cases,
gels may be formed only if the degree of connectivity in the polymer-rich phase
achieves a threshold value. Furthermore, regardless of undercooling depth, the
above hierarchy of metastability may become accessible only if the initial homo-
geneous solution is cooled to the target temperature at high rates. For low cooling
rates, crystallization is likely to occur during the cooling process before the
attainment of binodal and/or vitrification. In route 1 of Fig. 4b, homogeneous
gelation may take place if small crystallites are formed that are well interconnected
all over the macroscopic sample by well solvated tie chains (as shown in Fig. 5a),
the difference being that the amorphous nodules are replaced by chain-folded
lamellae or fringed micelle-like crystals. By contrast, the structures of gels that
are likely to result from route 2 of Fig. 4b are porous and heterogeneous (as shown
in Fig. 5b, c). They consist of two bi-continuous phases meandering around each
other, namely a polymer-rich and a polymer-poor phase. In these gels, the regions
of the polymer-poor phase act as pores and allow small and large molecules to
diffuse, whereas the polymer-rich regions are heterogeneous and include an amor-
phous phase swollen by the solvent and small crystals or glassy nodules of the
polymer. The chains in the amorphous phase connect the crystallites and/or the
glassy nodules constituting the physical crosslinks of the 3D macroscopic network
of the gels.
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3 Poly(Vinyl Alcohol) Hydrogels

PVA is one of the most studied gel-forming polymers and is able to give rise to a
large variety of gels of widespread interest, using several kinds of solvents and
under a large variety of preparation/processing conditions [1]. Confining our
attention to PVA hydrogels, it has been shown that aqueous solutions of PVA can
form gels under several conditions and that the properties of the resultant systems
are largely dependent on the structure fixed by the preparative route.

In this section, after a brief discussion of the principal categories of PVA
physical hydrogels in general, the PVA hydrogels obtained by cryogenic treatments
are treated in detail.

3.1 Crystal Structure of PVA

PVA is an atactic polymer obtained by free radical polymerization of vinyl acetate
and successive hydrolysis. The hydrolysis of poly(vinyl acetate) (PVAc) does not
convert all the acetate groups into hydroxyl groups, but gives rise to PVA polymers
with a partial degree of hydrolysis that depends on the extent of the reaction.

The properties of PVA are strongly influenced by the degree of hydrolysis
[39]. For instance, the water solubility of PVA depends on the degree of hydrolysis
and the molecular weight [12]. The higher the degree of hydrolysis of PVA grades,
the lower the corresponding PVA solubility. Residual acetate groups in partially
hydrolyzed PVA improve water solubility by disrupting polymer—polymer inter-
and intrachain hydrogen bonding between hydroxyl groups and, consequently,
promote polymer—solvent interactions [12]. In highly hydrolyzed PVA grades, the
water solubility decreases due to unhindered formation of polymer—polymer
interchain and intrachain hydrogen bonds between the pendant hydroxyl groups,
so that establishment of effective interactions of PVA chains with the solvent are
prevented.

In spite of the lack of stereoregularity, atactic PVA is a semicrystalline polymer
[40, 41]. The crystal structure of PVA was resolved in 1948 by Bunn [41]. It is
characterized by chains in a trans-planar conformation, packed in a monoclinic unit
cell with @ = 7.81 A, b = 2.52 A (chain axis), ¢ = 5.51 A, and B =91.7° (see
Fig. 6).

The arrangement of chains inside the crystals can be described as consisting of
double layers of chains running parallel to the bc-plane, and stacked along the a-
axis. These double layers are defined by the hydrogen bonds established between
the hydroxyl groups belonging to first adjacent chains facing along a. Consecutive
double layers establish only weak van der Waals interactions. The degree of
stereoregularity of PVA significantly affects the crystallizability, and atactic PVA
is more easily crystallized than the isotactic and syndiotactic counterparts [1, 12].
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c-Projection b-Projection

Fig. 6 (a,b) Model of the crystal structure of atactic PVA, proposed by Bunn [41] in the c-axis (a)
and b-axis (b) projections. Dotted lines represent hydrogen bonds established between the
hydroxyl groups belonging to adjacent chains along the a-axis within a double layer. The unit
cell is indicated by dashed lines. Since PVA is atactic, the occupation factors of —OH groups is %2
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Fig. 7 X-ray powder diffraction profile of crystalline PVA. The 101 and 101 reflections at
20 = 19.4° and 20°, respectively, are indicated [42]. (Reproduced with permission from
[42]. Copyright 2004 by American Chemical Society)

The melting temperature of PVA ranges between 220 and 240 °C. The glass
transition temperature is 85 °C in dried PVA samples [1], and decreases with the
amount of water adsorbed by PVA due to plasticization effects. For instance, the
glass transition temperature of PVA containing 10 wt% of water is ~37 °C.

The wide angle X-ray (WAXS) powder diffraction profile of crystalline PVA is
reported in Fig. 7 [42]. A strong peak at d = 4.68 A (20 = 19.4°) and a shoulder at
d = 4.43 A (20 = 20°) are present, corresponding to the 101 and 101 reflections,
respectively, of the monoclinic unit cell [41].
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3.2 PVA Physical Hydrogels

The formation of physical gels from water solutions of PVA has been widely
studied. In fact, it is well known that aqueous PVA solutions undergo gelation
upon cooling. In these gels, the physical cross-links are generally fringed micelle-
like PVA crystallites. In particular, Komatsu et al. [43] found that the phase
diagram of this system shows an upper critical solution temperature (UCST), and
that the spinodal curve crosses the sol-gel transition curve. This phase diagram is
redrawn in Fig. 8.

