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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are not
accepted. Papers may include reports of research as well as
reviews, because symposia may embrace both types of
presentation.
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PREFACE

THIS BOOK IS INTENDED to complement and expand on the material
covered in Advances in Chemistry 213, Water-Soluble Polymers. Some of
the areas not covered in Water-Soluble Polymers are included in the first
section (Chapters 1-7) of this book. Chapters present discussions ranging
from chemical cross-linking among synthetic and carbohydrate polymers to
gels via nonchemical bonding based on tacticity in synthetic and helical
aggregates in carbohydrate polymers. The structures of these diverse gels
are addressed through complex rheological analysis, light scattering, and
novel NMR approaches.

The use of polyelectrolytes in a variety of applications was discussed in
Water-Soluble Polymers, but not problems associated with their synthesis.
The synthesis of polyelectrolytes is discussed in the second section of this
book. In Chapter 8, which serves as an overview of the rest of the book,
parallels in the synthesis of polyelectrolytes with the synthesis of surfactant-
modified, water-soluble polymers are discussed. The importance of elon-
gational viscosities in polymer applications has been an on-going, albeit low-
profile effort of many researchers over the past decades. Its importance as
a fundamental tool, through birefringence measurement, is highlighted in
the first of two chapters on this subject (Chapters 11 and 12). Chapter 12
highlights areas where dynamic uniaxial extensional viscosity has and has
not proven to be commercially significant and is reviewed in the context of
its importance as a primary driving force for the development and commercial
use of surfactant-modified, water-soluble polymers.

The chapters on elongational viscosities are followed in the next section
by chapters on very eloquent spectroscopic studies that detail the usefulness
of fluorescence and Fourier transform infrared methods in elucidating the
associations among water-soluble polymers, particularly those that are sur-
factant modified.

The subject of surfactant-modified, water-soluble polymers, briefly dis-
cussed in Water-Soluble Polymers, is addressed in the last three sections
(Chapters 16-28) of this book. These associative thickeners are covered in
detail, ranging from the maleic acid copolymers of variable compositions
introduced in various commercial markets in the early 1960s to the most
recent entries (that is, in the open literature), hydrophobe-modified
poly(acrylamide). Chapter 23 is complementary to the spectroscopic studies
in Chapters 13-15; it explores new approaches to understanding associations
in aqueous media. The three hydrophobe-modified polymers that have
gained commercial acceptance in the 1980s, (hydroxyethyl)cellulose, eth-
oxylate urethanes, and alkali-swellable emulsions, are discussed in de-
tail. In particular, hydrophobe-modified (hydroxyethyl)cellulose, which is

xiii
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discussed in Chapters 18 and 19 as a model associative thickener, has
achieved commercial success and is discussed from a commercial viewpoint
in Chapter 27.

The understanding reflected in the flow of this text and investigations
not currently described in the open literature provide the foundation for a
strong symposium in 1992.
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Gelled Aqueous Systems

A. Silberberg

Department of Polymer Research, Weizmann Institute of Science,
Rehovot 76100, Israel

Gels are swollen networks possessing both the cohesive properties of
solids and the diffusive transport properties of liquids. Elastically,
they tend to be soft, and osmotically they are highly reactive. Gels
based on water incorporate water’s unique properties, in particular,
the facility for ionization that an aqueous environment conveys. All
biological systems are water-based, and most are ionized aqueous
gels. If some of the bonds holding the gel network together can “make-
and-break”, the gel is called reversible. If the bonds do not dissociate,
the gel is called permanent. A permanent gel tends to carry the history
of its formation in its structure; it is best described as a cross-linked
system of clusters. The clusters of a particular gel show the same
basic organization and size, which can vary extensively from system
to system. Clusters range from small, starlike molecules to large
heavily cross-linked, fairly concentrated microgel cores. Reversible
gels are also formed between clusters. The clusters, however, must
be copolymers. One type of monomer in the copolymeric cluster
renders it soluble, the other confers sufficiently long-lived cross-links.

What Is a Gel?

Gels are porous solids. They involve, as their “solid” element, a continuous
matrix, a skeletal network, that endows the system with the required me-
chanical stability and coherence. If the network is a permanent structure,
it will possess a remembered, unstressed reference configuration to which
it returns when all the external forces that deform it are removed. When
network structure is labile, however, the length of time for which an un-
stressed starting conformation is remembered will be limited by the lifetime
of the molecular connections in the network.

0065-2393/89/0223—-0003$06.00/0
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4 POLYMERS IN AQUEOUS MEDIA

The space in the gel not filled by the network is occupied by a low
molecular weight liquid, like water. The thinner the structural elements of
the network, the easier it is to deform, and the lower is its elastic modulus.
In most gels, indeed, the network is molecularly thin, and the strands are
long-chain macromolecules. In permanent gels, these long-chain macro-
molecules are suitably cross-linked. A network of such thin strands will, in
general, not be self-supporting, and, upon removal of the liquid from the
network, the resulting xerogel will tend to collapse upon itself.

The stresses induced in collapsing the network out of its reference con-
figuration are compensated by short-range, cohesive attractions between the
individual macromolecular network strands. The presence of a liquid, a
solvent for the macromolecules that constitute the network, is thus a ne-
cessity in order to maintain porosity. Only in the presence of a solvent will
it be thermodynamically preferable for the network strands to be surrounded
by the solvent rather than to self-associate into a precipitate. So strong,
indeed, is the tendency to be mixed, that, in contact with excess solvent, a
permanent gel (i.e., a covalently cross-linked network) will swell well beyond
the unstressed reference configuration.

Only if the links that hold the network together involve covalent (i.e.,
permanent) chemical bonds can a gel system remain coherent in the presence
of unlimited solvent. Any possibility of molecular make-and-break at the
cross-links, or at any other points in the network, has to be separately
considered and creates a different kind of system called a reversible gel.

Permanent gels prepared in the laboratory are most commonly cova-
lently linked, macroscopically large networks of polymeric chains in a solvent
environment. Such gels may appear to be homogeneous at the superma-
cromolecular, supercolloidal level but are inevitably disparate (i.e., micro-
heterogeneous) at some microscopic scale. The structure of a permanent
(irreversibly cross-linked) gel is strongly dependent upon its history. Each
sample carries within it the permanent imprint of its mode of preparation
and of the molecular size and concentration of the building materials from
which it was made. A gel can, in general, be divided into an array of con-
tiguous, solvent-filled macromolecular clusters of subcolloidal size that are
statistically similar in makeup and are connected to each other by a limited
number (f) of covalent, cluster-to-neighbor-cluster bridges.

A reversible gel based upon dissociable cross-links is characterized by
the finite size of the network that is chemically linked into a unit at any
instant. In a reversible gel, some of the network connections will always
open, close, and interchange. A reversible gel, too, can thus be divided into
structural subentities, but the bonds that link these substructures into a
macroscopic whole do not possess infinite lifetimes. The coherence of the
system depends upon it being contained in a chemically closed, semiper-
manent, mechanically rigid confinement. A reversible gel cannot, for ex-
ample, be brought into true (open) swelling equilibrium with an excess of
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1. SILBERBERG Gelled Aqueous Systems 5

the solvent medium. Permanent and reversible gels bear a structural re-
semblance to each other, but they respond similarly to certain external
challenges only over a limited period of time. Both swelling behavior and
structure will alter significantly when reversible gels are taken beyond this
limit.

The special properties of water and the importance of gels in biology
easily justify making a separate category of aqueous gels. Ionized aqueous
gels, in particular, are different from gels in any other solvent medium. The
naturally occurring biological gels are perhaps the most widespread water-
based gels. All cellular interiors are gels, and the organizational context in
which the cells function, the connective tissue, is a gel. There is, moreover,
an interesting specialization that characterizes the components of the bio-
logical gel matrix. Whereas with synthetic systems, a single gel matrix com-
ponent acts both mechanically and osmotically to establish the balance
between expansion and dissolution, natural systems do not necessarily be-
have this way. In connective tissue, for example, the mechanical element
is the collagen fiber network, whereas the interstitial proteoglycans and
structural glycoproteins associated with the collagen fiber matrix are the
soluble, osmotically active (solvent-imbibing) components (1).

Permanent Gel Microheterogeneity

Certain aspects of permanent gels are comparable if they are analyzed on
the basis of the cluster structure of the system. A cluster is a particularly
constructed, inhomogeneously linked, multichain macromolecule of a size
generally similar to that of most macromolecules studied isolated in dilute
solution. As a rule, the cluster is internally very heterogeneous in structure
and composition, but, overall, the cluster is the statistically similar repeating
unit that builds up the gel. In swelling equilibrium, all parts of a cluster,
but its periphery in particular, are in equilibrium with an excess of pure
solvent medium.

One of the most characteristic structural features of a cluster is the very
large number, P, of interatomic bonds, about which rotation into two or
more (Z) energetically roughly equivalent states is possible. The cluster can
thus exist in some y(P,P,)Z° configurations of essentially equivalent energy
and rather similar size and shape. The parameter y(P,P,) is a constraining
factor that makes allowance for the P, permanent internal chemical corre-
lations that constrict the average cluster dimensions. For polymeric chainlike
structures, the randomly adopted cluster shapes ideally conform to a set of
random walks with a mean-square end-to-end distance proportional to the
number of bonds (in the main chain) about which rotational freedom exists.
If a force is applied to the free ends of such a cluster, the distribution of
chain conformations (the mean cluster shape) will change. The deformation,
so induced, is opposed by the tendency of an altered distribution of con-
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formations to return to the most probable one. At mechanical equilibrium,
the forces applied and the stresses induced are in balance. An expansion by
afactor, a, in all three directions, for example, will be resisted by an isotropic
stress in the cluster that tends to reduce «, uniformly, to 1.

An important feature controlling the configuration of a real macromo-
lecular chain is the energetic interaction between two parts of the chain that
come close to each other in some configuration. An interaction between two
chain segments can be repulsive or attractive, short-range or long-range. In
the gel or in solution, the interaction occurs through the medium of the
solvent (i.e., between different segments of the solvated macromolecule) and
may or may not involve the displacement of the solvent molecules from their
sites of close contact on the macromolecular surface. The medium in which
the clusters are suspended and in which they change configuration, thus,
plays a decisive role. Water, in particular, undergoes very strong and specific
interactions. Hence, only in the simplest instances is the macromolecular
chain so chemically uniform that all chain—chain contacts are the same. This
uniformity is certainly not present when the chain is a copolymer, and, in
such instances, additional local interactions may further constrain the cluster
structure.

The interaction and mixing of the gel-substance with the solvent medium
in the cluster affects solvent chemical potential and thus creates osmotic
effects. Even at high degrees of swelling, the innermost core of a macro-
molecular cluster is a region of relatively high polymer segment concentra-
tion. Solvent (in this case, water) activity, ay, in these regions of the cluster
is, therefore, considerably less than 1. To raise the solvent’s chemical po-
tential to the level of the pure medium outside, the pressure, p, must locally
be increased by (2, 3)

Ap = w = —(kgT/Vy) In ay 1)

where Vy, is the solvent molecular volume, T is the absolute temperature,
kg is the Boltzmann constant, and 7 is the osmotic pressure, which is defined
in terms of a, by equation 1. Whereas Ap is a real pressure, the osmotic
“pressure” m is merely a way to represent the effective concentration ay, in
terms of pressure units (2). Only in swelling equilibrium will 7 (numerically
and dimensionally) also express the pressure difference, Ap, between the
solvent domains of the cluster and the pure solvent phase (3). Neither Ap
nor 7 is uniformly the same in all volume elements of the gel, even in
swelling equilibrium.

The required increases in pressure are mechanically induced by local
coil expansion and give rise to stresses, tensions, in the macromolecular
chains of the cluster. The tensor characterizing the stresses present locally
in the gel matrix must have nonzero components that generate (i.e., com-
pensate) the pressure increase both in the liquid and solid parts of the cluster.
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If the expansion coefficient, «, is locally uniform, the tension o in the gel
matrix substance will add itself isotropically to the pressure Ap in the gel
matrix (2). This gives

(1 - $)Ap + &(—Ap + 0) =0 (2a)
which can be rearranged to yield
~Ap + do =0 (2b)

where ¢ is the volume fraction of the macromolecular matrix, the network
component. Pressure, by convention, acts upon the system and thus appears
with a negative sign. In the present case, equation 2b is a scalar expression.
The proper tensorial character appears when we multiply equation 2b by
the unit tensor.

An equation for a is obtained by eliminating Ap between equations 1
and 2b. In mean-field approximation the following expression for a cluster
that consists of a single, isolated, long-chain macromolecule in swelling equi-
librium was derived by Flory (4):

a® — ad = (k — x)P” 3)

where x is the Flory-Huggins segment—solvent interaction parameter, and
P is the size, the number of interatomic bonds, in the cluster (i.e., the chain).
When x = Y the situation corresponds to the undistorted tensionless case
with @ = 1. The effective excluded volume (taking solute-solvent interac-
tions into account) is

u=%-xd )

where a, in contrast to u'?, is the real size of the chain segment. When x
= Vs, the excluded volume is zero. When x < Y, u is positive, polymer
segments repel each other, and the cluster is expanded (swollen). When x
> Vs, the excluded volume is negative, there is attraction between polymer
segments, and the macromolecule collapses upon itself. The case studied by
Flory (4) was that of a single chain of P bonds connected in linear sequence.
Flory treated this polymer as a gel particle, a single cluster of essentially
independent segments, with a Gaussian concentration distribution of char-
acteristic (undeformed) dimension, Ry, ~ P"a, and real extent, aRy, The
factor P* is used because the right side of equation 3 is scaled by the Ry,
of the cluster. When a >> 1, equation 3 yields @ ~ P and R; = aRp,
~ P%5, a famous result.

If the cluster is not in dilute solution, but represents the situation in
the gel in swelling equilibrium, two features about its periphery will change.
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The f free ends of the connecting chains will be coupled to f such free ends
on neighboring clusters, and the concentration between adjoining clusters
will never reach zero. As a function of distance, however, the gel-substance
volume fraction, ¢, in passing from cluster to cluster, will cross a point of
symmetry. In other words, the segment concentration passes through a
minimum at which its gradient is zero. The infinitesimally thin zone sym-
metrically separating the clusters from each other is, thus, the ideal region
to use as reference for a comparison with pure solvent in swelling equilib-
rium. Because the segment concentration is nonzero in this zone, neither
Ap nor o will be zero. The tension, o, in fact, will be determined by the
effective tension in the bridges that link the neighboring clusters and in the
loops that emanate from a cluster and cross into its neighbors.

DeGennes (5) hinted at the usefulness of subdivision into clusters. He,
however, considered only ideal gels and suggested that the cluster is con-
stituted by the chain that links two cross-links, rather than by the region
centered upon the cross-link. We believe it to be more significant to have,
as the dividing surface between clusters, the surface of symmetry that cor-
responds to the region of zero concentration gradient. For example, the
cluster in the case of polyelectrolytes in which the gel matrix bears ionizable
groups is an electroneutral entity. It may not be possible to deduce the
interior structure of the cluster, swollen or unswollen, but a reasonable
assessment can be made, in terms of equations 1 and 2b, of the isotropic
equilibrium expansion, a*, in the cluster periphery and thus, the isotropic
tension o* in those gel matrix sections that build up the concentration, ¢*,
in the concentration-gradient-free peripheral zone in swelling equilibrium.

Water as Solvent

Water is a rather exceptional solvent. It is strongly polar and interacts very
extensively with itself and with many other chemical groups by way of
hydrogen bonds. The most outstanding effect of an aqueous environment
derives from water’s extremely high dielectric constant and the possibility
thus created that certain groups on a polymer network can ionize. Ionic
dissociation produces two kinds of charged groups: charged groups on par-
ticles (ions free to diffuse through the water space) and charged groups on
the gel matrix (which stay immobilized). The constraints of electroneutrality
still apply, and fluctuations in space charge are kept small. However, if the
only ions in solution within the cluster are the counterions to the fixed
charges, their concentrations are, in general, too low for them to shield the
fixed charges on the network from each other effectively. A long-range re-
pulsion is experienced, and in permanent gels swelling increases markedly
and the effective excluded volume is enlarged (6). Reversible gels under
these circumstances tend to form solutions called sols.

The ions, freed into the solvent, have a profound effect on the osmotic
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pressure in the permanent gel. If we consider univalent—univalent charge
pairs only, and there are v groups per unit volume of gel matrix substance
that can ionize, the major contribution of the released counterions to the
osmotic pressure in the cluster will be the creation of a large first-order
term, vé, in the virial expansion for . At high charge densities (and no
added neutral salt), m, (i.e., Ap), o, and, therefore, a will be largely in-
creased.

This effect is essentially squashed as neutral salts are added (7). Ionic
concentration will increase both in the cluster and in the equilibrium solvent
phase outside. When the amount of added salt in the outside solvent phase
corresponds to about v, the effect of the counterion concentration vé inside
the gel will be reduced to less than half.

