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Swelling and Transport Properties of Hydrophobic Polyelectrolyte Gels

by
Bruce A. Firestone

Departments of Pharmacy and Pharmaceutical Chemistry
University of California, San Francisco

Abstract

This thesis project is concerned with the development and characterization of a class of
hydrophobic gels that can undergo a reversible volume transition between swollen
hydrophilic and collapsed hydrophobic states induced by solution pH. The gels employed
are amphiphilic in nature and are based on a hydrophobic, water immiscible n-alkyl ester
of methacrylic acid (nAMA) and a hydrophilic, ionizable monomer N,N-
dimethylaminoethyl methacrylate (DMA). These gels remain collapsed and hydrophobic
at, and above, neutral pH but generally undergo an abrupt swelling transition induced by
lowering the pH into the acidic region. Increasing gel hydrophobicity significantly
reduces the extent of equilibrium swelling and the pH of the swelling transition. The
effects of solution pH, ionic strength and ionic valence on equilibrium swelling are shown
to perturb the-osmotic balance of the gels, and the observed changes in swelling are
qualitatively predicted by the Donnan equilibrium theory, although the theory fails when
applied quantitatively. The kinetics of gel water sorption and swelling from the dry state
are generally non-Fickian, are believed to proceed via a moving front mechanism and are
strongly influenced by the chemical nature of the ions in solution. Swelling and
deswelling processes from the swollen state are rapid and completely reversible when pH
remains below the pH of the swelling transition. When the transition pH is traversed,
kinetics become more complicated and generally slow down considerably. Potential
mechanisms for the slowing phenomena are investigated.
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Chapter 1.

Introduction

1.1 Background

A three dimensional network structure, composed of long chain polymer molecules
that are periodically crosslinked together, is capable of absorbing a large amount of a
suitable solvent in which it is immersed. The resulting form of matter is intermediate
between a solid and a liquid and can vary in consistency from fluid-like to a rigid solid
depending on the amount of solvent imbibed. The presence of crosslinks that connect one
primary polymer chain to another can result from physical entanglements of the chains,
ionic interactions between oppositely charged groups, or covalent bonds. Crosslinks
prevent the network structure from ultimately dissolving in the solvent medium. Such
systems are called gels and, as pointed out by Flory (1), are analogous to ordinary polymer

solutions, but form elastic rather than viscous solutions.

The phenomenon of swelling in network structures has been studied since the early
1900s in a wide variety of natural and synthetic gels. The animal protein, gelatin, when
dissolved in water, constitutes the most familiar of all gels. Many biological structures are,
in fact, gels including the vitreous humor of the eye, synovial fluid of the joints, mucous,
collagen and other connective tissues, and muscle tissue (2). The liquid component of
these gels allows for the diffusion of oxygen and other nutrients while the network itself
provides structural integrity and elasticity. Gels produced from the diverse array of
synthetic polymers are the basis for many important processes in science and technology.

Some of these include chromatographic separations and electrophoresis, solvent extraction



and solute recovery processes, as matrices and membranes in drug delivery, and in

biosensors. Some of these applications will be briefly reviewed below.
1.2 Applications of Gels

The use of swellable gel systems in science and technology has become widespread
over the past twenty years. Many of these applications have evolved from two important
gel properties; 1) their three dimensional network structure and the effect it has on the
transport properties of both small and large molecules, and 2) the sensitivity of gel
swelling to local environmental conditions. Processes and techniques that exploit one or
both of these properties constitute the most important applications of gels. The early
interest in water swellable gels stemmed from their use as biocompatible materials, as was
first reported by Wichterle and Lim (3). These applications include coatings for catheters
(4) and surgical sutures (5), vitreous humor replacement (6), synthetic cartilage (7),

hemodialysis membranes (8), contact lenses (9) and biosensors (10).

The most widespread use of gels today is in the area of chromatography and
separation science. Gels are generally employed as stationary phases in separation
techniques such as size exclusion or gel permeation chromatography (11), ion exchange

chromatography (11) and gel electrophoresis (12).