It is apparent that gelation takes place both below and above the spinodal curve,
indicating that gels may be formed either accompanied by spinodal decomposition
or without liquid-liquid phase separation, respectively [43]. In both cases, crystal-
line gels are formed where small crystals of PVA in the monoclinic form [40, 41]
act as junctions [43, 44]. Statistical gels having a homogeneous structure are formed
in the temperature—concentration region above the spinodal; however, the supra-
molecular structure of the hydrogels that develop in the temperature—concentration
region below the spinodal is considerably different and more heterogeneous than
the structure of the statistical gels [17, 24, 25, 43]. As discussed in Sect. 2, the
development of an interconnected structure in the polymer-rich phase formed by
spinodal decomposition is not necessarily the origin of gelation [17, 25]. In fact, in
order to have a gel some agency should come into play to arrest PVA crystallization
and/or LL phase separation at an intermediate stage, creating circumstantial meta-
stability [25]. In the case of PVA, the network structure may be easily created by
occurrence of LL phase separation, which arrests crystallization, and/or vitrification
that arrests both crystallization and LL phase separation (Fig. 5b). Since the glass
transition of dry PVA is equal to ~85 °C and is lowered to ~37 °C by the presence
of ~10 wt% water, LL phase separation of aqueous solutions of PVA are likely to
occur below the Berghmans point [17, 25]. This means that PVA hydrogels formed
below the spinodal may correspond to metastable frozen-in configurations affected
by vitrification. Whatever the exact mechanism of gelation of PVA, the physical
junctions of the macroscopic network are not only PVA crystallites, but also
entanglements and hydrogen bonds.

Formation of physical gels from aqueous PVA solutions may also occur by
impairing the thermodynamic quality of the solvent as a result of the introduction of
nonsolvent additives [4, 5, 45]. However, in all cases, the so-obtained thermore-
versible PVA gels possess low melting temperatures (7, < 3040 °C), low
mechanical strength, and they are not able to retain their size and dimensions for
a long time.

Attempts to make stronger physical hydrogels of PVA include induction of
crystallization through dehydration at a slow drying rate [1, 46] and/or fast drying
rate procedures such as annealing, under different conditions [1, 47]. The presence
of crystals in physical hydrogels of PVA generally results in better mechanical
properties than in PVA gels prepared through chemical or radiation-induced
techniques.
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Fig. 8 Sol-gel transition
curve, spinodal, and binodal
of water/PVA binary system
(redrawn from [43]). The
left arrow indicates the
glass transition temperature
of 37 °C relative to a PVA
sample that had not been
dried before DSC
measurement and contained
~10 wt% water.
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3.3 PVA Cryogels

In water/PVA systems, gelation may also be induced by cryogenic treatments, i.e.,
at temperatures where the formation of ice crystals takes place [1-7]. Cryogelation
was introduced at the beginning of the 1970s as a new technique for the preparation
of PVA physical hydrogels having improved mechanical properties [2, 48] with
respect to those obtained using more conventional methods. As already stated in the
“Introduction,” this cryogenic process consists in submitting a PVA aqueous
solution to repeated cycles of freezing at subzero temperature (T < —4 °C) and
thawing to room temperature. In PVA hydrogels prepared by the freeze—thaw
technique and having a rather high PVA content, the junctions in the stable
supramolecular network are crystallites [1, 49].

Peppas made the first attempts to understand the freeze—thaw process of PVA
solutions to form hydrogels by performing turbidimetric measurements [1,
2]. Peppas studied the gelation mechanism on water solutions with PVA content
in the range 2.5-15 wt%, frozen at —20 °C for 45-150 min, and then thawed at
23 °C for long periods of time (up to 12 h). He explained the appearance of turbidity
after freezing in terms of a partial crystallization of chain segments into microcrys-
talline aggregates. Moreover, Peppas demonstrated that crystallinity increases with
increasing freezing time as well as with increasing PVA concentration [2].

Yokoyama and coworkers [49] performed X-ray diffraction experiments on
PVA hydrogels. The X-ray diffraction patterns of these gels showed the presence
of crystalline reflections. However, a deeper analysis of diffraction data was not
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carried out because of the very low crystallinity in these systems and the presence of
a broadly diffuse scattering due to the water [1, 49].

Watase and Nishinari [8] examined PVA hydrogels obtained by freeze—thaw
cycles (—20 °C for 11 h, followed by 15 °C for 7 h), starting from an aqueous
15 wt% PVA solution. PVA specimens used were of five different degrees of
hydrolysis, ranging from 96.0 up to 99.9 mol% hydrolyzed acetate groups. In this
study, the PVA gel samples were immersed in water for 4 days before the analysis.
The authors [8] reported X-ray diffraction patterns for PVA gels in the stretched
and unstretched states. The X-ray diffraction profiles exhibited a halo characteristic
of amorphous materials at 260 = 26-27° and a weak crystalline peak at about
20 = 19.5°, corresponding to a d spacing of 4.53 A. This characteristic crystalline
peak was not observed for gels with a rather low degree of hydrolysis of PVA
(96.0 mol%) stretched at low deformation, but it appeared at draw ratios higher than
five times the initial length. The differential scanning calorimetry (DSC) thermo-
grams of the PVA hydrogels showed an endothermic peak at about 60 °C, attributed
to the disentanglements of flexible molecular chains. Another endothermic peak at
higher temperature was found for all samples except for the sample prepared with
PVA at the lowest degree of hydrolysis. This second peak was considered to be
due to the melting of crystalline regions. The authors concluded that repeated
freeze—thaw cycles as well as stretching increase the degree of crystallinity and
that the elasticity is strongly affected by the latter parameter [8]. In a following
study on PVA hydrogels obtained by freeze—thaw cycles, the same authors [50]
pointed out by rheology, DSC, and X-ray analysis how slight differences in the
degree of hydrolysis may significantly change the gel structure. They showed that
the presence of bulky acetate groups can inhibit the formation of PVA gels [50].

The structure and dynamics of PVA hydrogels obtained by freeze—thaw cycles
have been studied by '>*C NMR and 'H pulse NMR methods [51—54]. Kobayashi
et al. [51, 52] used high-resolution solid-state 13C NMR experiments to show the
role of intermolecular hydrogen bonds in the formation of PVA hydrogels through
the formation of interchains crosslinks. The hydrogen bonds can be studied by
observing the methine carbon lines in the immobile regions of gels; the lines can be
assigned to carbons involved in two, one, and no hydrogen bonds [55]. The
hydrogen bonds in the crosslinked region in PVA gels have the same NMR
characteristics as those observed in the solid neat PVA. From such evidence, it
was concluded that microcrystallites are formed in PVA gels.