When the added salt concentration is larger still, the effect on equilib-
rium swelling is largely suppressed (7). In reversible systems, the gel state
tends to form again. The increasing neutral salt concentration causes in-
creased shielding of the fixed charges, and charge-charge repulsion even-
tually becomes confined to the interaction between a fixed charge and a
close-in ion atmosphere of opposite sign. Residual effects remain, but they
are far less significant. To the extent that the behavior of a particular gel is
dominated by the ionization of fixed groups on its matrix, such effects tend
to disappear when adequate amounts of totally ionized neutral salts are added
to the system.

Poly(acrylamide) Gels

The differences in local organization that give rise to the cluster structure
of permanent gels depend upon and are related to the mode of gel prepa-
ration. An important illustration is provided by the poly(acrylamide) gels
that are generally made by the copolymerization of a monofunctional acryl-
amide monomer and a bifunctional bisacrylamide monomer by radical po-
lymerization in an aqueous environment. Poly(acrylamide) gels made by this
procedure, or some variant of it, are very extensively used in the laboratory
for biopolymer and other aqueous-phase chromatographic separations. The
structure of poly(acrylamide) gels and our ability to control it is, thus, of
fundamental interest for these applications.

The radicals produced by the initiator molecules each activate a mon-
omer molecule and form a reaction center. These reaction centers quickly
grow in size and structural complexity as they incorporate both the mono-
functional and the bifunctional monomers that reach them by diffusion. Their
own rate of diffusion rapidly decreases as their size increases. Then, as the
free monomer concentration drops, more and more of the reaction of the
activated growing chain-end will involve loop formation with one of the
unused second functionalities on the growing center itself. Each initiator
molecule, thus, starts a process that first produces a fairly concentrated,
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internally highly cross-linked particle, the cluster core, and then creates a
very dilute gel that holds the system together. In other words, the macro-
scopic gel produced is based on clusters of a very high core-gel concentration
and a very dilute peripheral connecting gel (8). The number of clusters
corresponds, roughly, to the number of initiator molecules.

We have shown (8) that the permeability of such gels is determined
mainly by the dilute peripheral gel. Their viscoelasticity, their elastic storage
modulus in particular, is determined by the number of clusters (i.e., the
number of initiator molecules, per unit volume) (9). A two-gel cluster model
of this kind has proved most successful (8).

Reversibly Cross-Linked Gels

Reversible gels, (i.e., the class of gels in which some links in the network
have finite lifetimes) differ from permanent gels mainly in two respects:

1. The structure of the reversible gel is determined by chemical
equilibrium between the cross-linking entities; it is not the
fossil record of the conditions under which the gel was formed.

2. There are no infinite mechanical relaxation times for reversible
gels. If the macroscopic coherent network present at any in-
stant is deformed rapidly by some applied strain, the stress
stored in this deformation can relax through the chemical
reaction, even if the mechanical relaxation time of the network
(had the cross-links been permanent) would have been infi-
nite.

A simple formula gives the effective relaxation time, 7,’, of a mechanism,
i, of inherent mechanical relaxation,time 7,, when the rate at which mech-
anisms i are transformed chemically into other structures is k; (10, 11).

l/T,-I = I/Ti + ki (5)

If k; is zero, the gel is permanent and the measured relaxation time and
the observed relaxation behavior correspond to 7. In that case, if 7, is infinite,
so is 7;/. On the other hand, if k, is finite, then 7," will be finite, even if 7,
is infinite. In other words, even if, over any period of time, the reversible
and permanent gel have indistinguishable structures and, inherently, possess
the same spectrum of mechanical relaxation times, 7;, the reversible gel will
be characterized by a truncated spectrum. Relaxation times longer than
1/k; will be bypassed by relaxation through the chemical reaction. A re-
versible gel is thus liquidlike and cannot support itself against mechanical
stresses over times in excess of 1/k,. Moreover, if the volume of solvent
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accessible to the reversibly cross-linked macromolecular building blocks is
not confined, the system will dilute itself to the maximum extent possible.

Under what conditions will a solution of macromolecular building blocks
form a reversible gel? The conditions must be such that strong, sufficiently
long-lived interactions between segments of the polymer (i.e., cross-links)
can arise. The concentration of the building blocks, therefore, should be in
the range where the coils will interpenetrate and overlap on the average. If
the interactions are strong enough, effective polymer-polymer associations
can occur even in dilute systems, and would lead to a cross-link-induced
phase separation in which the concentrated, the gel, phase would again be
in coil overlap. We know, indeed, that if the polymer segment-segment
interaction is favored energetically, a phase separation will occur whether
or not a gel is formed. The energy change, Ae, per contact when we replace
two segment-solvent contacts and form a segment-segment and a sol-
vent—solvent contact, is

Ae = ¢, + €, — 2¢, (6)
Phase separations can occur when
X = ¥[1/(1 + P)] 7

In terms of Ae, the Flory—Huggins parameter, ¥, referred to in connection
with equation 3, is given by

X = constant (—Ae/k;T) 8)

where kj is the Boltzmann constant and T is absolute temperature. In the
case of most polymer—solvent pairs Ae < 0 and for solubility x < Y.

The strong polymer—polymer contacts that are needed to make long-
lived cross-links require negative €, values that are much greater in absolute
terms. These values lead to a very large x, much in excess of Y. There are,
thus, conflicting requirements to be fulfilled. To render the system soluble,
X must be less than %. Only very short lifetimes can result from poly-
mer-polymer contacts in such a case, even if allowance is made for the fact
that it is not the difference in equilibrium energy levels that determines the
reaction rate, but the level of the activated state. On the other hand, to
make the system gel (i.e., to render the cross-link sufficiently stable), the
interaction has to be strong. Thus, only a copolymer can give rise to re-
versible gels. A minority segment that interacts very strongly with itself
must be present in the structure. This situation then permits the remainder
of the chain to be in stable solution.

The lifetime of the cross-link, however, can be increased if a number
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of adjoining minority segments in the chain, simultaneously present at one
site, interact with a number of adjoining segments of this kind at another
site. In such a case, the difference in the strength of the overall bonding
interaction can be made to depend less and less on the contribution of the
individual contact. A difference in steric matching between interacting seg-
ments of similar chemistry is then enough to give a bond of sufficient strength.
Hence even a “stereo copolymer”, an atactic chain on which syndiotactic
and isotactic sequences alternate, can give rise to long-lived bonds. An
example is poly(methacrylic acid) (12). In this case, two syndiotactic se-
quences of sufficient length, when matched to each other, give rise to a very
effective bond. In all cases of reversible gelation, therefore, the majority of
segments in the chain do not form long-lived interactions, but behave as
though they were “in good solution”, whereas some other segments, present
in minority, form the long-lived correlations.

Reversibly Cross-Linked Aqueous Gels

Most interactions in water involve hydrogen bonds that either promote the
hydrogen bonding of two solute particles to each other or promote the
hydrogen bonding of water to itself because of the inability (hydrophobic
character) of a group on a particle to interact in a hydrogen bond. The energy
level of most interactions in water is thus scaled by the relatively low energy
level of the hydrogen bond. It follows that individual contacts carry little
permanence with them as is obvious from the fact that water is a low-
viscosity, Newtonian fluid.

Many important structures, mainly in the biological world, exist as
aqueous systems and enjoy lifetimes that are markedly longer than that of
a water—water association. This difference in lifetimes can be explained by
the prevalence of cooperative bonding in such systems. Whole sections of
macromolecular chains are associated in parallel arrangements that permit
a very effective locking-in of reaction partners in a zipperlike fashion. Al-
though any tendency to add one more bond to the zipper is highly reversible,
the probability that the whole zipper will open is cumulatively small. The
bonds, although by no means permanent, have acquired a very long lifetime.
The so-called a-helix or B-sheet arrangement that characterizes the structure
and folding of many proteins is based mainly on sets of cooperatively joined
hydrogen bonds. The same is true for the strand pairing of nucleic acids and
the structures adopted by many other fiber-producing biopolymers. These
principles are very well illustrated by a very simple synthetic polymer,
poly(methacrylic acid).

Poly(methacrylic acid) can ionize in an aqueous environment, can form
hydrogen bonds with its carboxyl groups, and can create hydrophobic in-
teractions with its methyl groups. It is, moreover, an inherently stiff chain.
Every second main-chain carbon atom carries two substituent side chains
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upon it. This structure severely hinders rotation. The carbon atoms so
involved are asymmetric, and both isotactic and syndiotactic placements
of the monomers are a possibility. Two syndiotactic sequences of
poly(methacrylic acid) associate very well with each other, and the strength
of the bond increases with the length of the matched stereospecific sequence.
The purely syndiotactic chain is so heavily agglomerated that it is essentially
insoluble in water. Only if the chains are charged by neutralization will the
purely syndiotactic chain go into solution.

Atactic poly(methacrylic acid), on the other hand, is soluble, but at some
concentration beyond macromolecular coil overlap, it forms totally trans-
parent, very stiff gels (13). At these concentrations, the pH of the system is
low, and most carboxyl groups are un-ionized. Hydrogen bonds and hydro-
phobic interactions between syndiotactic sequences some 10 or more mon-
omers long produce the cross-links that characterize the gel. Because strong
bonding is confined to adequately long, matching stereo sequences, the
number of strong chain—chain associations is limited and a total collapse of
the system is prevented. The hydrophobic character of these bonds is evident
because gel strength increases with temperature, there is a lower critical
temperature for phase separation, and there is a gel-sol transition upon
cooling (14). The finite lifetime of the cross-link is shown by the fact that
the “gel” flows, given adequate periods of time.

Poly(methacrylic acid) is, indeed, a most remarkable polymer (12). Stud-
ies of its behavior in aqueous systems can be made to illustrate almost
everything that characterizes water as a solvent for polymeric systems (15).

Conclusions

Water-based permanent gels are not structurally different from other per-
manent gel systems. They acquire special character mainly when they are
ionized and the ionic strength of the medium is sufficiently low. Suitable
copolymers in aqueous solution can form a vast variety of reversible gel
systems because of the moderately strong, primary interactions possible
within the aqueous environment. Structural organization (mainly cooperative
effects) are then used, to a limited extent, to create sufficiently long-lived
bonds that form gels of adequately long relaxation and cross-link turnover
times.
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The water absorption capacity of some synthetic, semisynthetic, and
biopolymer hydrogels was studied in distilled water. The swelling
behavior in both water and salt solutions (M*, M?*, ...) was studied
for various hydrogels. Comparable networks were synthesized by
starting with a nonionic polyacrylamide gel and then by introducing
ionic groups via polymer-analogous reactions. Rheological investi-
gations of a few gels were performed, and the cross-linking efficiency
was between 5% and 36% of the value calculated by using purely
stoichiometric methods. The discrepancy in cross-linking efficiencies
is probably caused by the lack of homogeneity of the networks.

HYDROGELS ARE WATER-SWELLABLE, THREE-DIMENSIONAL polymeric
networks. Interest in hydrogels has increased in the past several years as
new applications have been discovered (I1). The capacity of the hydrogels to
absorb water is enormous and can be as much as 1000 times the weight of
the polymer. For this reason, hydrogels are used in many fields. Some of
the applications of hydrogels are

o Hydrogels are used as thickening agents (e.g., starch and gel-
atin) in foods.

e Hydrogels are used in pharmaceutical preparations (2) as sol-
ubility enhancers or as time-release preparations. The hydro-
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gels are needed because orally administered treatments must
either diffuse very quickly or be released in gradual doses over
a long period of time.

The continuous release of moisture to plants can be regulated
by the addition of hydrogels (3).

The addition of hydrogel-forming agents to incontinence prod-
ucts increases the fluid uptake and ensures improved retention
capacity (4, 5).

Technical and electronic instruments can be protected from

corrosion and short-circuit by enclosure of, or sheathing with,
highly absorbent hydrogel-forming agents (6).

In electrophoresis and chromatography, the separation and dif-
fusion characteristics of the gel structure are exploited. Hy-
drogels, thus applied, operate within only a very limited range
of swelling (7).

Hydrogels are used in photographic technology because they
are light-permeable and can also store light-sensitive sub-
stances.

Hyvdrogels are used in the manufacture of soft contact lenses
because they ensure gas and moisture exchange with the eye

(8).

The gel system must be adapted to meet the specific requirements.
As shown in Figure 1, gels can be differentiated by cross-linking into

physical ionotropic

secondary valence network bondings

S

[\\

Figure 1. Schematic representation of covalent
hydrogel structures. primary valence network bondings

In Polymersin Aqueous Medig; Glass, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1989-0223.ch002

-3

2. KULICKE & NOTTELMANN  Structure and Swelling of Some Hydrogels 17

secondary and primary valence-linked polymeric networks. In physically
valence-linked gels, the network structure is formed by either physical in-
teractions from van der Waals forces or by hydrogen bonds (e.g., as in native
starch) or by ionic interactions (predominantly with multivalent metal cat-
ions). The latter are called ionotropic gels. This study focuses on covalent
cross-linked polymeric ionic and nonionic networks. Figure 2 shows that
this type of network may be prepared either by using bifunctional monomers
and multifunctional cross-linking agents or by using the reactive side or end
groups of linear polymers. End groups are used especially in the preparation
of biopolymer networks.

The sources of the varying water-bonding capacities and the underlying
molecular structures that govern the stability of the hydrogels are largely
unexplained. A gel always consists of a three-dimensional polymeric network
and a fluid. If the interactions of the components are strong enough, the
polymer network immobilizes the fluid, which, in turn, prevents collapse
of the network structure. The gel state lies between solid and liquid, and it
can be easily influenced by temperature, pressure, and solvent quality. The
influence of solvent quality is very strong with polyelectrolytic hydrogels

Cross-linking copolymerisation

o0—o
bifunctional monomers

e

cross-linking agent A\

Cross-linking of linear polymers

via reactive via reactive

side groups end groups
oO~ANAANANNO
onANANnANAA~AND
Wo

I
i cross-linking
lagenf

2

Figure 2. Typical cross-linking reactions that form covalent network structures.
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(8-10). The addition of a low molecular weight electrolyte can result in a
reduction of absorption capacity by several orders of magnitude. Further-
more, synthetic polymers are limited in their range of application by food
regulations. To better evaluate the advantages and disadvantages of hydro-
gels, it is necessary to carry out basic investigations into their swelling
capacities in relation to the following parameters: type of network (physical,
covalent, or ionic); chemical nature; mesh width (molecular weight between
two entanglement coupling points [M ,]); and entanglement density, to name
but a few. The macrostructure of such systems may be characterized, with
the aid of rheology, by correlation of plateau modulus G,” with mesh width
M, by using the theory of rubber elasticity (11).

Experimental Details

Synthetic Gels. The synthetic hydrogels were produced (with total gel masses
of 10 g) by radical copolymerization in aqueous solution with a redox initiator system
of ammonium peroxodisulfate ((NH.,):S:05) and N,N,N’,N'-tetramethylethylenedi-
amine (TEMED) (12, 13).

Nonionic Gels. Poly(acrylamide-co-bis(acrylamide)) (PAAm-BisAAm) gels
were prepared from acrylamide (AAm) and the tetrafunctional cross-linking agent
N,N’-methylenebis(acrylamide) (BisAAm), with total monomer contents of 5 and 10
wt %, respectively. The level of cross-linking agent varied between 1 and 10 wt %
relative to the total initial weight of monomer. A 40-mg quantity of (NH,),S:05s and
100 pL of TEMED were added as redox initiators.

Anionic Gels. Poly(acrylamide-co-bis(acrylamide)-co-acrylate) (PAAm-
AAc-BisAAm) gels were synthesized by polymer-analogous saponification with 2 M
NaOH solution from PAAm~-BisAAm gels of varying degrees of saponification. The
acrylate content could only be raised above 67 mol % by acid hydrolysis. In this
case, 0.2 M hydrochloric acid was used. Poly(2-acrylamido-2-methylpropanesulfonic
acid-co-triallylamine) gels (PAMPS-TriAA) (14) were synthesized from 2-acrylamido-
2-methylpropanesulfonic acid (AMPS) and the hexafunctional cross-linking agent
triallylamine (TriAA). Total monomer contents were between 10 and 25 wt %. The
cross-linking agent content was varied between 15 and 25 mol % relative to the total
initial monomer concentration. Sodium hydroxide solution (3 M) was added to the
original reaction mixture as a neutralizing agent. A 60-mg quantity of (NH,):S:0s
and 100 pL of TEMED were added as redox initiators.

Cationic Gels. Poly(dimethylaminoethyl acrylate) gels (PDAEA-TriAA) were
synthesized from N,N-dimethylaminoethyl acrylate (DAEA) and the hexafunctional
cross-linking agent triallylamine (TriAA), with total monomer contents of 10 to 25
wt %. The cross-linking agent content was varied between 15 and 30 mol % relative
to the total initial concentration of monomers. Hydrochloric acid (6 M) was added
to the original reaction mixture as a neutralizing agent. Immediately after addition
of the second redox component (TEMED), the reaction mixtures (still liquid) were
transferred to cylindrically shaped vessels of a specific geometry that depended on
the intended application. For swelling measurements, vessels with heights of 1.45
cm and diameters of 1.5 cm were used. For rheological oscillation measurements,
discs of gel with diameters of 5 cm and thicknesses of 0.2 to 0.5 cm were prepared.
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Semisynthetic and Biopolymer Gels. Nonionic Gels. Starch—phosphoryl
chloride (starch-POCI,) gels were prepared by dissolving 5 g of starch in 25 mL of
1 M NaOH solution and then cooling to 0 °C. A mixture of 0.5 g of ice-cold phosphoryl
chloride and 10 g of ice water was added to the solution. For swelling measurements,
the reaction mixture was transferred to vessels of defined geometry and cooled to 0
°C for a further 3 h. For rheological oscillation measurements, part of the reaction
mixture was transferred directly into the apparatus. Starch-graft-poly(acrylamide-
co-bis(acrylamide)) (starch-g-PAAm-BisAAm) gels were synthesized by dissolving 10
g of starch in 60 mL of twice-distilled water, to which 10 g of acrylamide and 0.5 g
of N,N'-methylenebis(acrylamide) were added. An initiating solution of 2 g of am-
monium cerium(IV) nitrate dissolved in 17.5 mL of twice-distilled water was added
to the original reaction mixture. The resultant gel was subjected to dialysis with
twice-distilled water and then was freeze-dried.