A novel technique for concentrating dilute solutions of organic or biological
molecules using gels as reusable size-selective extraction solvents was reported by Cussler
and coworkers (13-15). The technique involves the addition of small spherical beads of
pH-sensitive (partially hydrolyzed polyacrylamide) or temperature-sensitive (N,N-
diethylacrylamide/sodium methacrylate) copolymer gels to a dilute solution of a
macromolecule. Upon swelling in solution at slightly alkaline pH or at low temperature,
low molecular weight solvent is absorbed by the gel while the macromolecule is excluded

from entering the network. The resulting supernatant is concentrated with respect to the



macromolecule and can be separated from the swollen gel spheres by filtration. Acidifying
the gel solution or increasing the temperature causes a reduction in gel volume and

expulsion of the internal solvent. The gels can then be reused in further separation cycles.

The use of gels in drug delivery and controlled release applications has achieved
popularity in the last ten years, and numerous reviews and accounts of this work have
recently appeared (16-24). It is often desirable to control and prolong the administration of
a single dose of an agent. The oscillatory blood levels that are observed with repeated
dosing of a drug from a more traditional dosage form (tablet, capsule) can be avoided by
administering the agent from a dosage form that slowly releases the agent. The extended
and controlled release of drugs from a single device often leads to more constant blood

levels that can be maintained for periods of months and years (20-24).

Dispersed Drug Drug Solution

Polymeric Matrix Polymeric Membrane

Matrix Device Reservoir Device
Figure 1.1. The two primary types of polymeric drug delivery devices; matrix
and reservoir.

Gels and other polymeric materials are attractive for use in controlled release
applications because they can be used as housings for incorporating and storing the drug in
a device, as well as provide the rate-controlling mechanism for drug release from the
device. Matrix devices, in which the drug is dispersed directly in the polymer, and
reservoir devices, which contain a solution of drug separated from the outside environment
by a rate-controlling polymeric membrane, are the two primary classes of polymeric

delivery systems as shown in Figure 1.1. The principal release mechanisms from matrix



devices include diffusion, polymer erosion and polymer swelling, while diffusion through
the rate-controlling polymer membrane is the usual release mechanism in reservoir devices
(19,20). Release of the active agent is initiated by placing the device in a suitable release
environment in the body, such as the buccal cavity, gastrointestinal tract, subdermally,
intramuscularly, transdermally, vaginally or intranasally. Release proceeds until the device
is either depleted of drug or is removed from the site of application.

Strategies in optimal drug delivery may require that drug release rates from a device
be responsive to the local biological environment. Regional drug delivery in the
gastrointestinal tract triggered by local pH differences, diffusional drug release from
temperature-sensitive gels or delivery from an implanted device in response to the
circulating level of an endogenous molecule (e.g. glucose in the diabetic patient) offers
significant potential for improving the efficacy and bioavailability of therapeutic agents.
Polymeric systems that have swelling properties that are responsive to their environment
may have great utility in achieving stimulus-sensitive and self-regulating drug delivery

strategies.

pH-sensitive gels and polymeric films that change their permeability properties in
response to a change in solution pH have been reported by several groups. Kopecek et al.
studied the pH-dependent permeability properties of hydrophilic ionizable gels, including
acidic, basic and ampholytic, to NaCl (25). Salt permeability was found to be a strong
function of the degree of ionization of the gel, as affected by both solution pH and the gel
ionic monomer content. Alhaique et al. found that the permeability properties of
poly(ethylene-co-vinyl N,N-diethylglycinate) random copolymer films to benzyl alcohol
could be modulated by more than two orders of magnitude by adjusting the solution pH
(26). They attributed the permeability enhancement at low pH to the increase in film

hydration that accompanied the protonation of the copolymer amino groups.



In studies of poly(2-hydroxyethyl methacrylate-co-methacrylic acid) hydrogels,
Kou et al. found that matrix hydration, as controlled by the solution pH, could be an
effective modulator of the diffusional release of of phenylpropanolamine (PPA) (27).
Diffusivity of PPA increased 52 fold as gel water weight fraction increased from 0.35 (at
pH 1.0) to 0.88 (at pH 7.0). Siegel et al. reported the pH-sensitive swelling-controlled
release of caffeine from hydrophobic copolymer gels based on methyl methacrylate and
N,N-dimethylaminoethyl methacrylate (28). Caffeine release was controlled by the rate of
water sorption into the gel and increased as pH decreased. At neutral pH, where minimal

gel swelling occurs, caffeine release was virtually nonexistent.