As an example, the X-ray powder diffraction profiles of freeze-thaw PVA
hydrogel samples are reported in Fig. 9 after subtraction of a straight baseline,
approximating the background contribution. These gels were obtained by
subjecting a 11 wt% aqueous solution of PVA to a different number of consecutive
cycles consisting of a freezing step (20 h at —22 °C) followed by a thawing step (4 h
at 25 °C) [42]. The as-formed PVA hydrogels obtained by one to nine freeze—thaw
cycles are denoted as GEL-1 to GEL-9 samples. For comparison, the diffraction
profile of pure water is also shown in Fig. 9.
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Fig. 9 X-ray powder diffraction profiles of freshly prepared PVA cryogels (samples GEL-n)
obtained by different numbers n of freeze—thaw cycles (solid lines). The X-ray diffraction profile
of liquid water is also shown (dashed lines). The 101 and 101 reflections of PVA crystals in the
monoclinic form, in the 26 range 18-21°, are shown in gray. In the case of GEL-1, the crystalline
reflections are evidenced in the inset at an enlarged scale. (Reproduced with permission from
[42]. Copyright 2004 by the American Chemical Society)

The diffraction profiles of these gels may be considered as arising from the sum
of three contributions: a large contribution (region A1) derived from the pure water
or a polymer-poor phase (dashed line), a small diffraction component in the range
18-21° derived from crystalline aggregates of PVA (region A2), and a third
contribution (region A3) derived from the amorphous PVA phase swollen by the
solvent (see Fig. 9). Therefore, at least three phases coexist in these gels: a polymer-
poor phase consisting of almost pure solvent, PVA crystallites, and swollen amor-
phous PVA. It is apparent that the largest contribution to the X-ray diffraction
scattering is due to water, whose relative amount is =88 % in the case of GEL-1 and
gradually decreases with increasing number of freeze—thaw cycles, reaching the
value of =85 % in the case of GEL-9 [42]. However, in all cases, the presence of
101 and 101 Bragg reflections of PVA crystals in the monoclinic form, in the 26
range 18-21°, is the hallmark that PVA cryogels are crystalline.

The presence of crystals in PVA cryogels has been confirmed by numerous
techniques, including 'H NMR free induction decay experiments, and DSC analysis
[56, 57].

In Fig. 10, the fractions of crystalline PVA with respect to the total amount of
PVA in the crystalline and swollen amorphous phases, obtained by X-ray powder
diffraction analysis, f.(XR) [57], are reported as a function of the number of freeze—
thaw cycles for the as-formed PVA hydrogels. They are compared with the frac-
tions of crystalline PVA with respect to the total amount of PVA in hydrogels, as
determined by DSC, f.(DSC) [42, 57], and the fractions of rigid protons calculated
from 'H free induction decay experiments, f.(NMR) [56, 57]. In all cases, the
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Fig. 10 Fraction (%) of crystalline PVA with respect to the total amount of PVA in the crystalline
and swollen amorphous phases, obtained by X-ray powder diffraction analysis, fc(XR) (diamonds)
[42]; fraction of crystalline PVA with respect to the total amount of PVA in hydrogels, determined
by DSC, fe(DSC) (squares) [57]; and fraction of rigid protons, calculated from 'H free induction
decay experiments, fc(NMR) (triangles) [56, 57], as a function of the number of freeze—thaw
cycles (n) for the as-formed PVA hydrogels. (Reproduced with permission from [57]. Copyright
2004 by the American Chemical Society)

cryogels were obtained using the same protocol, starting from a D,O solution of
11 wt% PVA. It is apparent that the percentage of rigid PVA protons f.(NMR) and
the values of f.(XR) are in good agreement. They both increase with increasing
number of freeze—thaw cycles, from a value of 2.5 % up to a nearly plateau value
after about five cycles. In particular, for GEL-9 the degree of crystallinity is around
67 %. The values of f.(DSC) show the same plateau behavior after five freeze—
thaw cycles, even though they are systematically lower than the values of
f:(XR) and f.,(NMR). This is due to the fact that, as a result of the small size of
crystallites in PVA hydrogels and the presence of large amounts of water, in the
DSC heating curves of these gels there is a strong overlap between the endothermic
transition due to the melting of PVA crystals and exothermic phenomena due to
PVA solubilization and solvation (or even recrystallization) [57].

More sophisticated NMR techniques have been also applied to measure the
crystallinity in PVA cryogels [58]. For instance, pulsed mixed magic-sandwich
echo sequences have been applied in a low-field NMR spectrometer [58]. This kind
of pulse sequence provides near-quantitative refocusing of the rigid contribution to
the initial part of proton free induction decay [58], allowing for a more quantitative
determination of crystallinity in these gels. The results so obtained essentially
confirm those shown in Fig. 10.
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3.4 Structure of PVA Cryogels at Different Length Scales

The three-phase model adopted to describe the fraction of crystalline PVA in
freeze—thaw hydrogels from X-ray diffraction analysis is in agreement with numer-
ous studies.

For instance, in 1986, Yokoyama et al. investigated the morphology and struc-
ture of PVA freeze—thaw hydrogels (5—-15 wt% of PVA), using a variety of
techniques including X-ray diffraction, scanning electronic microscopy (SEM),
and light optical microscopy [49]. They showed, by SEM analysis, that these gels
have a porous structure, where the pore size increases from approximately 1 to
10 pm as the polymer concentration decreases from 15 to 5 wt%. They proposed a
three-phase model to describe the porous structure of these gels (Fig. 11). The
model consists of a water phase with a very low PVA concentration, an amorphous
phase in which each PVA chain is swollen by water, and a PVA crystalline phase
that partially prevents the motions of the amorphous chains. According to this
model, the pores are mainly occupied by a polymer-poor phase that forms an
interconnected continuous network, meandering through polymer-rich regions.
The ice crystals are accommodated in the polymer-poor phase during the freezing
step. The polymer-rich regions, in turn, are interconnected and build up the 3D
network scaffold of the gels delimiting the pores. These regions consist of a swollen
amorphous phase and PVA crystallites where the amorphous portions of chains
connect the crystalline domains acting as junctions. Formation of the crystalline
crosslinks ensures high dimensional stability and gives elastic properties to these
gels.