Anionic Gels. Starch-graft-poly(acrylamide-co-bis(acrylamide)-co-acrylate)
(starch-g-PAAm-AAc-BisAAm) gels were prepared by polymer-analogous saponifi-
cation of starch~AAm-BisAAm gels with saponification degrees of 11 and 60 mol %
acrylate. Saponification was effected in 0.1 and 2.0 M NaOH solution for 7.5 and
120 h, respectively. The gels were subjected to dialysis with twice-distilled water
and then freeze-dried.

(Carboxymethyl)cellulose-phosphoryl chloride gels (CMC-POCI;) were syn-
thesized by dissolving 4 g of CMC in twice-distilled water, to which 4 mL of a
10 M NaOH solution was added. The solution was cooled to 0 °C. Ice-cold POCl,
(0.6 mL) was then stirred into the reaction mixture, which, after completion of gel
formation, was subjected to dialysis with twice-distilled water and then was freeze-
dried.

Swelling Investigations. A determination of the degree of swelling (V/V,) was
carried out for gels that had been synthesized in cylindrical vessels. V, represents
the initial volume of the gel shape and V represents the volume in the swelled,
equilibrium condition. The gels were swelled for at least a week (to ensure equilib-
rium conditions for all samples) in salt solutions (NaCl, MgCl,, CaCl,, AI(NO3)s) of
differing concentrations. The weight and volume changes of the samples were then
measured. Gel shapes that broke during the swelling process because of insufficient
firmness had their volumes determined by differential weighing with an appropriate
salt solution of known density. For freeze-dried gels, only the determination of the
water absorption capacity (grams of H,O per gram of polymer) was carried out.

Rheological Investigations. The oscillation measurements were carried out by
using a mechanical spectrometer (Rheometrics, System Four). As can be seen from
the schematic representation of the measuring system in Figure 3, a sinusoidal
oscillation with a fixed deformation (y) was transferred to a gel body that was located
between the plates in a plate-plate arrangement. The deformation chosen had to
guarantee that the measurement took place in the linear viscoelastic range at every
instance (i.e., the complex shear modulus G* was independent of the imposed
deformation. ) Between the complex shear modulus G*, the deformation v, and the
torque M, in the plate-plate system, the following relationships applied:

w00 _ a_ My2h
Gr=2 - = @

where o is the maximum shear stress; vy, is the maximum deformation amplitude;
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Figure 3. Schematic diagram of a mechanical oscillation measurement in the
plate—plate system of a rheometer.

i is —1'%; 3 is the phase shift; M, is the torque in the plate-plate system; h is the

distance between the two plates (< 5 mm); and R is radius of the plates (25 mm).
The complex shear modulus (G* ) can be calculated from the resulting torque,

and by application of complex oscillation equations, can be resolved into a real

component (G') and an imaginary component, G'’ according to the following equation
(15-17).

G* = G' + iG" @

The real component, G’, called the storage modulus, is a measure of the re-
versibly elastic storable deformation energy. The imaginary component, G'’, called
the loss modulus, represents a measure of the irreversible energy dissipated during
flow. A hydrogel consisting of a three-dimensional polymer network and the solvent
immobilized within this network represent an elastic solid. As the network structure
cannot dissipate energy through flow, the resultant G'’' comes from a viscous flow
(ms) of the solvent molecules within the gel, and the following equation applies:

G'-m-0=0 @)

The measured values of G'’ are on the order of 0.1% to 5% of the value of G’,
so G'' can be neglected in calculations.

Figure 4 represents the basic plot of G’ against w; it can be subdivided into
four phase ranges. In range (I), curve a is obtained for liquidlike polymer solutions

Figure 4. Basic plot of the storage mod- T !
ulus G’ vs. frequency w in elastic bodies. lgw
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and melts (linear or branched). For three-dimensionally cross-linked hydrogels, curve
b and consequently the plateau range (II) is obtained; the accompanying modulus is
called the plateau modulus G,’, and it provides information about the network
structure (see Results and Discussion). The subsequent regions represent the tran-
sition (III) and glass (IV) zones. In these regions, the mobilities of the chain segments
can no longer maintain the applied oscillation. The oscillation energy can only be
stored by deformation of the bonding angles.

NMR Investigations. 'H and *C NMR spectroscopic investigations (18) were
carried out to determine the copolymer composition of the saponified PAAm-BisAAm
gels. Bruker MSL 300 and Bruker AM 360 spectrometers were used. The gels were
synthesized in 9-mm-i.d. tubes, saponified in 2 M NaOH solution, irrigated, and
dried in a drying cabinet at 40 °C. The completely dried gel was then placed in an
NMR tube with D;0O and swelled.

Results and Discussion

Synthetic Hydrogels. Qualitative swelling investigations on the non-
ionic poly(acrylamide-co-bis(acrylamide)) gels showed that the degree of
swelling in aqueous solutions (V/V, ~ 2) does not exceed the value in the
state immediately after preparation (V/V, = 1) to any significant extent.
The pressure that determines the swelling is essentially influenced by three
components, namely (11, 19, 20)

1. .., the changes in the gel volume that give rise to an elastic
network pressure.

2. mg, the pressure due to dilution that occurs because of ab-
sorption of the solvent. This dilution produces a pressure that
arises from the gain in entropy.

3. on the osmotic pressure that originates from the ions present
in the gel.

When the gel is in equilibrium, these pressures must balance each other
out, thus it follows that

T net + T dil + Wion = 0 (4)

The ionic pressure 7, is a decisive factor in the swelling behavior of
ionic hydrogels. It should, therefore, be possible to achieve a stronger swell-
ing effect by the introduction of ionic groups. To this end, one of two different
synthetic pathways can be followed: copolymerization and polymer-analo-
gous reaction (21). In this study, the latter path was taken (i.e., a nonionic
gel was synthesized from AAm and BisAAm and then partially saponified).
This method had the advantage that the network structure of the nonionic
gel was consistent with that of the synthesized ionic gels, which had varying
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degrees of saponification. The method of synthesis is represented schemat-
ically in Scheme I.

The experimental results obtained from linear poly(acrylamide-co-ac-
rylate) are of interest in this respect (21-23). Figure 5 compares the change
in relative viscosity (n,,) as a function of the comonomer composition for
polymer mixtures of PAAm with PAAcNa with that of PAAm-co-AAcNa,
which was obtained by a polymer-analogous reaction (i.e., by alkaline and
acid hydrolysis). Figure 5 shows that for alkaline hydrolysis the viscosity
increases strongly as a function of the degree of polymerization and salt
concentration and reaches a maximum at approximately 33 mol % of the
acrylate portion. Samples with lower acrylamide contents can only be
achieved by further acid hydrolysis. The reason for this behavior can be
described statistically. At the maximum viscosity during alkaline hydrolysis,

"o /".{: __*}N{

7
HoN =
acrylamide N,N’-methylenebisarylamide
aqueous solution |(NH,),S,0g / TEMED
pH ~6—8 (redox-initiator)
293 K

o={_ NH, }1}4-’/
I W
AN
4

OH~
293 K several days
poly(acrylamide-co-acrylate)
partially saponified

Scheme 1. Schematic pathway for the synthesis of PAAm—BisAAm gels with
subsequent saponification to PAAM—-BisAAm gels.
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two acrylate groups lie adjacent to an acrylamide group in the medium, and
thus present a screen against attack by like-charged hydroxyl ions. Table I,
as calculated from ®*C NMR investigations, shows that this finding is at least
approximately correct. The interpretation of the polymer signals (peaks and
triads) are from ref. 24.

At 60 mol % of the acrylate component, the two permitted triad ar-

4.00

P,, = 70400

3.00

2.00-

Zea1 / Pa's

W\A\A
mefo‘e of pAAm* PAAC

0O 20 4 6 80 100
Mol-Z AAm

Figure 5. Comparison of the dependence of the relative viscosity (n.) of
saponified, linear poly(acrylamide-co-acrylate). P is the degree of poly-
merization.

Table 1. Triad Distribution in 60 mol % Hydrolyzed
Poly(AAm-PAAm-BisAAm) Gel from "C NMR

Investigations

Monomer BC NMR Signal

Triad Position (ppm) Acrylate (%)
AAc-AAc-AAc 185.1 8
AAc-AAc-AAm 184.6 35
AAm-AAc-AAm 183.9 17
AAc-AAm-AAc 181.6 37
AAm-AAm-AAc 181.2 3

AAm-AAm-AAm — —
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rangements AAc—AAc-AAm and AAc-AAm-AAc total 72%. The triads,
which relative to the ideal state are not allowed, such as AAm-AAc-AAm
and AAm-AAm-AAc account for 17% and 3%, respectively. It must be
possible that similar proportions would be found during the alkaline hy-
drolysis of hydrogels. This condition would also have to result in a greater
increase in swelling. Figure 6 shows the dependence of the degree of swelling
of polymerlike saponified PAAm-BisAAm gels on the CaCl, concentration.
The values on the abscissa represent the degrees of swelling determined in
distilled water.

Theoretically, the degree of swelling of PAAm—AAc-BisAAm gels rises
with increasing acrylate content. When 0.01 M NaOH solution is used for
the polvmer-analogous saponification of PAAm-BisAAm, a maximum sa-
ponification degree of only approximately 25 mol % acrylate is obtained (19).
However if the saponification is carried out in 2 M NaOH solution or at
higher concentrations, a saponification degree of approximately 64 mol %
acrvlate portion can be obtained, which is similar to the already established
findings for linear polv(acrylamide-co-acrylates).

Figure 6 shows that the gel saponified to a degree of 64 mol % acrylate
exhibits the maximum degree of swelling. This result is seen by comparison
to a gel with 78 mol % acrylate produced by further acid hyvdrolysis, which
shows a decrease in the degree of swelling after passing through a maximum.
Although nonionic, unsaponified PAAm-BisAAm gel shows no recognizable
dependence on concentration, the anionic saponified PAAm-AAc-BisAAm

PAAm-AAc-BisAAm GELS
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Figure 6. Influence of the degree of hydrolysis (mol % AAc) of
PAAM-AAc-BisAAm gels on the degree of swelling, relative to the CaCl,
concentration.
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gels exhibit distinct sol-gel phase transitions in the concentration range
between 5 X 102 and 1 x 107 mol L' CaCl, (25).

Figure 7 illustrates the influence of the total monomer concentration in
preparation on the degree of swelling in CaCl, solutions of different con-
centrations. The results shown are for two PAAm—-AAc-BisAAm gels sapon-
ified to a degree of 64 mol %. In both cases, the content of cross-linking
agent amounted to 3 wt %. In the ideal case, both gels should exhibit the
same average molecular weight between two entanglement points, and ac-
cordingly the gel with the higher total initial weight of monomer should
have the higher degree of swelling in a thermodynamically good solvent. In
contrast to this theoretical prediction, however, the 5-wt % gel, with V/V,
= 42 in distilled water, attained a degree of swelling twice that of the gel
synthesized with an initial monomer content of 10 wt % (V/V, = 21). The
number of effective entanglement points in the 5-wt % gel must, therefore,
be considerably lower. An explanation for this behavior is offered by the
occurrence of inhomogeneities within the network during synthesis. This
phenomenon is frequently mentioned in the literature. (See Hydrogel Com-
parison.)

PAAm-AAc-BisAAm
64 mol -% AAc

10°
~ 1072
[o]
E
~N
o 10wt -%
o
S
o 10™
i T
]
H —I-—-r—v—v-v-rrﬂf—!—i—rv'rﬂﬂ_&—b'ﬂ"ﬂ
2?0" 100 10! 10 2

DEGREE OF SWELLING V/V,

Figure 7. Influence of the total monomer concentration on the degree of swell-
ing of 60 mol % saponified PAAM-AAc-BisAAm gels relative to the CaCl,
concentration.
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Figure 7 shows that the PAAm—-AAc-BisAAm gel synthesized with a
lower total polymer concentration shrinks more markedly at higher salt
concentrations (> 107 mol L' CaCly,). This behavior corresponds to that
predicted by Hild et al. (26), who applied the scaling concept developed by
DeGennes (27). According to this concept, the osmotic pressure in semi-
concentrated solutions is a function of the total polymer concentration. In
solutions with lower salt concentrations, the polyelectrolytic character of the
PAAm-AAc-BisAAm gels becomes noticeable. Because of electrostatic re-
pulsion, an expansion of the polymeric network takes place, and the classical
scaling concept does not lead to satisfactory predictions. If, as is represented
in Figure 8, only the content of cross-linking agent is varied, then it can be
established that the degree of swelling in distilled water increases in almost
inverse proportion to the content of cross-linking agent. This effect can be
attributed to the higher swelling capacity of networks with larger mesh
widths (28, 29).

Unlike the situation when the total monomer content is varied, no
dependence on cross-linking agent content is observed above 5 x 10~ mol
L™ CaCl,. The swelling behavior in solutions of higher salt concentrations
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Figure 8. Influence of the cross-linking agent content on the degree of swell-
ing relative to the CaCl, concentration for 64 mol % saponified
PAAm-AAc-BisAAm gels.
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is, thus, essentially dependent on the total initial monomer content rather
than on the content of cross-linking agent.

The hydrogels’ stability to salts and associated swelling capacities play
a special role in technical applications. For PAAm-AAc-BisAAm gels, poly-
mers with a polyelectrolytic character are involved that would have to react
particularly strongly to a change in salt concentration. It is, therefore, es-
pecially important to investigate the influence of differently charged elec-
trolyte solutions on the degree of swelling. Although the swelling behavior
of anionic gels is largely independent of the concentration of the electrolytic
anions, it is not independent of the concentration of the cations (30). Figure
9 shows the dependence of the degree of swelling on the concentrations of
various M™* salt solutions with a PAAm-AAc-BisAAm gel saponified to
64 mol % (31). The gel will remain stable up to an Na* concentration of
approximately 5 X 107 mol L'; however, the influence of Mg?* ions at
concentrations above 1 X 10~ mol L! leads to gel shrinkage. AI** ions
have the same effect and cause gels to shrink drastically at lower concen-
trations. Although influenced by a 2 M NaCl solution, the degree of swelling
has a value of approximately 2, which lies above the value in the preparation
state (V/V, = 1). The degree of swelling falls just below that of the prep-
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Figure 9. Influence of the M™* concentration (Na*, Mg?*, Al**) on the degree
of swelling for 64 mol % saponified PAAM~AAc-BisAAm gels.
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aration state and increases again above 0.6 mol L' under the influence of
0.01 mol L' magnesium salt solution. The influence of the Al** ions is very
drastic, and the degree of swelling falls below 1 even at 5 X 10  mol L™!
and leads subsequently to a continual collapse of the gel.

The increase of the degree of swelling at high magnesium salt concen-
trations can be attributed to a reverse in the polarity of the polyelectrolyte
network. The network now bears positive charges (RCOO"Mg *) that cause
arise in the osmotic pressure and hence an increase in the degree of swelling
(31). No such reverse in polarity occurs and thus no increase in the degree
of swelling is observed for Ca®* ions (Figure 7). In contrast to Mg®* ions,
Ca®* ions have a considerably stronger tendency to form insoluble alkaline
earth carboxylates that may account for the divergent behavior. Further-
more, a chelating effect cannot be excluded, which, in the case of the Al**
ions, presumably represents the decisive factor in the collapse of the gel.

Mechanical oscillation measurements could only be carried out on non-
ionic PAAm-BisAAm gels. Because of their high degree of swelling, the
saponified swelled gels could not be cut into suitable samples without their
being destroyed. Via the theory of rubber elasticity developed by Flory (32),
the value of the plateau modulus (G,’) obtained by mechanical oscillation
measurements is directly related to the number of elastically effective chains
per unit volume (v,).

. <r*>
G, = (1 — 2/fv.RT <> ©)

where G,' is in Pa, v, is in mol m~®, fiis the functionality of the cross-linking
agent, R is the universal gas constant (8.314 ] mol'K™"), T is the absolute
temperature, <r®> represents the average square end-to-end distance in
the swelled state, and <r,*> is this distance in the preparation state. The
gels prepared in this work were measured only in the unswelled state (i.e.,
<r?> = <ry?>), and the quotient in equation 5 was 1 and can was ignored.
The number of elastically effective chains per unit volume (v,) is linked to
the number of elastically effective, covalent entanglement points (n,) via the
functionality of the cross-linking agent (f). The following applies:

ve = (fi2)n, ©)

where v, is in mol m™.