In the development of self-regulating delivery devices, several groups have studied
the use of temperature-sensitive gels such as poly(N-isopropylacrylamide) (pNIPAAm)
(29,31), and its copolymers with methacrylic acid (29), acrylamide (30) and butyl
methacrylate (32) . Gels based on N-isopropylacrylamide exhibit a lower critical solution
temperature (LCST) of approximately 32 °C. Such gels reversibly shrink or swell when
the solution temperature is raised or lowered through the LCST. Lowering the temperature
below the LCST promotes gel expansion and reswelling. As a result of these temperature
induced swelling changes, the release rates of substances initially in the gel matrix such as
vitamin B12 (29,31), myoglobin (29), methylene blue (29) and indomethacin (32) can be
accelerated by reducing the local temperature from 37 °C past the LCST.

Bae and coworkers showed that release of indomethacin from a poly(N-
isopropylacrylamide-co-butyl methacrylate) gel could be turned on and off by cycling the
temperature between 20 and 30 °C, which brackets the LCST of this gel (32). The release
rate of indomethacin, essentially zero at 30 °C, increased to approximately 0.25 mg/hr with
a step reduction in temperature to 20 °C. This pattern of release was fairly reproducible
during subsequent temperature cycles, demonstrating the utility of this gel as a temperature-

sensitive on-off switch for chemical delivery.



Dong and Hoffman demonstrated that the accessibility of a substrate to an enzyme
(asparaginase) immobilized in poly(N-isopropyl acrylamide-co-acrylamide) gels could be
modulated by changes in the local temperature (30). When the temperature was raised
above the LCST, the activity of asparaginase was shut off, presumably due to the greatly
reduced permeation rate of asparagine through the deswollen gel. A reduction in
temperature below the LCST restored the asparaginase activity to essentially its original
value. Temperature cycling experiments showed the process was reproducible. Such
immobilized enzyme/gel systems were termed 'catalytic hydrogels' and their use in

feedback control of temperature-sensitive reactions (30) and in medical diagnostics was

proposed (33).

Other catalytic hydrogels have been reported where gel swelling is sensitive to the
product of an immobilized enzyme-substrate reaction. Thus, the presence of substrate in
the environment of the gel is transduced through the enzyme/substrate reaction to a change
in gel swelling. Much of this work has been applied to the development of glucose-
sensitive membranes for use in implantable self-regulating insulin delivery systems for the
treatment of diabetes. Such a system would 'sense’ the blood levels of circulating glucose
and initiate the release of insulin when glucose levels become elevated. Upon return to
normal glucose levels, the device would automatically decrease insulin release to a basal

rate.

Ishihara and coworkers fabricated a glucose sensitive composite membrane by
immobilizing the enzyme glucose oxidase (GO) in a polyacrylamide membrane and
laminating it with a pH-sensitive polyamine membrane (34). In the presence of elevated
levels of glucose in the external solution, glucose is oxidized to gluconic acid in the GO
membrane as illustrated in Figure 1.2. Generation of gluconic acid causes a reduction in
pH which induces the ionization and swelling of the polyamine membrane. The resulting

permeability and diffusional release of insulin increases several fold due to the state of
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Figure 1.2. An illustration of a glucose-sensitive composite membrane. Top panel:
in the absence of circulating glucose, the delivery of insulin (I) is minimal. The
polyamine membrane (C) is unionized, moderately swollen, and has a low
permeability to insulin. Bottom panel: in the presence of circulating glucose,
gluconic acid is produced via oxidation by glucose oxidase (GO) in membrane B
which reduces the local pH. This causes the ionization of the polyamine membrane
©), lllllncricsases its permeability to insulin and initiates the diffusional release of
insulin (34).



increased swelling in the polyamine membrane, compared with that in the absence of
external glucose. Other similar glucose-sensitive membranes have been prepared with GO
immobilized in hydrophilic pH-sensitive HEA/DMA/4-trimethylsilylstyrene (35) and
HEMA/DMA (36) gels.