The porous structure of PVA hydrogels is already imprinted in the first freeze—
thaw cycle. This was shown by Fergg et al., using confocal laser scanning micros-
copy (CLSM) in the fluorescent mode [59], in the case of PVA hydrogels obtained
by imposing a single freeze—thaw cycle (—15 °C for 24 h, then room temperature
for 3 h). The advantage of using CLSM is that water does not need to be removed
from hydrogels prior to examination. In the case of SEM analysis, dehydration
procedures are always required before performing the observations, with the con-
sequent drawback that the native morphology of gels might be significantly altered.
Selected CLSM micrographs (extracted from [59]) of PVA hydrogels are shown in
Fig. 12.

The pore or mesh size in these cryogels increases from ~2 to 7 um with
decreasing PVA concentration. The CLSM analysis also indicates a tight intercon-
nection of the pores all over the macroscopic samples, a uniform size of pores in the
bulk, and no preferential structural orientation [59].

The complex architecture of PVA hydrogels, which includes a polymer-poor
phase filling the pores and interconnected polymer-rich regions building the 3D
network, made up by crystalline crosslinks connected by PVA chains belonging to
the swollen amorphous regions (Fig. 11), has also been confirmed by small angle
neutron scattering (SANS) measurements. Typical SANS profiles from as-formed
PVA hydrogels obtained by subjecting a deuterated water solution of 11 wt% PVA
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Fig. 11 Structural model of the porous structure for PVA hydrogels prepared by repeated freezing
and thawing cycles [49]

to one (GEL-1) and nine (GEL-9) consecutive freeze—thaw cycles (20 h at —22 °C,
then 4 h at 25 °C) are shown in Fig. 13 [60]. The SANS profile of the initial
homogeneous solution is also shown in Fig. 13a.

It is apparent that the scattering cross-section profile (do/d€) from the
homogeneous PVA solution denotes the presence of small scattering objects,
essentially corresponding to individual chains of PVA with a Gaussian coil con-
formation (Fig. 13a). This curve is different from those of PVA GEL-n samples,
indicating that PVA chains and solvent molecules are highly organized in these
gels. In the SANS profiles of the gels, three different regions can be distinguished:

1. Aregion at low g values (¢ < 0.09 nmfl), where ¢ = 47/(4 sinf). In this region,
the scattering cross-section exhibits an upturn, which is not present in the SANS
curve of the initial homogeneous solution. In this zone, the data reflect a
supramolecular organization, which has been associated with the presence of
two separated phases constituted of polymer-rich and polymer-poor regions.

2. A region at intermediate ¢ values (0.09 < ¢ < 0.35 nm™"). In this region, an
inflexion point is present at ¢*, which gives the average distance L between the

scattering crystallites, where L ~ 27 / g In all gel samples, this inflexion point
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Fig. 12 (a—c’) Confocal laser scanning microscopy (CLSM) images of PVA hydrogels obtained
by imposing a single freeze—thaw cycle on initial water solutions of PVA containing poly(ethylene
glycol) PEG-600 of weight composition PVA/PEG/water 8/10/90 (a, a’), 12/10/90 (b, b’), and
16/10/90 (¢, ¢'). All samples were examined after washing out PEG-600 and after addition of
5-dichlorotriazine fluorescein as fluorochrome. Images of bulk structures were taken at 10 pm (a,
a’) and 15 pum under the surface (b, b, ¢, ¢/) at two different magnifications as indicated
[59]. (Reproduced with permission from [59]. Copyright 2001 by Springer)
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Fig. 13 SANS data from freshly prepared PVA cryogels (samples GEL-r) obtained by subjecting
a deuterated water solution of 11 wt% PVA to (a) one (GEL-1) and (b) nine (GEL-9) consecutive
freeze—thaw cycles (20 h at —22 °C, followed by 4 h at 25 °C). Data from the initial PVA solution
(V) used for gel preparation are included in a. do/df2 is the scattering cross-section and ¢ is the
scattering vector, where g = 4z/(4 sind), with € being one half of the scattering angle.
(Reproduced with permission from [60]. Copyright 2002 by the American Chemical Society)

occurs at ¢* ~ 0.03 nm ', indicating a distance between crystallites of the order

of 20 nm.
3. A region where 0.35 < ¢ < 0.8 nm™ . In this zone, the scattering cross-sections

decrease with a power law do/dQ>4 D, where the value of D depends on the
number of cycles. More precisely, D ~ 2 for GEL-1 and D ~ 3 for GEL-9.
Provided we are looking in this region at the boundary structure between two
phases, possibly the crystallites and the swollen amorphous phase, we may apply
the surface fractal concept to the function do/d<2. According to this concept, the
exponent D is related to the surface fractal dimension d; in a d-dimensional
space, through D = 2d — d,. For example, in 3D space, d; ranges from 2 to
3, corresponding to a range of D from 4 to 3. If the boundary were smooth,

4
Porod’s law (da/ de>q ) would be observed. For our PVA gels, values of

D less than 4 suggest that the boundary is not smooth, due to some degree of
interpenetration between the amorphous and crystalline phases at the interface.

From the analysis of SANS data [60], an average size of PVA crystallites equal
to about 3 nm could be established, in good agreement with the coherence length of
crystallites determined from the width at mid-height of 101 reflection in the X-ray
diffraction profiles of these gels (Fig. 9) by applying the Scherrer formula [42].

The hierarchical structural model emerging from microscopic, WAXS, and
SANS investigations of PVA cryogels is shown in Fig. 14.