On the other hand, as the following relationship applies between the
mesh width M, (molecular weight between two entanglement points) and
the number of elastically effective covalent entanglement points (n,)

n, = C/M, (7
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n, is in mol m=; C is the total monomer concentration in kg m™; and M,
is in kg mol™. The following correlation between the various parameters
and the plateau modulus G, applies:

(1 - 2onp 2 L2 - U= 2
G, = (1 f)veRT =3 nRT = oM, RT 8)

The comparison of the theoretical values with those determined from
G,’ supplies information about the effectiveness of the cross-linking agent
and the homogeneity of the gel solid. The mechanical oscillation meas-
urements were carried out on PAAm-BisAAm gels for which both the total
monomer and cross-linking agent contents were varied.

Figure 10 shows the typical course of the storage modulus G’ plotted
against the oscillation frequency w, for 5 wt % PAAm-BisAAm with a cross-
linking agent content of 3 wt % relative to the total initial monomer weight.
The accompanying value of the plateau modulus is approximately 2150 Pa.
As can be seen from Figure 10, the plateau modulus does not change over
a range of at least 3 decades of .

Figure 11 shows the dependence of the plateau modulus on the content
of cross-linking agent for PAAm-BisAAm gels with 5 and 10 wt % total initial
weight of monomer. The number of elastically effective chains, which is
proportional to G,’, decreases after passing through a maximum.

Table II contains the values for the number of elastically effective en-
tanglement points both as calculated from G,’ (n (exp)) and as calculated
theoretically for an ideal network (n (theo)). The ratio n (exp)/n (theo) re-
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Figure 10. Plateau region of the material function G' against o for a 5 wt %
nonionic PAAM—-BisAAm gel.
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flects the effectiveness of cross-linking. As can be gathered from the table,
the effectiveness of the cross-linking agent lies between approximately 5 and
36% and increases with decreasing proportion of cross-linking agent. These
data emerge from the comparison of PAAm-BisAAm gels with the same
proportion of cross-linking agent and differing total initial monomer weights
(5 and 10 wt %). The effectiveness of cross-linking is approximately 1.5 to
2 times greater for the sample with the higher initial weight of monomer.
Both the maximum behavior and the concentration-related effectiveness of
the cross-linking agent can be attributed to the occurrence of inhomogene-
ities within the network, as has already emerged from the swelling meas-
urements (cf. Hydrogel Comparison).

In addition to the anionic PAAm-AAc-BisAAm gels, additional anionic
(PAMPS-TriAA) and cationic (PDAEA-TriAA) gels were also synthesized.
The schematic reaction path is displayed in Scheme II for both types of gels
and shows that all the reaction conditions are comparable, with the exception
of the monomers and neutralizing agents.

Instead of N,N’-methylenebis(acrylamide), triallylamine was chosen as
the cross-linking agent. Because of its higher functionality, triallylamine use
should have been more efficient, although steric hindrance probably led to
only a small percentage being converted to a hexafunctional cross-linking
agent. Additionally, triallylamine, as opposed to bis(acrylamide), guarantees
that the resulting product may be used in applications subject to food reg-
ulations (being a tertiary amine, it cannot form nitrosamine). The use of
PAMPS as opposed to poly(acrylamide-co-acrylates) should ensure a greater
stability to salts (33).

100007 PAAm-BisAAM 10 wt-%
o 6000
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Figure 11. Dependence of the plateau modulus G’ on the cross-linking agent
content (wt %).

In Polymersin Aqueous Medig; Glass, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1989-0223.ch002

2. KULICKE & NOTTELMANN Structure and Swelling of Some Hydrogels 31

Table II. Elastically Effective Entanglement Points as Calculated from G,’ and
for an Ideal Network

BisAAm G, n. (exp) n. (theo)
(wt %) (Pa) (mol m™) (mol m™) n. (exp)/n. (theo)
Total amount of monomer: 5 wt %
2 1,540 0.62 6.49 0.10
3 2,150 0.87 9.73 0.09
5 2,250 0.91 16.22 0.06
Total amount of monomer: 10 wt %
1 5,830 2.35 6.49 0.36
3 9,900 3.99 19.46 0.21
5 11,030 4.45 32.43 0.13
10 7,780 3.14 64.86 0.05
AMPS DAEA

_=>—0 =\/—0 |
H wo;n q_persy,
A" J |

+NaOH +HCl

(NH,,)ZSZOBI TEMED
aqueous solution

pH68A/

>=o
W sogH Q  NiCHy),

Scheme I1. Synthetic pathway for the production of PAMPS and PDAEA gels
with triallylamine as the cross-linking agent.
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Figure 12 illustrates the dependence of the degree of swelling on
Al(NO,); concentration. The cross-linking agent contents of a 15 wt %
PAMPS-TriAA gel is plotted against the AI(NO,); concentration. The gel
with the lower concentration of cross-linking agent (15 mol %) obtained
a degree of swelling (V/V) of 71 in distilled water. This value is approxi-
mately double the degree of swelling (34) obtained for the gel with the
higher concentration of cross-linking agent (25 mol %). In both cases, shrink-
age of the gel body occurs at Al(NO,), concentrations of approximately
5 X 107* mol L. For all higher salt concentrations, the degree of swell-
ing follows a more or less identical course, and has values in the range
approximately 1.8 to 3. Here too, as in the examples of saponified
PAAm-AAc-BisAAm gels, the degree of swelling is independent of the cross-
linking agent content at higher salt concentrations. In highly dilute salt
solutions, the gel with the lower content of cross-linking agent exhibits a
high degree of swelling because of the large mesh width.

Figure 13 shows the influence of multivalent cations on the degree of
swelling for PAMPS-TriAA gels. In sodium salt solutions above a concen-
tration of 5 X 107 mol L only a small decrease in the degree of swelling
is observed (V/V, = 5 at 0.5 mol L'.) The influence of magnesium and
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Figure 12. Influence of the cross-linking agent content of 15 wt %
PAMPS-TriAA gels relative to the ANO;); concentration.
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Figure 13. Influence of the M* concentration (Na*, Mg?*, Al**) on the degree
of swelling for 15 wt % PAMPS-TriAA gels.

aluminum ions, however, shows a significant phase transition. For increasing
salt concentration, the magnesium ions at first display a greater influence
on the degree of swelling than the aluminum ions, and, with increasing
concentration, a steady reduction in the degree of swelling can similarly be
observed. At a magnesium ion concentration of 0.5 mol L, the degree of
swelling has a value of 3.7. The shrinkage that occurs at an aluminum ion
concentration of approximately 5 X 1073 mol L is very drastic. It does not,
however, lead to a collapse of the gel, but instead, after passing through
a minimum at 10~ mol L™ with V/V, = 2.4, shows a slight increase up
to 3.2.

The PAMPS-TriAA gels, accordingly, exhibit a higher salt stability than
the PAAm-AAc-BisAAm gels. Because the molecular weight of AMPS is
approximately 3 times that of acrylamide, higher weights of this monomer
must be used to obtain the same concentration and elasticity in the gel.
Rheological investigations have only been carried out in a random manner,
and no conclusive statements have yet been made on this subject.

A similar method to that for the PAMPS-TriAA gel was used to syn-
thesize the cationic PDAEA-TriAA gel, for which the degree of swelling
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was determined relative to the NaCl concentration (Figure 14). The molec-
ular weight of N,N-dimethylaminoethyl acrylate (DAEA) is only two-thirds
that of AMPS; thus, gels of comparable stability should result from corre-
spondingly lower initial monomer weights. In comparison to the strongly
acidic AMPS however, DAEA is a fundamentally weaker basic monomer.
As a result, less osmotic pressure is created, which means that
PDAEA-TriAA gels must be synthesized from considerably higher total
initial monomer weights to produce comparable degrees of swelling. Gels
with initial monomer weights below 20 wt % were not manageable in the
swelled state and resulted in excessively high deviations during weight and
volume determinations.

For gels synthesized with a total initial monomer content of 30 wt %
and a cross-linking agent proportion of 25 mol %, the degree of swelling in
distilled water is 21 (Figure 14). The degree of swelling in NaCl solutions
remained practically unaltered for concentrations up to approximately 5 x
10~* mol L' and slowly decreased with further rise in concentration. Never-
theless, in 1 M NaCl solution, V/V, = 5. PDAEA-TriAA gels, thus, exhibit
a relatively high salt stability. Rheological investigations have not been car-
ried out.

30wt -% PDAEA -TriAA

/ mol-1-!

€ NaCl
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Figure 14. Influence of the NaCl concentration on the degree of swelling of
30 wt % PDAEA-TriAA gels with 25 mol % TriAA.
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Biopolymer Hydrogels. The aim of this study is to present some
biopolymer hydrogels based on starch and CMC derivatives. A great deal
of interest has centered on these gels in recent years because starch is a
naturally occurring, extremely inexpensive, and nontoxic raw material.
These qualities make it particularly interesting for applications in the fields
of foodstuffs, hygiene, and moisture control in agriculture (35-39).

Homogeneous cross-linking is very difficult because of insolubility in
organic solvents, the high degree of crystallinity of the polymeric substrate,
and the incompatibility of the substrate with many of the cross-linking agents.
Biopolymers are rendered more soluble by the preparation of derivatives or
dissolution in highly concentrated sodium hydroxide solutions. Numerous
methods of cross-linking starch have been developed commercially. Some
multifunctional cross-linking agents are epichlorohydrin, trimetaphosphate,
N,N-methylenebis(acrylamide), formaldehyde, and phosphoryl chloride.

A diagram of the proposed reaction pathway for the cross-linking of
starch with phosphoryl chloride is given in Scheme III; however, it remains
difficult to determine the degree of cross-linking because of the heterogeneity
of the samples and the low level to which cross-linking occurs. Little has
been published concerning the rheological properties of hydrogels and the
influence of the network structure upon them. A starch gel was prepared
by cross-linking with phosphoryl chloride.

Figure 15 indicates the dependence of V/V, on the concentration of
sodium chloride and magnesium chloride for some of the gels prepared as
in Scheme III. The gels exhibit stability up to a salt concentration of 1 X
10~ mol L. Further increase of the Na* concentration leads to a decrease
inV/Vyto1lat1lM NaCl

For MgCl,, an increase of concentration is more effective than it is for
NaCl on the reduction in the degree of swelling, and V/V, reaches a min-
imum of 0.8. Above a Mg?* concentration of 0.1 mol L', increases in
V/V, can be attributed to a reversal in the polarity of the polyelectro-
lyte network. The network now bears positive charges (starch—-O-Mg *) that
lead to a rise in the osmotic pressure and, hence, an increase in the de-
gree of swelling.

The plateau modulus (G,’) for starch-POCI; gel was determined by
mechanical oscillation measurements. Figure 16 represents the values of the
storage moduli in the plateau region as a function of the reaction rate of
starch-POCI; gel. Gel formation takes several hours to reach completion;
this time requirement points to a very slow condensation during phosphate
formation.

Semisynthetic Hydrogels. Starch-g-PAAm-AAc-BisAAm gels with
acrylate contents of 11 and 80 mol % were produced by polymerlike sapon-
ification of starch-g-PAAm-BisAAm gels. The latter had been synthesized
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Scheme I11. Synthetic pathway for the production of starch-POCl; gels.

by graft copolymerization of starch with acrylamide and bis(acrylamide). In
Figure 17, the relationship between the degree of swelling and the Na* and
Mg?* concentrations is shown for an unsaponified starch-g-PAAm-BisAAm
gel and the starch-g-PAAm-AAc-BisAAm gel saponified to 60 mol % ac-
rylate. Unsaponified gel (0 mol % AAc) showed the same relationship for
both Na* and Mg?* concentration. Compared to the preparation state,
neither swelling nor shrinking can be observed for either pure water or very
high salt concentrations. Consequently, unsaponified gel possesses the same
swelling behavior as nonionic PAAm-BisAAm gel. This behavior is unusual
because with a starch proportion of 10 wt %, a course similar to the
starch—-POCI; would have to occur. The starch-g-PAAm-AAc-BisAAm gel,
saponified to 60 mol % acrylate, has a degree of swelling of 50 in pure water.

The proportion of synthetic components in the final gel relative to the
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Figure 15. Influence of the Na* and Mg®* concentration on the degree of
swelling for starch-POCI; gels.

preparation condition in starch-g-PAAm-AAc-BisAAm gel was 10 wt %. The
relationship of the swelling behavior to the Na* and Mg?* concentration
corresponds to that of the synthetic PAAm—AAc-BisAAm gel (Figure 9).

The degree of swelling of the synthetic gel in distilled water was 21; the
degree of swelling in the saponified graft-copolymerization state with starch
was 50.

The starch-g-PAAm-AAc-BisAAm gel behaves qualitatively like a cor-
responding PAAM-AAc-BisAAm gel. However, due to the bond with starch,
it possesses a larger mesh width and thus exhibits a correspondingly higher
degree of swelling. Visibly more significant inhomogeneities occur during
the synthesis of the starch-g-PAAM-AAc-BisAAm gels than of the
starch-POCI, gels. The swelling measurements were, therefore, carried out
on crushed freeze-dried samples. Because it was not possible to synthesize
uniform gel bodies, rheological investigations were not performed.

Hydrogel Comparison. Figure 18 is a survey of the water absorption
capacity for some of the synthetic, semisynthetic, and biopolymer gels. The
values given refer to 1 g of dry material. For comparison, some types of gel
are included in Figure 18 that were not mentioned in the previous discussion.
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Figure 16. Time dependence of the material function G' against o for
starch—POCl; gels in the plateau region.
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Figure 17. Influence of the Na* and Mg?* concentration on the degree of
swelling for unsaponified (0 mol % AAc) and highly saponified (60 mol % AAc)
starch-g-PAAm~AAc-BisAAm gels.
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Figure 18. Comparison of the water absorption capacity (grams of H:O per
gram of polymer) for various synthetic and semisynthetic biopolymer gels.

No additional salt-dependent swelling measurements or rheological inves-
tigations were carried out on these gels. The following trends can be inferred:

1. Water absorption capacity rises with increasing proportion of
ionic groups in the gel.

2. Compared to equivalent semisynthetic gels, the degree of
swelling for synthetic hydrogels is approximately about 2 to
3 times greater, and to biopolymer gels, 13 to 40 times greater.

The survey does, however, only show the gels’ absorption capacity
in distilled water, and incorrect conclusions might be drawn with respect
to salt-containing solutions. The salt concentration vs. degree of swelling
for the polymers is shown in Figures 19 and 20. For the sake of the survey,
the saponified semisynthetic starch-g-PAAM-AAc-BisAAm gels were omit-
ted, because their course largely corresponded to that of the
PAAM-AAc-BisAAm gels. As Figure 19 shows, in KCI solutions, the
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Figure 19. Comparison of the graphs of concentration against degree of swell-
ing in KCl solutions for the gels.

synthetic hydrogels possess a greater stability to salts than the starch—
POCI, gels.

If, however, the synthetic gels are compared with one another, the
relationships relative to salt stability are reversed as the KCI concentration
increases. The gels with triallylamine as a cross-linking agent exhibit a sig-
nificantly higher salt stability than the PAAM—-AAc-BisAAm gel. Salt solu-
tions with concentrations between approximately 0.001 and 0.1 mol L™ occur
in technical product applications and particularly in nature. These solutions
contain high percentages of multivalent cations such as Ca®**, Mg**, and
Al** and are therefore of particular interest concerning salt stability.

Figure 20 shows the dependence of the degree of swelling on the Mg**
concentration for the different hydrogels. Worthy of particular note is the
very good salt stability and high V/V, of the PAMPS-TriAA -gels. Further-
more, for PAAm-AAc-BisAAm gels in this concentration range, the degree
of swelling falls below that for the starch—-POCI, gels. The starch-POCI;
gels exhibit a higher salt stability despite their lower absorption capacity of
distilled water. Starch—-POCI, gels also offer the advantages of being legally
permissible in foodstuffs and being biologically degradable.
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Figure 20. Comparison of the graphs of concentration against degree of swell-
ing in MgCl, solutions for the gels.

The determination of network parameters (density of entanglement,
average molecular weight between two entanglement points, etc.) from
swelling measurements for highly cross-linked polymers is subject to a rel-
atively high degree of error and requires a prior knowledge of the
Flory—-Huggins interaction parameter (x). In contrast, mechanical oscillatory
shear experiments are considerably easier to carry out and correlate with
the network parameters. Figure 21 shows the rate of gel formation as a
function of the storage modulus for starch-POCI; gel and synthetic
PAAm-BisAAm gel. During the radical-initiated copolymerization of syn-
thetic gels, gel formation terminates within a very short time. In contrast,
the biopolymer gels need considerably longer reaction times for the network
formation to reach completion. In the present example, the gel formation
does not reach completion for approximately 20-24 h. This lengthy interval
can presumably be attributed to the very slow condensation during esteri-
fication across the phosphate bridges. Uniform, homogeneous gel bodies are
needed to determine the network parameters by rheological parameters.
Comparable rheological measurements on gel suspensions are not, therefore,
possible. This problem is especially true of biopolymer gels, which, because
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Figure 21. Comparison of the time-dependent gel formation of PAAm—BisAAm
and starch-POCI; gels as a material function of G,’ against time.

of their varied preparation methods, can frequently only be investigated in
the form of gel suspensions.