Clearly, the swelling state of network structures can be substantially altered by a
variety of environmental changes. The increased understanding of such swelling phase
behavior, from both a theoretical and experimental standpoint, will aid development of
improved gel-based separation techniques, stimulus-sensitive drug delivery devices,

biosensors and novel mechanochemical engines and pumps.
1.3 Scope of Thesis

Until now, the swelling behavior of polyelectrolyte gels has been studied largely in
hydrophilic, crosslinked gel systems such as polyacrylamide, poly(HEMA) and
poly(NIPAAm) containing ionizable comonomers. Because of their hydrophilic nature,
these gels generally swell extensively in water or water-containing cosolvent mixtures, and
retain appreciable solvent content even under ‘collapsed’ conditions. Consequently, efforts
to employ the phase behavior of these hydrogels to control the diffusion and release of
molecules has met with limited success. The development of crosslinked polymer systems
that can undergo a sharp and reversible hydrophobic-hydrophilic transition, as controlled
by solution properties, may be more effective in controlling the transport properties of
small molecules compared with the hydrophilic polymer systems studied to date. Such gel
systems could potentially be used in the design of improved self-regulating drug delivery

devices and separation systems suitable for small and large molecules.

This thesis project is concerned with the development and characterization of a class of

hydrophobic gels that can undergo a reversible volume transition between swollen hydrophilic



and collapsed hydrophobic states induced by solution pH. The gels employed in this work are
distinct from those studied previously in that they are amphiphilic in nature. They are based on
two principal types of monomeric units, a hydrophobic, water immiscible n-alkyl ester of
methacrylic acid (nAMA) and a hydrophilic, ionizable monomer N,N-dimethylaminoethyl
methacrylate (DMA). Because of the potential to become ionized in solution, these gels are
polyelectrolytes. The structures of the monomers are shown in Figure 1.3, where the ester
chain length of the nAMA monomer ranges from C1 (methyl, n=1) to C6 (hexyl, n=6). The
gels are prepared via a free-radical initiated bulk copolymerization, and are crosslinked with a

% g
CHa=C CHp=C
f=o {=
o\ o\ /c H3
(CHy)—H CH,CH,—N
CHy
n-alkyl methacrylate (nAMA) N,N-dimethylaminoethyl methacrylate (DMA)

Figure 1.3. Structures of the two types of methacrylic acid esters used to make the
copolymer gels in this work.

small amount of divinyl benzene (0.1 wt%). The structure of nAMA/DMA copolymer gels
is shown in Figure 1.4, where the x and y subscripts refer to the relative molar contents of
nAMA and DMA. Because the polymerization proceeds through the C2 and C3 carbon-
carbon double bonds of each monomer, the ester groups become pendant chains to the
main copolymer backbone. The various nAMA/DMA gels thus prepared differ only in their
relative content of one pendent sidechain to the other as well as in the chain length of the

nAMA sidechain.
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Figure 1.4. Network structure of nAMA/DMA gels crosslinked with divinyl benzene.

Chapter 2 of this thesis comprises an expanded review of the phenomenon of
swelling in crosslinked network structures with particular emphasis on the swelling
behavior of polyelectrolyte gels. A compilation of the materials and methods used in the
preparation of nAMA/DMA copolymer gels in this work and their subsequent

characterization is provided in Chapter 3.

The aqueous pH-dependent equilibrium swelling properties of these gels will be
presented in Chapter 4. It will be shown that although these gels imbibe water to very
limited extent (<10 wt% water) at, and above, neutral pH, they generally undergo abrupt
swelling transitions to swollen structures induced by lowering the pH into the acidic
region. The effects of both nAMA/DMA comonomer ratio and the nAMA sidechain length
will be shown to significantly affect the equilibrium swelling properties.

Chapter 5 investigates the effects of solution ionic strength and ionic valence on
equilibrium swelling. The results are compared with predictions of swelling based on the
Donnan equilibrium theory. It will be shown that the theory qualitatively predicts most of

the observed trends in the swelling data although it fails to work in a quantitative fashion.



11

The kinetic swelling properties of the gels from the dry state will be shown in
Chapter 6 to be highly dependent on pH, ionic strength, ionic composition, temperature
and gel composition. Initial sorption kinetics are generally non-Fickian in both glassy and

rubbery gels and evidence is presented that swelling occurs by a moving front mechanism.

Chapter 7 focuses on swelling reversibility and the mechanism of deswelling given
perturbations in pH. It is demonstrated that swelling and deswelling processes are rapid
and completely reversible when pH remains below the pH of the swelling transition. When
the transition pH is traversed, kinetics become more complicated and generally slow down
considerably. Potential mechanisms for the slowing phenomena are investigated. And

finally, unresolved issues and suggestions for future work are discussed in Chapter 8.
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Chapter 2.