According to this model, PVA chains and solvent molecules in these gels are
organized over different hierarchical length scales. At the micrometer length scale,
two bi-continuous phases meandering around each other co-exist, consisting of
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Fig. 14 The bi-continuous Polymer poor regions
structure of PVA hydrogels

obtained by freeze—thaw
cycles with a PVA-rich
phase and a PVA-poor
phase. The fine structure of
the polymer-rich region,
including PVA crystallites
and a swollen phase, is also
indicated

Polymer rich
regions

PVA crystallites

Swollen amorphous
PVA

polymer-rich and polymer-poor regions [4—6, 60, 61]. The polymer-rich regions
(of average dimensions on the order of micrometers) [60] include crystallites of
PVA of size equal to 3—4 nm [42, 60] and a swollen amorphous phase. The average
distance between crystallites is on the order of 10-20 nm [60]. The polymer-poor
regions, in turn, constitute the macropores and have sizes on the order of 1-10 pm
[1, 4-6, 62, 63]. The physical crosslinks of the macroscopic network are essen-
tially PVA crystallites connected by portions of chains swollen by the solvent
[42, 57, 61].

3.5 Influence of Addition of Other Solvents

The influence of additional solvents to PVA/water solutions in the preparation of
PVA gels by the freeze—thaw technique has been studied by numerous authors.
As an example, Hyon and Ikada prepared transparent hydrogels from PVA
solutions in mixed solvents of water and water-miscible organic compounds [1,
64] such as dimethyl sulfoxide, glycerine, ethylene glycol, propylene glycol, and
ethyl alcohol. Upon cooling these solutions to subzero temperatures, the presence
of the organic solvent mixed with water prevents the PVA solution from freezing.
At these temperatures PVA crystallization takes place, giving rise to formation of
gels. The successive extraction of the organic solvent from the gels by exchange
with water provides fully hydrated gels of PVA with high tensile strength, high
water uptake, and high light transmittance. The last property is very important,
especially for contact lenses applications [65]. The mechanism of gelation and
formation of gels with increased light transmittance was explained as follows [64]:
As the homogeneous solution is cooled, molecular motions are constrained. The
consequence is that the interchain interactions of PVA, probably due to hydrogen
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bonds, are promoted to yield small crystalline nuclei. Crystallization can proceed
further as the solution remains at low temperatures for longer times. The crystallites
serve as crosslinks to hold the 3D network structure. By addition of organic solvent,
the PVA solution is prevented from freezing, even at temperatures below 0 °C. This
permits PVA crystallization to proceed without a significant volume expansion.
Therefore, the resulting gel contains pores smaller than 3 pm, giving rise to a
transparent gel [1, 64].

In the case of PVA gels prepared by freezing and thawing techniques in the
presence of ethylene glycol, Berghmans et al. suggested a two-step mechanism [66]
involving a liquid-liquid phase separation in the first step (evidenced from the fact
that the gel becomes opaque) followed by PVA crystallization in the polymer-rich
phase in the second step.

Extensive studies have also been performed on PVA gels using mixtures of
dimethyl sulfoxide and water as solvent (60/40 v/v) [67-73]. It was shown that gels
prepared by freezing below —20 °C are transparent. Their properties depend on the
ratio of dimethyl sulfoxide to water. It was also noted that gelation occurs below —
20 °C without phase separation. However, above this temperature, LL phase
separation plays an important role for the gelation process, giving rise to
opaque gels.

Kanaya et al. used wide and small angle neutron scattering and light scattering
experiments to provide extensive information concerning the structural organiza-
tion of PVA gels formed in mixtures of DMSO and water at various length scales
[67—73]. The presence of small PVA crystallites acting as crosslinks for the 3D
network of these gels was confirmed. The crystallites have a sharp surface,
presenting an average size of ~7 nm and average distance of about 15-20 nm.

Trieu and Qutubuddin also investigated the structure of freeze—thaw PVA gels
obtained from aqueous DMSO solutions [74, 75]. The authors characterized the
gels by using freeze-etching and critical point drying SEM techniques. A higher
porosity was observed at the surface than in the bulk of the gel.

It is worth noting that, regardless of the kind of solvent (pure water and/or water
mixtures with other solvents), features common to PVA gels obtained by cryotropic
treatments are the presence of a complex porous architecture that includes
macropores filled with a polymer-poor phase and meandering polymer-rich regions.
The tight interconnection of these pores allows for almost unhindered diffusion of
large and small molecules [1, 4-6, 62, 63]. The polymer-rich regions are
interconnected and constitute a biphasic 3D network consisting of a swollen
amorphous PVA phase and PVA crystallites (Fig. 14). In all cases, although
hydrogen bond interactions play a key role in creating the physical junctions of
the network, the high dimensional stability and mechanical strength achieved by
these gels is due to the presence of crystalline crosslinks. In particular, the size and
amount of PVA crystalline aggregates in freeze—thaw PVA hydrogels play impor-
tant roles in gel performance because the dimensional stability, toughness, strength
to external stresses, and thermal stability of PVA cryogels are critically dependent
on these parameters.
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3.6 Mechanism of Formation of PVA Cryogels

The mechanism of formation of the hierarchical structure of PVA cryogels featur-
ing an open porous structure is the result of the occurrence of at least three
concomitant and, at the same time, conflicting processes: crystallization of the
solvent, LL phase separation, and crystallization of PVA. At subzero temperatures,
solutions having the typical concentrations used for preparation of PVA cryogels
are below the spinodal curve shown in Fig. 8 [4-6, 43]. Therefore, during freezing
and successive permanence of the solution at subzero temperatures, a LL phase
separation may occur in addition to the crystallization of solvent and PVA. The
exact mechanism of formation of the macroporous structure (i.e., water crystalli-
zation at subzero temperatures or LL phase separation, or the concomitant effect of
both transitions) depends on a number of factors such as the cooling rate at subzero
temperatures, the use of other solvents mixed with water, the presence of additives,
and the PVA concentration [4—6].

Applying the arguments given in Sect. 2, the formation mechanism of PVA
cryogels represents a paradigmatic example of the Ostwald “stage rule” [17, 25,
33]. This means that, upon formation of these gels, a hierarchy of metastability may
arise due to the possible occurrence of several metastable phases via different
processes [17, 25]. Therefore, when a given process is arrested by an agency before
completion, the system is frozen in a phase of circumstantial metastability that,
once formed, has the potential to evolve faster than the transition leading to the
ultimate stable phase and may dominate the whole transformation process [17, 25].

Lozinsky and coworkers [4-6] suggested a general mechanism for cryotropic
gelation, which is illustrated in Fig. 15.