Network Inhomogeneities

If the molar ratios of bifunctional monomer and polyfunctional cross-linking
agent are given, then a theoretical value for the number of elastically effective
entanglement points can be determined for any gel. The length between
entanglements for a real network will, however, always have a more-or-less
broad distribution. In Figure 22, examples of the occurrence of network
inhomogeneities are shown. The number of free chain ends, which do not
contribute to the elasticity of the network, for rates of radical-initiated co-
polymerization is dependent upon the concentration of the radical initiator,
among other factors. The compatibility and solubility of the components
during synthesis represents a further item to consider in the occurrence of
network inhomogeneities.

The cross-linking agents bis(acrylamide) and triallylamine are only
slightly soluble in aqueous media and therefore tend toward phase separa-
tion. At very high concentrations of cross-linking agent, aggregation occurs,
and the network reacts in total like a single elastically effective entanglement
point. This effect is responsible for the occurrence of the maximum behavior
relative to the plateau modulus for the PAAm-BisAAm gels (Figure 11). The
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Figure 22. Network defects and inhomogeneities.

probability of ring and loop formation rises with decreasing total monomer
concentration if the cross-linking agent concentration is still relatively large.
This effect occurs in PAAm-BisAAm gels as well as their polymerlike sa-
ponified PAAM-AAc-BisAAm gels, as follows from both swelling and vi-
bration measurements (cf. Figure 7 and Table II). The PAAM-AAc-BisAAm
gel synthesized from a total monomer concentration of 5% shows a higher
degree of swelling compared to the gel from a monomer concentration of
10%, although the proportion of cross-linking agent is the same in both
cases. Correspondingly, a considerably lower entanglement density can be
observed with decreasing total concentration from the rheological meas-
urements, and this result can be attributed to the formation of rings and
loops with decreasing total monomer concentration.
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Cooperative Diffusion
in Water-Swellable Polymeric Networks
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Ynstitut Charles Sadron (CRM-EAHP), 6, rue Boussingault, 67083 Strasbourg
Cedex, France

Current theories for the dynamic fluctuations and kinetics of poly-
meric gel swelling are reviewed. The cooperative diffusion constant
can be determined either from quasi-elastic light scattering experi-
ments or from the swelling kinetics of spherical or cylindrical gels.
The influence of the structure and ionization degree of the network
on the cooperative diffusion constant is discussed.

WATER-SWELLABLE POLYMERIC NETWORKS have received considerable
attention from both academic and applied research laboratories. The dis-
covery of volume-phase transitions upon changes of external conditions,
such as temperature, solvent composition, or osmotic pressure (1-7), has
initiated research on new technological applications of gels as switches, ac-
tuators, memories, and display units. The capacity of highly ionized gels to
retain large amounts of water makes the gels useful as reservoirs (8) and for
other new industrial applications. To put new applications into practice, an
understanding of the dynamic properties of water-swellable networks is of
fundamental importance.

It has been shown both theoretically and experimentally that the kinetics
of volume change and the dynamics of concentration fluctuations of a gel
are controlled by a diffusive process in which many chains of the network
move cooperatively (9-13). The first part of this chapter describes how the
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techniques of quasi-elastic light scattering (QELS) and kinetics of swelling
can be used in a complementary way to determine the diffusion constant
associated with swelling. The second part of this chapter discusses the re-
lation between the cooperative diffusion constant and the microscopic struc-
ture of the networks.

Experimental Details

The polyacrylamide gels were prepared by a standard redox reaction with ammonium
persulfate and tetramethylethylenediamine (TEMED). Recrystallized acrylamide
monomer (5 g), N,N’-methylenebis(acrylamide) (0.133 g), ammonium persulfate
(40 mg), and TEMED (400 pL) were dissolved in water to make a total volume of
100 mL. After thorough mixing, the preparation was poured through a small aperture
into cylindrical or spherical glass molds. Upon gelation, the molds were broken and
the gel samples were transferred into a cell containing an excess of water. This time
was taken to be zero (¢ = 0) for the kinetics experiments.

Ionized gels were acrylic acid-sodium acrylate copolymers. The samples were
provided by Norsolor Company. The gels were obtained through an inverse sus-
pension process. In this technique, the aqueous phase, containing an hydrophilic
monomer, was dispersed in an organic phase, such as an alicyclic or aliphatic hy-
drocarbon.

The first step of the synthesis was the neutralization of acrylic acid by an aqueous
sodium hydroxide solution. The degree of neutralization determined the ionization
degree. A cross-linking agent and an initiator were then dissolved in the aqueous
phase.

The inverse suspension was obtained by mixing the organic solution of a nonionic
surfactant with the aqueous solution of partially neutralized acrylic acid salt. The
temperature was then raised, and the polymerization reaction was carried out for
several hours. The samples were then dried and ready for swelling kinetics exper-
iments. They were transferred into an excess of solvent, and the time at which they
looked homogeneous was t = 0 for the kinetics experiments.

Determination of the Cooperative Diffusion Coefficient

Equation of Motion. A gel consists of a cross-linked network im-
mersed in a fluid, so coupled equations should be used to describe the
motion of the solvent molecules and of the polymer network. However, the
motion of solvent molecules is about 10 times faster than that of the polymer
network. Thus, on the time scale of the thermal fluctuations of the network,
solvent effects are always averaged. An equation of motion for a gel network
was proposed by Tanaka et al. (9). In the derivation of the equation of
motion, solvent effects are taken into account only through a viscosity term.

As a further approximation, a gel can be treated as a continuous medium
with uniform density p. This approximation is valid for collective modes that
have wavelengths much larger than the average distance between two neigh-
boring cross-links. The time and space dependences of the structure of the
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network can then be described by the displacement vector u(r, t), which
represents the displacement at time ¢ of a point r on the polymer network
from its equilibrium location. In the case of a small deformation of a unit
cube of gel, the equation for u(r, t) is given by Newton’s second law:

d%u(r, t)
at?

dul(r, t)
at

P =V.o-f )

The two terms on the right represent the forces exerted on the unit cube.
The stress tensor (o) has a component o, the force along the k-axis on a
unit plane perpendicular to the i-axis. This component is related to the
displacement vector through

1
o = K,V - udy + 2u(uy — §V © udy) @
where
]. auk au;
R ded A 3
Y 2 (axi + axk) ( )

and K, and p. are the osmotic compressional modulus and the shear modulus

of the gel, respectively. Thus, the first term on the right side of equation 1

represents the elastic force acting on the unit cube. The second term is a

friction force that includes solvent effects through the friction coefficient f.
Substituting equations 2 and 3 into equation 1 yields

32 )
—t=uAu+(Kos+%u)V(V'u)—fa—: @)

P ot

Generally, the inertial term is much smaller than the other terms of equation
4, and the equation of motion becomes:

ou K, + w/3 ' [
i —_f V(V - u) + fAu 6))

Equation 5 describes the fluctuations of the network structure and the ki-
netics of swelling of the gel.

Kinetics of Swelling of Spherical and Cylindrical Gels. Spherical
and elongated cylindrical (ratio of height/radius >> 1) gel samples were
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studied. A cross-linked polymeric network was prepared in the presence of
a given amount of diluent. When the gelation reaction was complete, the
gel sample was transferred to a cell containing an excess of solvent. The cell
was placed onto the stage of a profile projector. As the gel swelled to its
equilibrium concentration, its size was recorded photographically. This
method allowed an accurate measurement of the time evolution of the gel
size during the swelling process.

The kinetics of swelling are described by equation 5, in which u(r, ¢)
represents the displacement of a point in the network from its final equilib-
rium location after the gel is fully swollen. This deformation is radial with
respect to the center of the sphere or the axis of the cylinder. In an actual
experiment, the radius a(t) of the sphere or of the cylinder is measured as
a function of time. The deformation at the surface of the gel can be described

by
u(a, t) = a(®) — alt) 6)

By using the following initial and boundary conditions, equation 5 has
been solved to describe the kinetics of swelling of a sphere (10-11) and
cylinder (13). The initial condition for u(r, t) is obtained by assuming that
before the gel is transferred into the fluid (¢t = 0), that the network is
uniformly compressed so that:

u(r, 0)
(a, 0

Y

Qs

=

3

The boundary condition on the surface of the gel is obtained by canceling
the stress normal to the surface.

By solving equation 5 with the boundary conditions described, it was
found that the relationship between the evolution of the radius of the sphere
or the cylinder to its equilibrium value can be described by an infinite sum
of exponential decays. Modes with the smallest relaxation times vanish rap-
idly, and the final stage of the swelling process is described by a single
exponential relaxation.

—In = —lna

u(a, 0) a j=e B ®

38
|
S
—~~
S

where B depends on the ratio n/K,, and the shape of the gel sample. The
relaxation time T, is given by:

a2
DX,? )

2

sphere: T, =

a
Dx'lz(l + p‘/Mos)

cylinder (infinite height): 7, =
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where the cooperative diffusion coefficient (D = M,,/f), the osmotic lon-
gitudinal modulus (M, = K,, + 4p/3), and X, (for a sphere) or X', (for a
cylinder), respectively, are the first roots of equations 10 and 11.

_ _(4p/MyX,
tan X = @i, - X2 19
and
Xn’]O(Xﬂ’) - 2(“‘/Mos)]1(xn’) = 0 (ll)

Jo(X) and J (X) are the Bessel functions of zeroth and first order, respectively.

Equation 9 shows that the relaxation time is proportional to the square
of the distance between the gel surface and its center, that the kinetic process
is diffusive, and that all chains of the network diffuse cooperatively through
the water to relaxation equilibrium.

Figure 1 shows the theoretical swelling curves calculated for the two
limits, p/M,, = 0 and p/M, = 0.5. The extrapolations to 0 time of the
asymptotic straight lines depend on w/M . On the same plot, the experi-
mental data obtained for three polyacrylamide gels are given. A least-squares
fit of the data led to an intercept corresponding to w/M,, = 0.3 = 0.1. The

+

3' °
o l
S Y +
Ug °_4
3|3 + +
£ .
1 2k

+°
: +
+
P,
1t
0 1 2

L
4
Figure 1. Experimental swelling curves for three spherical polyacrylamide gels
at the equilibrium swelling concentration 3.3 X 102 g cm™. Radii were
4.43 mm (®), 6.17 mm (0), and 11.15 mm (+). The temperature was 22 °C.
The two lines are the theoretical swelling curves for the two limiting values

/My = 0 (top curve) and w/M,, = 0.5 (bottom curve). The mean square fit
to the data led to p/M,, = 0.3 £ 0.1.
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relationship between 7, and D depends on w/M,, directly or through the
roots X, or X,’. It is convenient to introduce the apparent diffusion coefficient
D', which is obtained by assuming p = 0.

9 ' "\ 2
sphere D' = a_2 b_ (X
e D T (12)

az D' Xl' 2
cylinder (infinite height) D’ e o= )\—1 1+ w/My)

where \, is the first root of J(X).

The variations of D'/D as a function of p/M,, for an elongated cylinder
and a sphere are shown in Figure 2. D'/D does not deviate significantly
from 1 for elongated cylinders; whereas, D’/D decreases considerably for
spheres with increasing p/M,,. Therefore, if the ratio p/M,, is not known,
it is preferable to study the kinetics of swelling of an elongated cylinder.
The latter quantity can be evaluated by comparing the D’ values of a sphere
and an elongated cylinder of the same gel. Figure 3 represents the theoretical
variation of D’ ger/ D' phere as @ function of p/M,,. On the same plot the
experimental values of D’ .y 4e,/ D’ sjpere Obtained for sample gels of polydi-
methylsiloxane in toluene (14) and polyacrylamide in water are reported.
The value /M = 0.28 + 0.04 obtained for the polyacrylamide gels is in
good agreement with that obtained from the extrapolation to ¢t = 0 for the
asymptotic straight line of Figure 1.

Theory of the Quasi-Elastic Light Scattering from Gels. The
equation of motion (equation 5) has three solutions that correspond to one
longitudinal and two transverse diffusive modes. These modes give rise to
polarized and depolarized light scattering, respectively (11-13, 15). The
depolarized light scattering from gels is generally very small, and so far, no
experiments have reported unexpected data. This chapter discusses only the
polarized scattering that arises from the longitudinal diffusive modes.

In a QELS experiment, the autocorrelation function of the polarized
scattered field <E(K, t)*E(K, 0)> is measured with K as the scattering vector.
The scattered field is proportional to the amplitude of the fluctuations of the
local polymer concentration in the gel. These concentration fluctuations are
related to the local deformation in the gel.

The introduction of the Fourier transform u(K, t) of the displacement
vector in equation 5 leads to the following result for longitudinal displace-
ment modes:

u(K, t) x g~K'Dt (13)
Equation 13 shows that displacement modes diffuse in the gel with a diffusion
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Figure 2. Variation of D'/D as a function of n/M,, for spherical (c) and

cylindrical (b) gels. D' is the apparent diffusion coefficient obtained by assum-

ing w = 0. D is the actual diffusion coefficient that can be calculated only if

/M, is known. Neglecting the shear modulus introduces only a small error
for cylindrical samples.

coefficient D. As a consequence, the autocorrelation function of the scattered
field obeys

e~ KDt (14)

2
<EK, t)*E(K, 0> = C (¢ 3") ksT

ad) K, + 4p/3

where ¢ is the volume fraction of polymer in the gel, n is the index of
refraction of the sample, and C is a constant that depends on the scattering
geometry.

In an actual QELS experiment performed by using the homodyne re-
gime, the time correlation function of the intensity of the scattered light
<I(K, t) 1 (K, 0)> is measured. Because of the Gaussian nature of the electric
field, the time correlation function is given by the square of the correlation
function of the electric field (see equation 14). The equation is

<I(K, t)L(K, 0)> x ¢~%Dt (15)

In the heterodyne regime, (i.e., when the scattered signal is mixed with
an external oscillator of much larger intensity) the experimental autocorre-
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Figure 3. The ratio n/M,, can be obtained from the ratio of the apparent

diffusion coefficients measured on cylindrical and spherical gels. The theoretical

curve is obtained from equation 12. The two experimental points correspond

to a polyacrylamide gel in water (circle) and a polydimethylsiloxane gel in
toluene (box). The temperature was 22 °C.

lation function is given by equation 14. Static inhomogeneities inside the
gel samples usually play the role of oscillator, and are always heterodyned
to some extent to the dynamic component of the scattered signal.

Quasi-Elastic Light Scattering from Gels: General Features.
An exponential form for the correlation function of scattered light and K*®
dependence of the decay rate are expected from equations 14 and 15. These
expectations were experimentally verified on several covalently cross-linked
networks (9, 12, 16, 17). The autocorrelation function was described either
by a single exponential decay or by a narrow distribution of exponential
decays. Cumulants analysis (18) leads to variances less than 0.1, if one ignores
gels with very low degrees of cross-linking, for which significant deviations
from exponentiality were observed (16). An important contribution to the
scattered signal arises from the long-range stationary spatial fluctuations in
polymer segment density associated with nonrandom cross-linking of the
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polymeric chains (19-22). This quasi-static scattering acts as a local oscillator
that partially heterodynes the dynamic signal.

At small scattering vectors, the autocorrelation function is often fully
heterodyned, and the dynamic part of the scattered intensity is only a few
percent of the total intensity. At large scattering vectors, the signal is partially
heterodyned and the measured decay constant, I, has a value between the
heterodyne value DK? and the homodyne value 2DK>. As a result, the K*
dependence of I no longer seems to be satisfied (Figure 4). This artifact can
be eliminated by using a heterodyne geometry to obtain a meaningful value
for the diffusion coefficient.

Another type of behavior is obtained with thermoreversible gels like
agarose. Electron microscopy has shown that the network structure of these
gels consists of fibers made from many polymer chains. In such gels, elasticity
doesn’t come from the entropy of the chains, as in the case of covalently
cross-linked polymers, but from the mechanical bending elasticity of the
fibers. The elastic moduli are about 10 times larger than those of entropic
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Figure 4. Variation of I'/2K? as a function of K? for a typical polyacrylamide

gel sample at the swelling equilibrium concentration 2.5 X 102 g cm™. The

temperature was 22 °C. Static concentration fluctuations did not heterodyne

completely the dynamic intensity at large values of the scattering vector. As
a result T'/2K? varied with K2

In Polymersin Aqueous Medig; Glass, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1989-0223.ch003

54 POLYMERS IN AQUEOUS MEDIA

gels with same concentration. As a consequence, the dynamic part of the
scattered intensity, which is inversely proportional to (K,; + 4p./3), becomes
very small (see equation 14).

QELS experiments have been performed in agarose and calcium alginate
gels (23-25). The static scattering from both types of gels is about 2 orders
of magnitude greater than that from a polyacrylamide gel. The intensity of
the dynamic component is less than 1% of the total signal. The correlation
functions are strongly nonexponential. Forced exponential fitting gives decay
times of the order of tens of milliseconds that do not vary as a function of
K*. 1t is not, therefore, appropriate to describe the fluctuations in terms of
diffusive process, and QELS experiments do not provide useful information
on the structure of the network. On the other hand, QELS is well-suited
to the study of tracer diffusion to gain insight into the structure of rigid
fibrous gels (e.g., globular proteins) (23-25).