The Phenomenon of Swelling in Network Structures

2.1 Balance of Forces

As in solutions made up of linear polymer molecules, a system consisting of a
network structure and excess solvent has an opportunity to increase its entropy by mixing
the two components. Many more configurations of the solvent molecules are available if
the two components mix. The resulting swelling process of the network is thus an

inherently favorable process from an entropic standpoint (1).

The interaction of the solvent with the chains of the network, which arises from the
effects of intermolecular forces, can also strongly affect the swelling process. These
interactions may either increase or decrease the tendency to swell due to the entropy of
mixing process. Under conditions of solvent/polymer compatibility, the interaction free
energy augments the entropy of mixing in driving the system to swell. With an
unfavorable solvent/polymer compatibility, the interaction free energy will disfavor mixing
and will operate in opposition to the entropic component of mixing. Under these
conditions, the relative magnitudes of these opposing forces determines the extent of
network swelling. Thus, in direct parallel with the mixing of small molecules and/or
polymers, the swelling process in neutral gels is driven by the free energy of mixing (1,2).

As the swelling process proceeds, the increase in gel volume leads to the stretching
and elongation of the network chains. In response to this perturbation in chain
conformation, an elastic retractile force develops in opposition to the swelling process.

Once swelling equilibrium has been attained, and in the absence of any additional forces
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(electrostatic, external pressure-volume, etc.), the mixing tendency of the network and

solvent is exactly balanced by the elastic response of the crosslinked chains (2,3).

In polyelectrolyte gels, where the network chains contain fixed ionized groups, the
swelling force can be greatly increased compared with an equivalent neutral gel. The basis
for the influence of gel charge on the magnitude of swelling is derived from two equivalent
effects: repulsive interactions between proximal charged groups on the gel and the ion
osmotic pressure due to mobile counterions within the gel (1). Electrostatic repulsion
becomes most important when the gel has a high charge density and the solution is of low
ionic strength, so that screening of the fixed charges by the counterions is not appreciable.
Under these conditions, the electrostatic repulsion between the fixed charged groups tends

to stretch the chains of the gel which enhances swelling (4).

Procter and Wilson, in 1916, first realized that the swelling of protein gels is
determined mainly by the osmotic pressure difference between the mobile ions in the gel
and in the external solution (5). Osmotic pressures of several to tens of atmospheres can be
generated by gels with moderate charge densities in solutions of low ionic strength. The
origin of the ion osmotic pressure is schematically depicted in Figure 2.1 in which a
swollen ionic gel is shown in equilibrium with an external electrolyte solution. Free
exchange of mobile ions and solvent occurs between the gel and the external solution.
Because the fixed charged groups of the gel are not free to leave the interior of the gel, a
situation analogous to the Donnan membrane equilibrium develops in which at equilibrium
there is an unequal distribution of mobile ions between the gel interior and the external
solution. The concentration of mobile ions will be greater inside the gel due to the presence
of the fixed charges on the network which require mobile ions to enter the gel to maintain
electroneutrality. This disparity in mobile ion concentration generates a net osmotic

pressure between the gel interior and the external solution which causes water to enter the
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gel (1,8). The magnitude of the ion osmotic pressure increases with gel charge density, but

diminishes as the solution ionic strength becomes much larger than the charge density.

Gel External Electrolyte Solution

Figure 2.1. Schematic diagram of a polyelectrolyte gel in equilibrium
with an electrolyte solution. Free exchange of mobile ions and solvent
occurs between the gel and external solution. Adapted from (1).

The presence of charged groups on the gel, in conjunction with the polymer/solvent
mixing entropy, drives the volume expansion of the network. Swelling equilibrium is
achieved when the magnitudes of the osmotic pressure due to the charged groups, and the
‘pressures’ associated with the polymer/solvent mixing and the elastic retraction of the
network chains, sum to zero. The equilibrium properties of neutral and polyelectrolyte gels
are thus determined by a balance of opposing forces, that when perturbed, can bring about

significant changes in the swelling state of gels.
2.2 Swelling Phase Transitions in Gels

A most significant discovery concerning the swelling behavior of gels was reported
by Tanaka in 1978 (6). It was observed that large changes in the equilibrium volume of a
hydrophilic polyacrylamide gel could be brought about by changes in the external
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environment of the gel. Under certain conditions, varying the solvent composition or the
temperature brought about a discontinuous and reversible volume change in the gel.
Volume changes of up to three orders of magnitude could be caused by an infinitesimal
change in the acetone/water solvent content or the temperature. These swelling transitions
were reminiscent of the well known pressure-volume phase transitions observed in vapor-
liquid equilibria. This work constituted the first demonstration of discrete phase transitions
and critical phenomena in the swelling behavior of gels, a process that had been

theoretically predicted by Dusek and Patterson nearly ten years earlier (7).