In this model, the initial solution (Fig. 15a), is frozen at temperatures slightly
below the solvent crystallization point, giving rise to an inhomogeneous system that
includes an unfrozen liquid microphase along with crystals of the frozen solvent
(Fig. 15b). Since the polymer (and any other additive) are generally rejected in the
unfrozen liquid microphase, the solute concentration in the unfrozen liquid
microphase is higher than in the initial solution. At this stage, a crosslinking process
(chemical or physical) may easily take place in the unfrozen liquid microphase,
leading to the formation of microgel fractions. If the regions occupied by the
microgel fraction achieve an interconnected structure, a macroscopic gel is
obtained upon defrosting. Thus, Lozinsky considered that cryogels are formed
inside these unfrozen microregions of the frozen system [4—6]. During freezing,
the crystals of frozen solvent act as a porogen and grow until they meet the facets of
other solvent crystals. Upon thawing, the system transforms into a macroporous
cryogel containing large interconnected pores with variable size and geometry
(Fig. 15c). The dimensions and shape of the pores are related to the volume of
the unfrozen liquid microphase, which depends on numerous factors such as the
nature of solvent, initial polymer concentration, the molecular weight of solutes, the
system temperature, and the presence of soluble or insoluble admixtures [4—6].
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Fig. 15 Mechanism for cryotropic gelation according to the model suggested by Lozinsky [4—
6]. During (a) freezing of an initially homogeneous solution, incomplete solvent crystallization
occurs, leading to (b) the formation of an unfrozen liquid microphase. Gelation takes place in
these unfrozen regions, forming a microgel fraction. (¢) Upon defrosting, the regions occupied by
solvent crystals give rise to the pores, whereas the regions occupied by the microgel fraction may
achieve an interconnected structure that gives rise to the macroscopic 3D network of the gels

Based on data obtained by cryogenic transmission electron microscopy (cryo-
TEM), solid-state NMR, X-ray scattering, and DSC, Willcox et al. [61] proposed a
model for PVA cryogels similar to that proposed by Yokoyama (Fig. 11) [49]. In
particular, they showed that during the first freeze—thaw cycle a few small crystal-
lites are formed (with size of about 3—8 nm), which are connected in an irregular
porous network by amorphous chains highly swollen by the solvent. They found
that the average crystal—crystal distance (mesh size) is ~30 nm. Upon aging these
gels, or by subjecting them to a second freeze—thaw cycle, the level of crystallinity
increases, whereas the crystallite size and the mesh size remain nearly constant.
This suggests that the formation of secondary crystallites does not affect the
network connectivity. Cryo-TEM observation of these gels essentially confirmed
the presence of pores located at the same mesh distance as crystallites [61]. There-
fore, Willcox and colleagues [61] point out the existence of pores sized one order of
magnitude lower than the macropores visualized in other investigations [49, 59]
(Fig. 12). We infer that these pores are formed inside the polymer-rich regions and
coexist with the macropores. The possible mechanism of formation of these gels,
involving dendritic ice crystallization and possibly spinodal decomposition, are
also discussed [61].

Our group has used TR-SANS to perform extensive investigations on the
cryotropic gelation of PVA/D,0 solutions during consecutive freeze—thaw cycles
[76, 77]. Measurements have been performed on solutions of 5.03, 10.11, and
14.22 wt% PVA, corresponding to PVA volume fractions @ of 0.042, 0.086, and
0.12, respectively. In Fig. 16a, the SANS data collected during the freezing
(at —13 °C) and thawing (at 20 °C) steps are shown for a solution with PVA volume
fraction @ = 0.086 [76, 77] as an example.

The scattering cross-section increases during freezing (Fig. 16a). This increase is
essentially due to structural changes associated with the crystallization of the
water in the solution. Nearly constant values are achieved for the frozen solution
after 30 min at —13 °C (curve d in Fig. 16a). The presence of a knee at
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Fig. 16 Change in the scattering cross-section as a function of the scattering vector ¢: (a) from an
initial solution with @py, = 0.086, collected at room temperature (fgee,e = 0) (@) and after
successive freezing and permanence of the solution at —13 °C for 10 min (b), 14 min (c), and
30 min (d); and (b) from the frozen solution after 390 min at —13 °C (f.w = 0) (@) and after
successive thawing and permanence at 20 °C for 10 min (b) and 60 min (c). (Reproduced with
permission from [77]. Copyright 2008 by the American Chemical Society)

Gnee =~ 0.07 nm™"', with a power law dependence of the scattering cross-section as
do/dQ =~ g % for ¢ < Ginee and as do/dQ =~ g 37 for ¢ > Gunee (curve d in
Fig. 16a), indicates that the frozen system includes heterogeneities within the ice
matrix, corresponding to the unfrozen liquid microphase [76, 77] of characteristic
size L = 27/qnee = 75—-80 nm. The above analysis also indicates that the unfrozen
liquid microphase is organized to form fractal aggregates of dimensions above
300 nm within the ice matrix. This scenario is in agreement with the mechanism for
cryotropic gelation suggested by Lozinsky [4-6] (Fig. 15).

The solutions with PVA content @ = 0.086, and 0.12 form a gel upon defrosting
after 390 min at —13 °C (curve c of Fig. 16b). However, the solution with
@ = 0.042 is unable to jellify upon the same cryotropic treatment [77]. This
indicates that for polymer concentrations below a critical value, the total volume
of the unfrozen liquid microphase is too low to form cluster aggregates [77]. The
clustering process, in turn, plays a key role in formation of the gel.

It is worth noting that the analysis of SANS data in Fig. 16a, related to the early
stages of cryogelation from PVA homogeneous solutions, does not provide any
evidence of LL phase separation during the prolonged treatment at subzero tem-
peratures, as expected from the phase diagram of Komatsu et al. [43] (Fig. 8). In
fact, the fastest process that could be detected in our approach is crystallization of
the solvent [76, 77]. Using the concept of hierarchical metastability [17, 25], this
occurs because the spinodal decomposition is buried by the crystallization of water.
In this hypothesis and in agreement with the cryogelation mechanism proposed by
Lozinsky [4-6] (Fig. 15), the formation of macropores in these gels is due to
crystallization of the solvent, which acts as a porogen. However, the lack of
evidence of LL phase separation may also be due to the fact that in the early stages
of spinodal decomposition, concentration fluctuation corresponds to wavelengths
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higher than 27/gumin (=300 nm) [24, 37, 78], with ¢ = 0.02 nm ™' being the
lowest value of the scattering vector ¢ that was achieved in the experimental set-up.
In this second hypothesis, the scattering intensity is expected to show a peak at
q < ¢min, but this low ¢ region was not sampled [24, 37].