Comparison Between Light Scattering and Kinetics of Swell-
ing. The cooperative diffusion process governs both the kinetics of swelling
and the concentration fluctuations of gels. Figure 5 reports the values of D
obtained from quasi-elastic light scattering and kinetics of swelling of cylin-
drical and spherical gel samples. The agreement between the two sets of
results is very good.

The two techniques, QELS and kinetics of swelling, are complementary.
In general, the QELS experiments are easier to perform and more accurate.
However, highly ionized gels, characterized by large diffusion constants and
high degrees of swelling, scatter very little light, and therefore macroscopic
measurements are more appropriate. Macroscopic measurements are also
more appropriate when the refractive index increment of the polymer with
respect to the diluent is very small. On the other hand, kinetic experiments
provide measurement of D only for gels close to the swelling equilibrium.
QELS experiments allow determination of D at any stage of swelling.

Cooperative Diffusion Constant and Microstructure
of the Network

The cooperative diffusion constant is related to the network properties

through

D= (K, + 4p/3)f (16)

Covalently cross-linked networks built from highly hydrosoluble poly-
meric chains will now be considered. Neutral and ionized gels are discussed
separately.

Neutral Gels. The link between the elastic moduli K,, and p, the
friction factor f, and the local structure of the gel can be established by using

In Polymersin Aqueous Medig; Glass, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1989-0223.ch003

3. PETERs ET AL. Cooperative Diffusion in Polymeric Networks 55

6

7~ S

]

N IR Y ittty

&

O 3

v

o, |

I~

O 1

—t
° 1071 107° 1078 }; 107! 10° 10!
AT°K % (em® a® (cm®

Figure 5. Comparison of D values obtained by QELS and swelling kinetics

experiments on a polyacrylamide gel in water. The concentration was 3.3 X

10 g cm™. The temperature was 22 °C. The diffusive nature of the polymer

network motion was apparent because the measured D was independent of

K-? in QELS experiments (®) and of a? in swelling kinetics experiments per-
formed on spheres () and on a cylinder (m).

an analogy between a gel swollen at equilibrium and a semidilute solution
of large macromolecules at the same concentration (12, 26). The scaling
concepts, which were developed for semidilute solutions (26), can be applied
to the swollen networks. The scaling concepts allow expression of the com-
plicated dependence of the elastic moduli on the cross-link density, polymer
concentration, and solvent-polymer interactions in terms of a single param-
eter: £, the average distance between two neighboring cross-links. For a
series of networks of a given polymer with different cross-link densities, &
is related to the swelling equilibrium volume fraction, ®,, through

g o @e—v/(.'lv—l) (17)

where v is the excluded volume exponent relating the end-to-end distance
R to the polymerization index N:

R x N’ (18)

It can be shown that the elastic moduli increase in proportion to the
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density of elastic strands of size & (12, 26), and this condition leads to

Ko, o« kpTE™ o kT, (19)

The linear dependence of the moduli on temperature results from the en-
tropic origin of the elasticity.

The effective friction coefficient, f, is related to the static spatial corre-
lation function g(r) through:

e oL
fore [ dr =gl 20

where 7, is the viscosity of the solvent. Equation 20 takes the sum of the
hydrodynamic interactions between monomers by using the spatial corre-
lation function as a weighting factor. This correlation function involves a
correlation length that describes the screening of the long-range hydrody-
namic interactions and that is imposed by £ alone. Thus, g(r) is a scaling
function, and g(r) « h(r/£) so that equation 20 becomes:

foemE? 1)
Combining equations 16, 19, and 21 leads to:

D x %—2—1 x P, % (22)

Thus, D increases in inverse proportion to the correlation length, and by
analogy, in the case of solutions, a hydrodynamic correlation length & can

be defined by:

ksT
6’““5&“

23)

The scaling law (equation 22) suggests that the ratio £,/£ is a universal
number (independent of the chemical nature of the polymer and the solvent).
There is not, at the moment, theoretical calculation of £,;/£. An experiment
combining neutron scattering and QELS measurements on polystyrene gels
swollen by benzene allowed measurement of both the radius of gyration
of a strand of the network and the hydrodynamic correlation length (27).
The latter was found to be about one-half the static length. The same result,
R¢/Ry, was found for dilute solutions of macromolecules in good solvent
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(excluded volume regime); therefore, the measurement of D in swollen
networks provides a good estimate of the mesh-size of the network.

The scaling behavior of D with the equilibrium polymer concentration
was observed for several gels. The experimental values of the exponent
ranged from 0.66 to 0.77 (12, 16, 17, 28). The nonuniversal value of the
exponent can be explained, as in the case of semidilute solutions, by crossover
effects (28). Figure 6 shows the log-log plot of the cooperative diffusion
versus the swelling equilibrium concentration for polyacrylamide gels at the
swelling equilibrium. The value obtained for the exponent is very close to
the theoretical prediction.

Remarks

1. Ifthe gel contains a large number of dangling chains connected
at one end to the network, £ represents the average size of
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Figure 6. Variation of the diffusion coefficient of polyacrylamide gels on a

double logarithmic scale as a function of their concentration at swelling equi-

librium. The temperature was 22 °C. The slope was 0.74 and agreed with the
exponent predicted by equation 21.
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the branched chain connecting two neighboring elastically ef-
fective cross-links, and the scaling relation (equation 22) is no
longer valid (29).

2. The dynamics of gels in poor solvent, (i.e., when the poly-
mer—polymer affinity becomes equal to or less than the poly-
mer—solvent affinity), are also characterized by a diffusive
process. A hydrodynamic correlation length can still be de-
fined through equation 23, but this length represents the dis-
tance over which the network motions are correlated and
involves many cross-linking units. By lowering the tempera-
ture, a spinodal line is approached and the correlation length
increases and diverges (15, 20-32).

Ionized Gels. Ionized water-swellable polymeric networks are used
in an increasingly large number of applications because of their very high
water retention capacity (up to about 1000 times the volume of the dry
polymer in pure water) and their very fast kinetics of volume change. These
features, which have been recently investigated in hydrolyzed polyacryl-
amide (3-7, 33) and acrylic acid-sodium acrylate copolymer gels (8), are due
to the ionic pressure. This contribution to the osmotic pressure arises from
the ionization of the polymer network that releases positively charged hy-
drogen or sodium ions within the gel. These ions move freely without es-
caping the gel and produce pressure that causes expansion of the gel in an
excess of water and increases the rate of swelling (3-5). In the limiting case
of small degrees of ionization, the contribution of the ion pressure to the
cooperative diffusion constant can be taken into account by adding a term
proportional to the ionization degree to the longitudinal modulus. As aresult,
the cooperative diffusion is a linear function of the ionization degree. This
hypothesis was verified on a series of polyacrylamide gels with different
degrees of hydrolysis (31).

For gels with high degrees of ionization, no theory is available to describe
the kinetics of swelling and the dynamics of fluctuations. A study (8) carried
out on small beads of cross-linked acrylic acid-sodium acrylate copolymers
has shown that the kinetics of swelling are still governed by a diffusive
process. The cooperative diffusion coefficient, as well as the equilibrium
swelling degree, are controlled mainly by the effective ionization of the
network. This parameter can be varied either by changing the charge density
on the network or the salt concentration of the swelling agent. Figure 7
shows the variation of the cooperative diffusion coefficient and swelling ratio
at the equilibrium for gels with an ionization degree of 80% as a function of
the salt content in the diluent. Very large changes in the extent and kinetics
of swelling can be induced by varying the screening of electrical interactions.
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Figure 7. Variation of the swelling ratio (W) and the diffusion coefficient (®) of
acrylic acid-sodium acrylate copolymer gel beads in water as a function of
the concentration of added salt. The neutralization degree of the gel was 80%
and the temperature was 22 °C. Results were obtained through swelling kinetics
experiments.
Conclusion

The study of the cooperative diffusion in gels provides important information
on the structure of the networks and is also relevant for technological ap-
plications involving large volume changes of the gels. The cooperative dif-
fusion constant can be determined either from QELS experiments or from
the kinetics of swelling of spherical or cylindrical gels. The scaling behavior
of the cooperative diffusion coefficient as a function of the equilibrium swell-
ing concentration of neutral gels in good solvents is well-established. The
theoretical description of the swelling process and of the fluctuations in
ionized gels is yet to be made.
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Semicrystalline Poly(vinyl alcohol)
Hydrogels
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3M Center, Saint Paul, MN 55144

Un-cross-linked semicrystalline poly(vinyl alcohol) hydrogels were
prepared by solvolysis of the corresponding vinyl trifluoroacetate
polymers and copolymers. The relationships between polymer crys-
tallinity, hydrogel structure, and mechanical properties in the subject
hydrogels were examined. Evidence was presented that comonomers
acted to disrupt crystal structure and increase water content. The
effects of copolymer structure on surface characteristics important
to biomedical applications were examined, and the importance of
hydrogel nonionic character was demonstrated through protein bind-
ing studies.

SYNTHETIC HYDROGEL POLYMERS, first introduced in the early 1960s, made
a major impact, initially in the soft contact lens field, and more recently in
other biomedical or specialty applications. The first synthetic poly(2-hy-
droxyethyl methacrylate) [poly(HEMA)] hydrogel developed by Wichterle
(I) remains very important, as do its copolymers with monomers such as N-
vinyl-2-pyrrolidinone, acrylic and methacrylic acids, glycerol methacrylate,
various acrylamides, and alkoxyalkyl methacrylates.

In addition, many of the known hydrophilic monomers have been used
to prepare synthetic hydrogel polymers and copolymers of a wide range of
compositions, mostly for contact lens uses. In such materials, water insol-
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ubility and dimensional stability are normally provided by covalent cross-
links that involve an additional multifunctional monomer component. In
some cases, reinforcement is provided by other comonomers (often methyl
methacrylate) that may function by providing very small scale phase sepa-
ration and producing physical cross-links. Such synthetic polymer hydrogels
are typically of low tensile strength (tensile strengths for low-water-content
hydrogels fall below 1 MPa), low initial modulus, very low tear strength,
and show an undesirable lack of durability in use. For example, high-water-
content soft contact lenses are very susceptible to damage during the routine
cleaning required to maintain clarity and good hygiene.

Stoy and co-workers (2) reported an approach that used alternative ma-
terials and involved the partial hydrolysis of poly(acrylonitrile) to form a
complex structure that was presumed to involve sequences of unhydrolyzed
poly(acrylonitrile) interspersed with acrylamide and acrylic acid sequences
that resulted from hydrolyzed nitrile groups. Crystallites of unhydrolyzed
poly(acrylonitrile) provided the physical cross-link domains within a matrix
of the water-swellable portions of the structure. The tensile properties for
such materials were considerably enhanced in comparison to the conven-
tional covalently cross-linked hydrogels, and the absence of cross-links al-
lowed processing under certain conditions.

In addition, conventional hydrogels consisting of water-swollen three-
dimensional networks have been made from poly(vinyl alcohol) (PVA) and
exhibit properties typical of such systems (3). Peppas and Merrill (4) rec-
ognized that the mechanical properties of these materials could be improved
by annealing to deliberately introduce reinforcing crystallites into the net-
work. The researchers were able to obtain tensile moduli in the range of
1.4-6.8 MPa for hydrogels with water contents ranging from 50 to 80% (wt
% water). Although the properties attained in these experiments were useful,
the drying and annealing procedures were slow and not easily adapted to
commercial processing. Further work has been carried out in this area on
PVA gels cross-linked with borate salts (5).

Work done by Haas et al. (6) in the mid-1950s demonstrated that PVA
made from poly(vinyl trifluoroacetate) (PVTFA) generally has a greater tend-
ency to crystallize than commercial PVA made from poly(vinyl acetate) be-
cause of the high degree of syndiotacticity achievable in these materials.
Hydrogels made from PVTFA-derived PVA (syndiotactic PVA or sPVA) have
been studied by Ogasawara et al. (7-11). In that work, the PVTFA was
converted to sPVA with diethylenetriamine, which is a solvent for PVA. The
sPVA was then recovered from solution and dissolved in boiling water at
various concentrations. Hydrogels were obtained by cooling the solutions
and annealing at a temperature below the gelation point. Water contents of
the gels studied were between 80 and 90 wt %, and the authors reported
three-point bending moduli of less than 0.2 MPa in all cases. (If Poisson’s
ratio is assumed to be 0.5, the tensile modulus in this case would lie below
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0.07 MPa). Although the authors did not give a reason for not examining
higher starting concentrations, they were very likely limited to the lower
concentration region by the limited solubility of sPVA in boiling water.

The aim of the current studies was to investigate an approach to the
preparation of very high strength water-swellable polymers that would pro-
vide processability and control of the extent of water swell. The approach
centered upon

a. the use of syndiotactic order and structural regularity to
achieve very highly crystalline and high-strength un-cross-
linked vinyl alcohol polymers,

b. control of water swell through the ability to regulate polymer
crystallinity via copolymerization, and

c. direct conversion of a precursor polymer into a xerogel without
dissolution.

The rationale for this approach further involved the hypothesis that
swelling in water occurs by virtue of water uptake in the amorphous regions
of the polymers with network structure provided by relatively water-insen-
sitive crystallites in the polymers. In this approach, vinyl trifluoroacetate
was polymerized or copolymerized to provide highly syndiotactic thermo-
plastic polymeric intermediates that were converted to the corresponding
syndiotactic PVA homopolymers or copolymers by solvolysis with mild nu-
cleophilic reagents in media that were not solvents for both starting and
end-product polymers.

Experimental Details

Materials. Vinyl trifluoroacetate monomer was prepared by the reaction of
acetylene with trifluoroacetic acid in the presence of HgO catalyst and small amounts
of trifluoroacetic anhydride as a water scavenger. An adaptation of the procedure of
Howk (12) was used to obtain very high purity monomer. Vinyl acetate (Aldrich
Chemical Company) was distilled before use; maleic anhydride (Aldrich Chemical
Company) was used as received.

Polymerization Procedures. Bulk polymerizations were conducted by charg-
ing monomer(s) and initiator to heavy-walled glass ampoules, freezing with liquid
nitrogen, degassing under vacuum, and sealing. These steps were followed by heat
or UV treatment to effect polymerization. Solution polymerizations were conducted
by thoroughly purging the reaction vessel with inert gas; charging dry solvent,
monomer(s), and initiator; and stirring with heat or UV treatment to polymerize.
Polymer products were then isolated by precipitation into nonsolvent. In some cases,
(e.g., when 1,1,2-trichloro-2,2, 1-trifluoroethane was used as the solvent) the poly-
mers were insoluble in the reaction medium and were isolated directly by filtration.
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Sample Preparation. Films were made from the polymers that were isolated
after synthesis by solvent-casting from acetone solution and drying at room temper-
ature under slow nitrogen flow. Solvolysis of PVTFA to PVA was carried out by a
2-h immersion of the film in a 10-wt % solution of reagent grade ammonium hydroxide
in methanol. The films were then immersed in water for hydration and washing.

Analysis and Characterization. Gas chromatography was performed with a
Hewlett-Packard model 5880A equipped with capillary columns and a flame-
ionization detector. Gel permeation chromatography was performed with a
Hewlett-Packard HPLC model 1090A with a refractive index detector. Tacticity
determinations were conducted with an F-19 nuclear magnetic resonance (NMR)
spectrophotometer (Varian XL-100) at 94.12 MHz for triad analyses (13). Inherent
viscosity measurements were performed in 2-butanone at 25.0 °C.

Protein adsorption studies were done by immersing polymer discs for 24 h in
room-temperature solutions of radiolabeled gamma-globulin, albumin, and lysozyme.
Standard scintillation counting methods were used to quantify the amount of protein
bound to the polymer surfaces after a thorough rinse with physiological saline solution
(0.9% aqueous NaCl).

Tensile testing was done by using a table-top tensile tester (MTS) and American
Society for Testing and Materials (ASTM) D412-83 methods for cut ring samples
tested in the fully immersed state at room temperature.

Differential scanning calorimetry (DSC) was performed by using a Mettler DSC
30 at a rate of 10 K/min with a nitrogen purge, the flow rate of which was adjusted
to 50 mL/min. For wet samples, large-volume stainless steel pans that sealed with
an o-ring (Perkin-Elmer) were used to prevent evaporation.

Small-angle X-ray scattering (SAXS) was performed on wet gel samples that were
inserted into quartz capillary tubes. These experiments were carried out by using
copper radiation and a Kratky set-up.

After 1 week of hydration, water contents were obtained by weighing samples
on a Mettler M3 microbalance. Surface water was removed before weighing by patting
samples dry with paper tissues. Dry weights were obtained by letting samples air-
dry overnight, followed by overnight drying in a vacuum desiccator. This method
resulted in a 3-4% underestimate of the actual water content, because a small but
reproducible amount of water was retained. Complete removal of water could have
been accomplished by overnight drying in a vacuum oven at 90 °C, but this treatment
results in a change in morphology as evidenced by a lowered water uptake on
rehydration.