During thawing, the scattering cross-section decreases (Fig. 16b). This indicates
that, upon defrosting, the frozen solution evolves towards a system characterized by
alternation of dense and diluted regions that have origin in the regions occupied at
subzero temperatures by ice and the unfrozen liquid microphase, respectively
[77]. For PVA concentrations higher than a critical value, dense and diluted regions
are likely to form an interpenetrated network of two co-continuous phases, resulting
in a transparent gel in the nascent state (curve c of Fig. 16b) where the characteristic
size of the phase-separated domains is of the order of few tens of nanometers [77].

The nascent gels become opaque upon aging at room temperature for few hours
due to the increase in size of the regions that are alternatively dense and diluted
[77]. The coarsening of the heterogeneous structure imprinted by the cryotropic
treatment is driven by the tendency of the dense and dilute regions to minimize their
surface of contact, and is the hallmark that these gels are in a state far from
equilibrium. In fact, the fast cryogenic treatment causes the formation of transpar-
ent gels having the same composition as the initial homogeneous solution. On the
basis of the phase diagram by Komatsu et al. [43] (Fig. 8), solutions containing 10—
12 wt% PVA (corresponding to PVA volume fraction @ in the range 0.086-0.12)
are in the one-phase region and should not give rise to a gel at room temperature.
However, the nascent gels obtained from these solutions by cryotropic treatment at
—13 °C do not transform back into the initial homogeneous solution once they are
brought back to room temperature because a strong network scaffolding has already
been formed due to the presence of PVA crystallites. These gels are stable up to 50—
60 °C [57] and can be aged for long time in sealed vials, maintaining their
properties. Moreover, the nascent gels obtained after a single freeze—thaw cycle
are already too strong to evolve towards complete elimination of the solvent
[24]. Nascent gels, instead, react via microsyneresis and the size of the dense and
diluted regions increases [24]. The coarsening of the heterogeneous structure of the
nascent and transparent gels, up to becoming opaque, also suggests that spinodal
decomposition occurs [79, 80]. This phenomenon has indeed been observed for
other gels [79, 80]. It generally occurs when a swollen gel is suddenly brought into
another state that may be located either in the two-phase or one-phase region of its
phase diagram [80]. Regardless of the region of the phase diagram in which the new
state is located, it has been shown that the system becomes opaque without any
appreciable volume change, suggesting occurrence of spinodal decomposition in
both cases. However, in contrast to the usual fluids, the domain growth is slow
because the elastic force of the gel suppresses the surface tension force, which is the
driving force of domain growth [79, 80].
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3.7 Kinetic Analysis of SANS Data

A more in-depth analysis of TR-SANS data collected during the first freezing step
(Fig. 16a) indicates that the structural changes that occur at correlation distances
between 60—300 nm and 7-60 nm are different and involve different characteristic
times [77]. Therefore, the scattering data collected in the relevant g ranges were
analyzed separately by evaluating the Lorentz-corrected integral ¥ of the scattering
cross-section in the ¢ range between ¢; = 0.022 and ¢, = 0.108 nm ™! for ¥, o0 (0
and between ¢; = 0.108 and ¢, = 0.881 nm~ ! for ¥hign(?) as a function of time.
This kind of integral corresponds to the scattering invariant when the integration
limits in ¢ are extended from zero to infinite. For this reason, the function ¥
corresponds to a sort of “reduced scattering invariant.” A working hypothesis is
that, in the early stages of gelation, the SANS patterns contain additive contribu-
tions from the aggregated and non-aggregated phases and that the interaction
between these two phases may be neglected. Thus, changes in the reduced scatter-
ing invariant ¥}, (f) probe structural changes occurring in the initially homoge-
neous solution during permanence at subzero temperatures at length scales of the
order of hundreds of nanometers, essentially due to water crystallization [77]. By
contrast, changes in the reduced scattering invariant ¥p;,u(f) probe structural
changes occurring at length scales of the order of nanometers, essentially due to
PVA crystallization inside the unfrozen liquid microphase [77].

The values of the reduced scattering invariant calculated from the SANS data
collected during the first freezing step of PVA/D,O solutions are reported in Fig. 17
as a function of the permanence time of the solutions at —13 °C. In Fig. 17a’ (inset),
the values of ¥}, (¢) of pure D,0 are also shown for comparison.

The sigma shape of the curves describing the structural changes occurring at a
length scale of hundreds of nanometers (Fig. 17a) reflects the formation of ice
crystals of pure water (Fig. 17a’), which takes about 10~15 min regardless of PVA
concentration [77].

By contrast, the values of the reduced scattering invariant calculated in the high
q region ¥y (?) increase with the permanence time of the PVA solutions at subzero
temperature according to a smoothed sigma shape (Fig. 17b), and reflect structural
changes at length scales of tens of nanometers due to the crystallization of PVA in
the unfrozen liquid microphase. It is apparent that the values of ¥p,;n(7), regardless
of PVA concentration, increase smoothly in the first 30 min, present an upturn at
around 30—40 min, and increase smoothly again in the successive 120-330 min of
freezing, without reaching any plateau value, even for prolonged times of perma-
nence at —13 °C. This suggests that after completion of the crystallization of the
solvent (which takes about 10—15 min), the PVA chains, which are mostly segre-
gated in the unfrozen liquid microphase, tend to form precrystalline or crystalline
aggregates, probably because the concentration of the liquid microphase reaches
the eutectic composition [77]. However, although the temperature of the system
(—13°C) is probably below the eutectic temperature, the full crystallization of PVA
may not be achieved and is slowed down due to the fact that the unfrozen liquid
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Fig. 17 (a, a’) Reduced scattering invariant, ¥}, (¢), as a function of time during treatment at —
13 °C from a D,O solution with @py = 0.086 (circles) and 0.12 (squares) PVA volume fraction
(a) and from pure D,0 (', insef). The curves reflect structural changes occurring at length scales
of the order of hundreds of nanometers, essentially due to water crystallization. (b) Reduced
scattering invariant, ¥ (¢), as a function of time during the treatment at —13 °C from a D,O
solution with 0.086 (curve a) and 0.042 (curve b) PVA volume fraction. The curves reflect
structural changes occurring at length scales of the order of nanometers, essentially due to PVA
crystallization inside the unfrozen liquid microphase. (Reproduced with permission from
[77]. Copyright 2008 by the American Chemical Society)