Infrared spectra were obtained by using a Fourier transform infrared spectrom-
eter (FTIR) (Nicollet model 7199). The degree of crystallinity of the dry PVA was
calculated by using the procedure in ref. 4.

Results and Discussion

Vinyl trifluoroacetate (VTFA) monomer was readily prepared by the vinyl-
ation of trifluoroacetic acid. Purification was difficult because of the very
similar boiling points of the monomer (39 °C) and trifluoroacetic anhydride
(38-39 °C). An effective procedure involved the “titration” of the anhydride
with water to form the more readily separable carboxylic acid (b.p. is
72 °C). By using this approach, VTFA monomer of very high purity (>99.8%)
has been routinely prepared. Monomer stability was excellent if cold, dark,
dry conditions were maintained.
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Free-radical polymerizations were conducted under a wide range of
conditions that included photochemical, thermochemical, and low-temper-
ature alkylborane-oxygen initiation methods. Both bulk and solution meth-
ods were used with somewhat unexpected results. Temperature appeared
to have relatively little effect on the tactic order (percent syndiotacticity) of
VTFA polymers. Polymerization temperatures ranged from -80 to 150 °C
and gave syndiotacticities between 50 and 55% by triad analysis. Polar sol-
vents affected tacticity more. For example, polymerization in 1,2-dichloro-
ethane resulted in a syndiotacticity of 43%. Presumably, such effects were
related to a disruption of the association of VTFA monomer with the growing
chain end.

Polymer molecular weight investigations and control received significant
attention because of the large loss of molecular mass that occurred upon
conversion from PVTFA to PVA (approximately 2/3 mass loss) and the need
to have adequate molecular weight in the PVA hydrogels for good mechanical
properties. Molecular weight studies involved gel permeation chromatog-
raphy (GPC) molecular weight determinations vs. polystyrene standards and
the development of GPC molecular weight-inherent viscosity relationships
(Table I). Molecular weight control was achieved by control of initiator level,
temperature, monomer concentration in solution polymerizations, and mon-
omer purity. A key monomer contaminant was acetaldehyde that resulted
from inadvertent monomer hydrolysis and led to pronounced chain-transfer
activity (Table II).

Table I. Molecular Weight and Inherent Viscosity

for PVTFA Homopolymers

Inherent Average M,,
Viscosity (X 109
0.19 0.98
0.45 3.50
0.54 4.05
0.62 6.03
0.98 8.67
1.35 18.20
1.90 23.30
2.00 40.30

Table II. Acetaldehyde Content of VTFA Monomer and
Number-Average Molecular Weight (M) of

Resulting PVTFA
Acetaldehyde Average M,
(wt %) (X 10%
0.031 4.03
0.144 4.13
0.334 2.93
0.735 2.05
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Thin film samples of poly(VTFA) homopolymer were prepared by solvent
casting (e.g., from ketone solvents) or hot pressing. DSC showed a glass
transition temperature (T ) of approximately 75 °C and a broad melt transition
with completion of melting at approximately 180 °C. Films of poly(VITFA)
were solvolyzed with a wide range of nucleophilic reagents. A convenient
reagent was a 90/10 mixture of methanol and concentrated aqueous am-
monium hydroxide. Solvolyses occurred rapidly, and when conducted in
diluents that were not good solvents for either the starting poly(VTFA) or
the product PVA, the resulting xerogels absorbed water readily to form strong
transparent hydrogels. The properties of these PVA hydrogels were com-
pared to the properties of conventional covalently cross-linked hydrogels of
a wide variety (Table III). Commercially available hydrogel contact lenses
were used as sources of test materials. Tensile testing was done in water on
ring samples cut directly from contact lenses. The striking differences in
mechanical properties were easily evident.

Increases in the levels of water swell of the PVA hydrogels were initially
presumed to be possible according to the mechanism commonly followed
by covalently cross-linked hydrogels, namely, the incorporation of monomer
components with exceptional affinities for water (typically, charged species
such as carboxylic acid functional monomers). Thus, copolymers of VTFA
and maleic anhydride were prepared, which when solvolyzed in methanolic
ammonium hydroxide, would be expected to give poly[(vinyl alcohol)-co-
(maleic acid)] products. Film samples of such copolymer hydrogels were
prepared, and surprising sensitivity of water swell to acidic comonomer
content was observed (Table IV).

This sensitivity of water swell to composition led to the hypothesis that
the presence of a comonomer might itself be more important than the ionic
nature of the comonomer, and that the water swell effects were due to the
amorphous polymer volume fraction rather than to the ionic character of the

Table III. Comparison of the Properties of Commercial
Hydrogels and the sPVA Hydrogel

Water Tensile Strength
Material (wt %) (MPa)
Poly-HEMA* 39 0.69
Softcon® 55 0.16
Permalens® 71 0.08
Sauflon? 79 0.08
PVA* 51 17.7

“Poly(2-hydroxyethyl methacrylate).

*Copolymer of HEMA, N-vinyl-2-pyrrolidinone, methacrylic acid,
and cross-linker.

“As in footnote b with different ratios.

“‘Copolymer of N-vinyl-2-pyrrolidinone, methyl methacrylate, and
cross-linker.

“Homopolymer of PVA derived from poly(VTFA).
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Table IV. Effect of Maleic Anhydride Content on Water
Swell of PVA Hydrogels

Maleic Anhydride Water
(wt %) (wt %)
0.00 51
0.25 54
0.50 65
1.00 72

polymer. Thus, numerous other copolymers were prepared; the behavior of
the poly[(vinyl alcohol)-co-(vinyl acetate)] copolymers served to illustrate
this effect (Table V). This approach to the incorporation of precisely controlled
levels of vinyl acetate was possible because of the very great difference in
solvolytic susceptibility of trifluoroacetate vs. acetate (the rate constants
differed by about 6 orders of magnitude).

An important practical advantage of uncharged monomers in controlling
water swell is found in certain biomedical applications, (e.g., contact lenses)
in which charged monomers can lead to undesirably high levels of protein
adsorption, lens surface contamination, and deposit problems. Table VI
shows the difference between the uncharged PVA homopolymer, and
PVA/vinyl acetate copolymer hydrogels and the charged PVA/maleic acid
hydrogel.

To confirm that the hydrogels obtained by direct solvolysis of PVTFA
were indeed insolubilized only by crystallites, we conducted the following
experiments: wet DSC, SAXS of the hydrogel, and dissolution of the hy-
drogels in boiling water. The sPVA was fully soluble in water, and wet DSC
scans showed an endotherm that began around 60 °C. These results were
in good agreement with the melting behavior observed in hydrated annealed
samples in the work of Peppas and Merrill (4). SAXS results indicated that
the gel is a two-phase system. For the homopolymer an interdomain spacing
of 10.4 nm and a radius of gyration estimate (assuming spherical scattering
centers) of 5.8 nm were obtained. The hydrogels were thus modeled as a
two-phase system with a crystalline phase acting as pseudo-cross-links and
an amorphous phase providing water swell. Table VII shows the modifica-
tions observed in hydrogel properties upon incorporation of a few percent
of vinyl acetate (VOAc) comonomer into PVTFA.

To elucidate the mechanism by which the addition of hydrophobic co-
monomer increases water content and lowers strength, the change in percent
crystallinity in sPVA copolymer films obtained by drying the gels was ex-
amined. Figure 1 shows the water content as well as the percent crystallinity
determined by FTIR in the dried samples plotted against the amount of
VOACc incorporated into the PVTFA. The percent crystallinity decreased
strongly with the increasing amount of VOAc. By assuming that there was
a direct relationship between the dried sample morphology and the direct
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Table V. Effect of Vinyl Acetate Content on Water Swell

of PVA Hydrogels
Vinyl Acetate Water
(wt % in PVTFA-co-VOAc) (wt %)
0.0 51
1.0 71
2.0 81
3.0 87
4.0 92
5.0 94

Table VI. Protein Absorption (ng/cm?) of Hydrogel Polymers

Hydrogel Polymer Albumin y-Globulin Lysozyme
PVA homopolymer 0.5 0.10 1.20
PVA-co-maleic acid 1.8 0.40 65.0
PVA-co-vinyl acetate 0.5 0.25 2.40

hydrogel morphology, the increased water uptake and decreased tensile
properties observed with an increasing amount of VOAc can be explained.
Incorporation of the VOAc appears to have interfered with crystallization,
and thus reduced the effective “cross-link density” of the semicrystalline
network. This effect was plausible because commercial PVA exhibited anal-
ogous behavior. PVA made by hydrolysis of poly(vinyl acetate) (PVOAc)
dissolved more easily in water when the hydrolysis was less complete. This
effect was also caused by the higher degree of crystallinity in samples with
fewer residual VOAc groups.

Polymer Morphology During Processing

For the purpose of this work, “processing” includes three steps: PVTFA
sample preparation, solvolysis, and hydration. PVTFA is a semicrystalline
polymer that has not been studied extensively because of its poorly defined
crystallinity. Wide-angle X-ray diffraction of unoriented polymer tends to
give very diffuse scattering maxima. The polymer exhibited a distinct melting
endotherm with a small AH of around 13 cal/g. In the most detailed structural
study published, Bohn et al. (14) suggested that the X-ray data indicated a
large-pitch helical structure for the chain. PVA, on the other hand, is believed
to crystallize in a planar zig-zag conformation (15) with a much more typical
AH of fusion of 30 cal/g (16).

Because the conversion of PVTFA used in this work occurred essentially
in the solid state, one question that immediately arose was whether the
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Table VII. Hydrogel Properties on Incorporation of VOAc Comonomer into PVA

Hydrogels
VOAc* Water Tensile Modulus Tensile Strength
(wt %) (wt %) (MPa) (MPa)
0 51 6.8 = 0.3 17.7 = 2.4
1 71 0.82 + 0.07 6.5+ 1.0
2 81 0.27 = 0.03 4114
3 87 0.10 = 0.01 3.4 07
4 92 0.01 = 0.003 0.3 0.1
5 94 <0.01 <0.3

“Polymer composition is expressed as weight % of the vinyl acetate in the PVTFA/VOAc
copolymer used to prepare the PVA (copolymer) hydrogels.

100 b
O
O
80 + @)
O
® 602
~2 0]
Os
5 407 °
LU 20 1
[
0 + t t t
0 1 2 3 4 5

%VOAC

Figure 1. Water content and percent crystallinity in PVA hydrogels determined
by FTIR in the dried samples vs. the amount of VOAc incorporated into the
PVTFA.

morphology induced in the PVTFA film formation affected the morphology
of the final PVA. To investigate this question, we prepared samples of PVTFA
film in two ways: the solvent casting procedure already described and melt
pressing in a hot press at 200 °C between aluminum platens. The significant
differences that arose as a result of these procedures are illustrated by the
melting endotherms in Figure 2. When both of these films were converted
to PVA hydrogels, they exhibited the same water uptakes. In addition, DSC
scans of the two dried films were identical, so it appears that morphological
features present in the initial PVTFA samples were not retained throughout
the conversion process.
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1.5% VOAc Copolymer

Solvent-Cast PVTFA/VOAc Melt-Pressed PVTFA/VOACc

N\

|
140 160 180 C 140 160 180 C

Solvolysis

r\

J | 1}
180 220 260 C

PVA/VOAc

Figure 2. Endotherms for PVTFAs from the solvent casting procedure and
melt pressing procedure and endotherm for PVA formed from PVTFA.

Effect of Hydration on Hydrogel Morphology

Samples were converted to sPVA and extensively washed with methanol to
remove reaction byproducts. The solvolysis conditions remained constant.
A portion of the samples were dried; the rest were first hydrated then dried.

Before hydration, the degree of crystallinity was measured as 56% and
53% by DSC and FTIR, respectively. After hydration, the degree of crys-
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Figure 3. Water content of PVA hydrogel vs. time of hydration.

tallinity was measured as 64% and 66% by DSC and FTIR, respectively.
There was a significant increase in the degree of crystallinity calculated by
both techniques. The diffusion of water into the sPVA film should have
introduced mobility into the system that could certainly have led to signif-
icant rearrangement. We cannot determine from these data alone whether
the increased AH is caused by additional crystals forming or if it represents
a rearrangement leading to more perfect crystallites. Additional information
can be obtained by following the kinetics of water uptake in detail. When
we collected such data, we found that there was substantial initial overshoot
in water content followed by a gradual decline and equilibration (Figure 3).
Such an overshoot suggests that rearrangement occurred.
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Curdlan and Scleroglucan

NMR Characterization of Solution and
Gel Properties

Arthur J. Stipanovic and Paul J. Giammatteo

Texaco Research Center, P.O. Box 509, Beacon, NY 12508

Cross polarization/magic angle spinning (CP/MAS) ®C NMR and
two-dimensional NMR methods were used to elucidate the molecular
conformation, self-association mechanism, and gel domain structure
of curdlan and scleroglucan in aqueous media. These polymers share
a common molecular backbone [(1—3)-B-D-glucan], and both prefer
to adopt a triple-helical (triplex) molecular conformation in the solid
and solution states. Two-dimensional nuclear Overhauser enhance-
ment (2D NOE) experiments on curdlan in aqueous NaOD confirm
that a triplex to random-coil transformation occurs as NaOD con-
centration increases to near 0.25 M. CP/MAS C NMR spectra of
heat-annealed curdlan gels reveal the existence of anhydrous micro-
crystalline domains that strengthen the gel network. For scleroglucan
gels, the domain morphology studied by CP/MAS differs from the
solid state, particularly for the C-6 OH group. This observation
suggests that these domains are not crystalline, a finding that is
consistent with the thermally reversible character of scleroglucan
gels.

WATER-SOLUBLE MICROBIAL POLYSACCHARIDES represent an important
class of compounds that are used to control the rheology of aqueous fluids
and gels in applications ranging from foods to enhanced oil recovery (1-5).
From a molecular perspective, the unique solution properties of many poly-
saccharides reflect a helical architecture that provides high viscosity and may
encourage self-association in aqueous solution. Intermolecular association
can be energetically driven by unfavorable polymer—solvent interactions and

0065-2393/89/0223-0073$06.00/0
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hydrogen bonding. Aggregated or microcrystalline domains can then act as
cross-links to establish viscoelastic solutions at low concentrations (0.025—
0.25% w/v) and rigid gels at higher levels of polysaccharide (0.25-2.0%
w/v) (6, 7).

We have used several NMR methods including *C NMR, cross polar-
ization/ magic angle spinning (CP/MAS) *C NMR, and two-dimensional (2D)
NMR techniques to elucidate the molecular conformation, self-association
mechanism, and cross-link domain structure of curdlan and scleroglucan in
aqueous media. These extracellular microbial polysaccharides are produced
by the bacterium Alcaligenes faecalis var myxogenes for curdlan and the
fungus Sclerotium rolfsii for scleroglucan. Curdlan is a linear (1—3)-B-D-
glucan; scleroglucan is branched on every third glucose residue (see struc-
ture). For both polysaccharides, a triple-helical molecular conformation (tri-
plex) has been demonstrated to exist in the solid and solution states (8-17).

CH20H CH2-OR

)
oH
Ho ¢ CH0H
OV
Arr0 OH oW
o
Oy OH

(1—>3)-B-D-glucan: curdlan, R = Hj; scleroglucan, R = B-D-glucose

Experimental Details

Curdlan was obtained as a dry powder from Wako Pure Chemical Industries. The
molecular weight distribution of similarly prepared samples typically ranges from
0.66 to 6.83 X 10° (13). A partially hydrolyzed curdlan sample was obtained by
treating a 1.0% slurry of curdlan with B-(1—3)-hydrolase enzyme (Zymolase, Miles
Scientific) at 40 °C for 2 h at pH 6.5. Crystalline polymorphic forms of curdlan were
obtained and characterized as described previously (7). Scleroglucan was synthesized
by the organism Sclerotium rolfsii in an aqueous fermentation medium containing
glucose and nutrients. A molecular weight near 1.5 X 10°® has been reported for
this molecule (8, 18).

Curdlan gels were prepared by dispersing dry powder in D,O followed by
annealing in a sealed ampule at 60-120 °C. Scleroglucan gels were obtained by an
ultrafiltration procedure that resulted in a concentration polarization of scleroglucan
at the membrane surface. An Amicon stirred cell with an XM300 membrane was
used. Gels were also prepared by cooling solutions of scleroglucans to below 10 °C.
Rheological measurements were made at 25 °C with a Haake rotational viscometer
with a Mooney—Ewart Couette sensor system.
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One- and two-dimensional NMR spectra were recorded on a Varian VXR-300
instrument operating at 300 MHz for 'H and 75 MHz for *C. Homonuclear 'H-'H
chemical shift correlation spectra (COSY) and two-dimensional nuclear Overhauser
enhancement (2D NOE) experiments were performed as described in refs. 19 and
20. The heteronuclear proton—carbon correlation pulse sequence used was that of
Garbow et al. (2I) as modified by Wilde and Bolton (22). For the 2D NOE experi-
ments, a 100-ms mixing time optimized observation of interresidue, conformation-
dependent NOEs (Giammatteo, P.J., Texaco Research Center, unpublished data;
see ref. 23). CP/MAS “C NMR spectra were recorded by using bullet-type Kel-F
rotors on a JEOL FX-60QS spectrometer, which was retrofit with a Chemagnetics
M-100S magnet and solids accessory, at 25 MHz for **C. For solid samples, a 1-ms
contact time was used with a 'H decoupling frequency of 44.1 KHz. CP/MAS spectra
on gels were obtained by using a sealed glass rotor insert (described in ref. 24).
Spectra were referenced to external hexamethylbenzene.