microphase jellifies, preventing attainment of thermodynamic equilibrium
[77]. The formation of the gel microphase may be determined by aggregation of
PVA chains in a confined environment, which is driven by hydrogen bonding,
consequent formation of crystallites, and vitrification of the swollen amorphous
phase at a temperature that is probably below the glass transition [4—6]. This
scenario holds both for solutions with PVA volume fraction @ > 0.086 and for
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Fig. 18 Avrami plot of the reduced scattering invariant ¥};zn(f) normalized to the extrapolated
value of the scattering invariant at infinite time ¥y;gn(t — oo) for solutions with PVA volume
fraction @pya of 0.086 (circles) and 0.042 (squares). The Avrami exponents n are indicated.
(Reproduced with permission from [77]. Copyright 2008 by the American Chemical Society)

more dilute PVA solutions with @ = 0.042 (curve b of Fig. 17b). In fact, the SANS
data in Fig. 17b indicate that in dilute PVA solution (@ = 0.042), crystallization of
PVA probably also takes place, even though a macroscopic gel is not formed upon
defrosting because the relative amount of the gel microphase is too low to give rise
to an interconnected macroscopic gel network at subzero temperatures [77].

The data in Fig. 17b may be used to extrapolate the value of the reduced
scattering invariant ¥p.,(#) at infinite time ¥y,;gn(f—00) [77]. The ratio of ¥p;en(?)
t0 ¥pigh(f—00) is proportional to the extent of PVA crystallization in the unfrozen
liquid microphase. This parameter is used in the Avrami plot shown in Fig. 18
[77]. Avrami analysis of the confined crystallization in these gels indicates that the
confined crystallization of PVA follows first-order kinetics (n = 1) during the first
40 min, and becomes slower in the later stages with an apparent exponent n < 1
[77]. For the frozen solution, an exponent of n = 1 is consistent with a
one-dimensional (fibrillar) growth mechanism controlled by heterogeneous
(athermal) nucleation [81], triggered by the active surface of ice at the interface
with the unfrozen liquid microphase. The low Avrami exponent of 0.25 is rather
uncommon [82, 83]. A possible reason for a value of n lower than 1 in the later
stages of crystallization kinetics of PVA in the frozen solution may be the restric-
tion of crystal growth because previously formed PVA crystals reduce the mobility
of PV A chains dissolved in the unfrozen liquid microphase. This reduced mobility,
in turn, results in jellification of the unfrozen microphase [77].
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4 Concluding Remarks and Outlook

Poly(vinyl alcohol) cryogels are strong physical gels that form as a result of
different crosslinking processes that occur simultaneously in synergy or in compe-
tition. We demonstrate here that the concept of circumstantial metastability and the
hierarchy of metastable states may turn out to be useful in unraveling the complex
mechanisms subtending their formation. In particular, we have shown that kinetic
analysis of the cryotropic gelation from PVA solutions using time-resolving SANS
has allowed an unprecedented level of comprehension of this process. At least three
elementary steps have been identified:

» Incomplete solvent crystallization occurring at subzero temperatures, with con-
sequent formation of an unfrozen liquid microphase of eutectic composition

¢ Incomplete PVA crystallization in the unfrozen liquid microphase, with conse-
quent formation of a microgel fraction

e Coarsening of the dense and diluted regions imprinted by the cryogenic treat-
ment, occurring at room temperature

A wealth of applications have been proposed for these gels in many different
fields, including biomedicine and diagnostics. Applications include the building of
artificial muscles [84, 85] or phantom organs for NMR imaging and mammography
[86, 87], controlled drug release [11, 88—90], and biotechnology in which these gels
act as carriers of immobilized bioaffinity ligands, enzymes, and cells [4—6, 91].

More recently, it has been pointed out that aged gels possess self-healing
properties at room temperature, without the need for any stimulus or healing
agent [10]. Welding occurs spontaneously via chain diffusion across the interface
provided that a sufficient number of PVA free hydroxyl groups survive at the
contact between the two cut surfaces [10].

A further interesting property of PVA cryogels is that, whereas a long aging in
sealed vials at room temperature induces large variations in their structure and
properties, the porous structure imprinted by cryotropic treatment is not greatly
altered upon drying and during the successive rehydration step. Rehydrated gels
almost completely recover the volume, shape, and physical properties of the
as-formed freeze—thaw PVA hydrogels [42, 57, 62, 63]. It has been shown that
the outstanding physical and mechanical properties of freeze—thaw PVA hydrogels
in the as-prepared state can be preserved, even for a long time, by drying the
samples immediately after preparation and then restoring when needed by rehydra-
tion of the dried samples [42, 57, 63].

Finally, it is worth mentioning that PVA cryogels are able to incorporate
different soluble and insoluble additives inside the pores to obtain composite
materials of both scientific and applied interest [4—6]. In particular, PVA-based
cryogels have been obtained that include inside the porous structure nanoparticles
of solid crystalline compounds, co-elastic gels, microorganisms, gas bubbles, or
microdroplets of liquids immiscible with PVA solutions [4—6, 92-98].
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There are still several basic issues regarding PVA cryogels that deserve further

investigation, especially related to the complex dynamics of water molecules and
polymer chains. The identification of smart processing routes to obtain systems
with tailored pore size and pore size distribution, and with well-defined viscoelastic
properties, is critically dependent on fundamental study of the dynamics of these
systems, coupled with modeling.
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