Results and Discussion

Solution Properties of Curdlan and Scleroglucan. Although curd-
lan is insoluble in water at room temperature, it is readily dissolved in
aqueous NaOH above 0.05 M (10-12). Further addition of NaOH results in
a transformation from a triple-helix to random-coil conformation near 0.25
M NaOH. This denaturation process has been observed by optical rotation
(10), flow birefringence (11), and *C NMR (13). As shown in Figure 1, we
followed this transformation by using steady shear viscosity measurements
at a shear rate of 7.5 s™'. A significant viscosity increase was observed in the
range of 0.05-0.1 M NaOH corresponding to the solvation of intact rodlike
triple helices followed by a viscosity reduction above 0.2 M NaOH as the
triplex molecules are disassociated into single chains of lower molecular
weight and aspect ratio. 3C NMR experiments support this conclusion on
the basis of peak width narrowing that occurs upon denaturation of the rigid
curdlan helix.

Solution viscosity and network strength data are given as a function of
temperature in Figure 2 for scleroglucan in water. Network strength, or
thixotropy, was determined by computing the area between shear stress vs.
shear rate rheograms taken at increasing and decreasing rates of shear (0-15
and 15-0 s™). Thixotropy reflects the magnitude of self-association experi-
enced by scleroglucan. Because this parameter is sensitive to many rheo-
meter variables, it should be used only for comparison of samples recorded
under similar conditions. As shown in Figure 2, scleroglucan displays a
pronounced increase in network strength below 10 °C that is measurable to
very low concentrations (125 ppm). A thermally driven transition to a gel
state was reported previously (8, 14) for significantly higher concentrations
of scleroglucan. An increase in solution viscosity from 75 to 133 cP (7.5 s™)
accompanied the increase in network strength for scleroglucan at 1000 ppm.
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Figure 1. Viscosity of 1.0% curdlan in aqueous NaOH.
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Figure 2. Network strength (thixotropy) of scleroglucan in H;0.
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Solution NMR Experiments with Curdlan. In an effort to correlate
the solution properties of curdlan with features of molecular conformation,
the influence of NaOD concentration was studied by *C NMR as shown in
Figure 3. In 0.1 M NaOD, curdlan displayed relatively broad resonance
peaks corresponding to the restricted molecular motion of the triplex. The
spectrum recorded at 0.5 M NaOD, above the critical denaturation concen-
tration of 0.2 M, showed considerably improved resolution typical of a ran-
dom-coil molecular conformation. Similar results were reported by Saito and
Kasai (11, 13).

To probe further the coil conformation of curdlan in 0.5 M NaOD, 2D
NMR methods were applied. The 2D 'H-"C heteronuclear correlation
experiment (HETCOR) was useful in assigning proton chemical shifts to
specific carbon atoms in the glucose residue (19, 20). For the spectrum given
in Figure 4, the vertical axis (F2) represents carbon atom chemical shift,
and the horizontal axis (F1) provides proton chemical shift information. A
one-dimensional *C or 'H spectrum can be obtained by projecting the
contour plots onto the vertical or horizontal axis, respectively. Figure 4

HCEH—OH
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:~< / .
HE3———HC2 |
6 OH I
'\ |
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o ca c@ ol e
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| | |
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Figure 3. *C NMR of 1.0% curdlan in aqueous NaOD. Carbon atom assign-
ments from ref. 11.

In Polymersin Aqueous Medig; Glass, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1989.



Publication Date: May 5, 1989 | doi: 10.1021/ba-1989-0223.ch005

78 POLYMERS IN AQUEOUS MEDIA

contains seven contour peaks corresponding to the C-H atom pairs on
C-1-C-5 and the H-6A-H-6B protons on C-6. On the basis of the curdlan
carbon atom chemical shift assignments made by Saito (11) (Figure 3), 2D
HETCOR data indicate that the chemical shifts for H-1, H-6A, and H-3
were near 4.6, 3.8, and 3.6 ppm, respectively. 'H chemical shifts for the
remaining protons were not easily assigned because they were all near 3.4
ppm.

The 'H-"H homonuclear correlation spectrum (COSY) in Figure 5 helps
to confirm the proton assignments made by HETCOR for curdlan in 0.5 M
NaOD. In this experiment, the diagonal axis represents a normal '"H NMR
spectrum, and off-diagonal contours result from proton—proton coupling in-
teractions. From this information, connectivities between atoms in the ring
system can be elucidated (19, 20). The dashed lines in Figure 5 illustrate
that H-1 is coupled to the peaks at 3.35 ppm and confirm that H-2 is located
in this group. The off-diagonal peaks coupled to H-2 help to confirm the
assignment of H-3 at 3.55 ppm. Because the H-6A atom displays an off-
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Figure 4. *C-'H heteronuclear correlation 2D NMR spectrum of 1.0% curdlan
in 0.5 M NaOD.
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Figure 5. "H-'H homonuclear correlation 2D NMR spectrum of 1.0% curdlan
in 0.5 M NaOD. 'H NMR spectrum lies along the diagonal.

diagonal interaction with the peak at 3.55 ppm, it may also be concluded
that H-6B is found at this chemical shift.

With these proton assignments and the 2D NOE experiment, we mon-
itored the molecular conformation of curdlan in 0.5 M NaOD. This method
approximates interproton distances between nonbonded protons over the
range of 1 to 5 A. For the 2D NOE spectrum shown in Figure 6, both axes
represent proton chemical shifts, and the diagonal is a normal 'H NMR
spectrum. Off-diagonal contours, in this case, indicate the through-space
interactions of nearby protons (<5 A). Interactions shown by the dashed
lines in Figure 6 occur between H-1 and H-3; H-1 and H-2, 4, 5 unresolved
proton cluster at 3.35 ppm; H-6A and H-6B; and H-3 and the H-2, 4, 5.
Because these interacting protons are separated by less than 4.0 A in the
glucose monomer unit, the NOE data suggest that interresidue interactions
are not present in 0.5 M NaOD. This result is most consistent with a random-
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Figure 6. 2D NOE spectrum of 1.0% curdlan in 0.5 M NaOD. * denotes a
through space interaction. '"H NMR spectrum lies along the diagonal.

coil conformation for curdlan in aqueous NaOD. For other gel-forming water-
soluble polysaccharides such as pustulan and gellan, NOE experiments re-
vealed intermonomer proton interactions that arise from conformational
ordering and helix formation (Giammatteo, P.J.; Stipanovic, A.J., Texaco
Research Center, unpublished data).

A 2D NOE experiment was not attempted for as-received curdlan in
0.1 M NaOD because of signal broadening created by the restricted motion
of the triplex conformation. However, a lower molecular weight (MW) en-
zyme-hydrolyzed sample provided improved resolution. This sample was
prepared under heterogeneous-phase reaction conditions to preserve the
native triplex. Saito (11) showed that triple helix formation for (1—3)-8-
linked glucans requires a single chain degree of polymerization in excess of
49 (or a minimum triple helix MW = 24,000). Single-chain molecular weights
resulting from triplex denaturation in 0.5 M NaOD would be one-third that
of native curdlan (0.22 to 2.3 X 10°). Therefore, assuming enzyme hydrolysis
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reduces the effective MW of curdlan by cleaving intact triple helices, the
effective MW of the enzyme-treated (0.1 M NaOD) and base-denatured (0.5
M NaOD) samples would be roughly comparable (10*~10°), but the 2D NOE
results were vastly different.

Figure 7 contains a comparison of 2D NOE spectra for the random-coil
(0.5 M NaOD) and the reduced-MW triplex structure (0.1 M NaOD) of
curdlan. Figure 7a was obtained with data from the same experiment that
produced Figure 6, but the 2D NOE data were rescaled to correspond to
the contour magnitudes shown in Figure 7b (i.e., the H-1 on the diagonal
had a similar signal-to-noise ratio in Figures 7a and 7b). For all NOE cross
peaks, a significant increase in intensity was evident for the 0.1 M NaOD
triplex solution, especially for the H-1-H-3; H-1-H-2, 4, 5; and H-6A-H-
2, 4, 5 interactions. In the triplex conformation, opportunities exist for both
intraresidue and interresidue NOE interactions across the glycosidic (1—3)-
B-linkage of curdlan. With the sixfold triplex proposed for solid curdlan
hydrate as a model (16), a strong H-1-H-3' interresidue NOE was expected
because these atoms were separated by less than 2.0 A. If rotation about
the (1—3)-linkage is energetically allowed in 0.5 M NaOD, the average
H-1-H-3' distance increased to 3—-4 A for the random-coil and would result
in a reduced NOE cross peak as is observed in Figure 6. The H-1-H-2, 4,
5 cross peak shown in Figure 7b may also contain a contribution from in-
terresidue NOEs because H-1-H-2', H-1-H-4', and H-1-H-5’ are separated
by 3.8, 4.4, and 3.8 A, respectively, in the triplex structure.

It is more difficult to envision that the H-6A-H-2, 4, 5 cross peak dis-
played in Figure 7b resulted from an interresidue interaction. Calculations
show that both C-6 protons are 5-8 A removed from H-2', H-4', and H-5'
of the successive residue. However, an O-4-0-6 intertriplex hydrogen bond
that exists in the solid state of curdlan (15, 16) may also persist in 0.1 M
NaOD and yield an NOE cross peak resulting from a H-6-H-4 interaction
between helices in an aggregated network structure.

CP/MAS C NMR of Curdlan Gels. The physical properties and
morphology of aqueous curdlan gels were studied extensively by Harada
and co-workers (10, 13). Gels are typically prepared by heating a slurry of
curdlan in water (1-3% w/v) to 60 °C where a low strength network is
established. Upon further annealing of curdlan gels to 80-90 °C, a significant
increase in strength is observed yielding a high-set gel (10, 12). Harada (10)
attributed this increase in strength to the development of additional cross-
links via hydrophobic bonding. In this study, CP/MAS *C NMR was used
to characterize the differences in molecular conformation and supramolecular
morphology between the low- and high-strength forms of curdlan gel.

To establish a CP/MAS ®C NMR data base for curdlan, partially crys-
talline solid samples were first analyzed. As shown in Table I, curdlan exists
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Figure 7. 2D NOE of 1.0% curdlan. a, 0.5 M NaOD, and b, 0.1 M NaOD,
enzyme-hydrolyzed sample.
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Table I. Crystal Polymorphism of Curdlan

Polymorphic Molecular Helix _ Rise/Glucose
Form Conformation Repeat (A) (A)
Anhydrous (20) 6/1 triplex 17.6 2.93
Hydrate (21) 6/1 triplex 18.8 3.13
Swollen (12, 22) 7/1 triplex (?) 22.7 3.24

in at least three polymorphic crystalline forms differing in the degree of
lattice hydration and chain extension. The anhydrous and hydrate forms
adopt a sixfold triple-helical conformation, whereas the swollen polymorph
is a sevenfold helix that may also be a triplex (12, 17). CP/MAS C NMR
data recorded for the three crystalline polymorphs of curdlan are summarized
in Table II. Carbon atom assignments were made on the basis of solution
experiments for C-1, C-3, and C-6 because extrapolation to the solid state
could be made with confidence. Resonances due to C-2, C-4, and C-5 were
not assigned. Table II reveals that the C-1 linkage atom is near 104-105
ppm for all polymorphs, whereas the C-3 resonance of anhydrous curdlan
is shifted 3-4 ppm downfield to 91 ppm compared to the other forms.
Chemical shift differences are also apparent at 79 ppm, where only the
hydrate spectrum shows a resonance, and near 74 ppm where the swollen
and anhydrous polymorphs provide a peak.

Using these chemical shift differences as probes of crystalline polymor-
phy, we applied CP/MAS C NMR to the low- and high-strength gels of
curdlan in water (20% w/v in D,0). As shown in Figure 8a, the gel prepared
at 60 °C yielded a spectrum similar to the swollen sevenfold helical form of
solid curdlan in that probe resonances are seen at 88, 74, and 69 ppm.
Because the extensively hydrated, swollen sevenfold polymorphic form of
curdlan is likely to be present in the aqueous curdlan slurry used to form
the low-set gel, the initial gelation process at 60 °C does not introduce a
major conformational transformation of the sevenfold model. As this gel is
further annealed at 95 °C, the CP/MAS spectrum develops a multiplicity
in the C-3 resonance, a result suggesting a partial transformation from the
swollen sevenfold form to the anhydrous sixfold triplex, which is character-
ized by a C-3 signal near 91 ppm (compare Figures 8a and 8b). These domains
apparently provided an additional degree of cross-linking that accounts for
the enhanced strength of the high-set gel. With more extensive annealing
at 120 °C, the CP/MAS gel spectrum becomes dominated by the hydrate

Table II. CP/MAS “C NMR of Solid Curdlan

Polymorphic Chemical Shift (ppm)

Form Cl C3 79 76 74 71 69 C6
Anhydrous 1056 91 - + + + - 63
Hydrate 14 8 + + - - + 62
Swollen 105 8 - + + - + 62

NoOTE: +, peak observed; —, no resonance.
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(b).

Figure 8. CP/MAS ®C NMR spectra of
curdlan gels (20% w/v in D;0). a, 60 °C, (a)
2 min; b, 95 °C, 2 h; and c, 120 °C,

100 75 50 ppm
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crystalline polymorph, which is also a sixfold molecular conformation con-
taining water between helical cylinders of curdlan (16).

Gels of curdlan can also be prepared by neutralizing an aqueous NaOH
solution of this polysaccharide. For the system we have studied, a 0.5 M
NaOH solution containing 5% curdlan was subjected to dialysis against water
to yield a gel. Under these conditions curdlan would be present as random-
coil rather than triplex structure before gelation. A CP/MAS “C NMR
spectrum of this gel is compared in Figure 9 to the heat-treated low-set gel
that contains the sevenfold conformation of the swollen polymorphic form.
The regenerated gel displays a more complex peak profile with the 79-ppm
resonance typical of the sixfold hydrate polymorph. Possibly, hydrogen bond-
ing patterns between curdlan and water are similar in the regenerated gel
and the solid hydrate; this possibility accounts for the 79-ppm resonance.

CP/MAS C NMR of Scleroglucan. Solid, crystalline scleroglucan
exists as a single anhydrous polymorph in contrast to the several crystalline
forms of curdlan (8). Bluhm (8) proposed that the molecular conformation
of scleroglucan is a triplex structure with a repeat distance along the chain

(a)

Figure 9. CP/MAS of curdlan gels. a, 5% (b)
w/v regenerated from 0.5 M NaOH; and

b, 60 °C low-set gel. r 1?0 L& 5[0 pem
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axis of 18 A (see Table I for a comparison to curdlan). Yanaki (9) determined
that this triplex also exists in neutral, aqueous solution. A CP/MAS *C NMR
spectrum of solid scleroglucan is shown in Figure 10. The relatively poor
signal resolution is consistent with the low degree of crystallinity determined
by X-ray diffraction (8) and is an obvious manifestation of the branched
structure of scleroglucan.

The C-6 resonance of scleroglucan occurs near 70 ppm where it is un-
resolvable from the C-4 resonance. A relationship between C-6 chemical
shift and O-6 rotation about the C-5-C-6 bond has been described by Horii
for (1->4)-B-D-glucose model compounds (25). If this correlation holds for
(1—>3)-linked glucans as well, the C-6 chemical shift of scleroglucan suggests
an O-6 orientation of tg (trans to C-5-0O-5 and gauche to C-4-C-5). Although
an X-ray crystal structure analysis has not been performed on scleroglucan,
results for anhydrous curdlan have shown that tg is the favored position for
0-6 in the triplex. CP/MAS *C NMR data could not reveal the O-6 ori-
entation of the branch linkage because the incorporation of C-6 into a gly-
cosidic bond has the effect of shifting its resonance to 70 ppm where it
overlaps with other resonances (6).

The CP/MAS C NMR spectrum of scleroglucan gel is also given in
Figure 10. This spectrum differs from the solid material in that the C-6
resonance is shifted upfield to 62 ppm. The Horii correlation predicts that
the O-6 atom is rotated away from the favored tg position in the solid to a
gg orientation in the gel. Such a rotation may encourage intermolecular
hydrogen bonding and thereby drive the self-association of triplex molecules.
Testing this hypothesis is not easy because relatively poor signal resolution

Gel

Solid

—r

100 75 50 ppm
— T —

Figure 10. CP/MAS *C NMR of scleroglucan (approximately 10% w/v in D0).
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is observed for the solid and gel scleroglucan samples. It is, therefore, difficult
to quantify the contribution of each O-6 rotamer (tg, gg) to the total C-6
signal observed. However, for scleroglucan, it appears that crystalline do-
mains are not formed in the gel, and this finding may account for the ther-
mally reversible character of these materials.

Summary

The solution conformation and gel domain structure of curdlan and sclero-
glucan were evaluated by CP/MAS and 2D NMR methods. Results were
in a