Since then, Tanaka and other workers have increased the understanding of swelling
phase behavior in gels and have observed volume transitions in a wide variety of natural
and synthetic polymers (8-14). Examples of discontinuous volume transitions in gels of
biological origin include crosslinked DNA (13), crosslinked gelatin (13,15) and agarose
(13). In each of these cases, the volume collapse of the gel was induced by increasing the
acetone content in acetone/water cosolvent mixtures. Addition of a poor solvent for the
polymer makes the solvent/polymer interaction less favorable for mixing. At the volume
transition point, the solvent has become sufficiently poor so that polymer/solvent mixing is
no longer favored. The gel thus collapses to minimize contact with solvent. This effect
occurs, of course, at the expense of the mixing entropy, but the overall effect is to achieve a

state with a minimized free energy.

The observation of volume phase transition in gels of widely varying chemical
compositions such as polyvinyl gels (11), polynucleotide, polypeptide and polysaccharide
gels (13) strongly suggests the universality of the phenomenon. Phase diagrams have been
constructed for polyacrylamide (6,16) and poly(N-isopropylacrylamide) (17) gels that
include coexistence curves and critical points. Similar phase behavior also exists for single
polymer chains in solution where reversible collapse from the random coil to the more

condensed state has been shown to occur (18-20).
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2.3 Role of Network Ionization

As discussed above, ionic gels can become extensively swollen in aqueous systems
due to the ion osmotic pressure that results from the presence of ionized groups on the gel.
In a series of experiments involving the measurement of the equilibrium swelling behavior
of partially hydrolyzed polyacrylamide gels and some of its derivatives, Tanaka et al. (8)
and Nicoli et al. (21) demonstrated that network ionization plays a critical role in

determining the existence of discrete, discontinuous volume phase transitions in these gels.

By subjecting prefabricated polyacrylamide gels to alkaline hydrolysis at pH 12,
discontinuous and reversible volume transitions in acetone/water solutions were observed.
As the duration of hydrolysis increased, the magnitude of the volume change increased and
shifted to lower acetone concentration. Alkaline hydrolysis converts the pendant

acrylamide groups to acrylic acid which ionizes in water or acetone/water solutions, as

Alkaline
I I Hydrolysis I I
?=O c|>=o I ?=o ?=o
an an an (o N.'i-

Figure 2.2. Alkaline hydrolysis of a polyacrylamide gel converts a fraction of
the pendant acrylamide groups to acrylic acid, rendering the gel ionized.
shown in Figure 2.2. Increasing the duration of hydrolysis converts a greater fraction of
the acrylamide groups to the corresponding acid and increases the gel charge density.
Thus, the development of an ion osmotic pressure of sufficient magnitude in the gel can
shift the system across the critical point which in turn results in a discontinuous volume

transition.
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Additional studies on other gel systems corroborate the role of ionization on volume
transitions in both cationic and anionic gels (22-27). Poly(N-isopropylacrylamide) gels
containing small amounts of ionizable sodium acrylate were prepared by Hirotsu and
coworkers (22) and Hirose and coworkers (23). Continuous volume changes in pure
water were observed for the gel containing no sodium acrylate as the temperature was
varied. Gels containing increasing mole fractions of sodium acrylate underwent a
discontinuous volume collapse as the temperature was raised past the transition
temperature. The magnitude of the transition and the temperature at which it occurred

increased with increasing sodium acrylate content.

Discrete volume phase transitions had thus been demonstrated in gels containing
ionized groups as driven by changes in solvent composition and temperature. The
corresponding neutral gels underwent volume changes under these same conditions, but
they were continuous and of much smaller magnitude. The presence of ionized groups in

gels significantly affects the balance of forces and the resulting phase properties.
2.4 Role of Solution Ionic Composition

Because ionic gels come to an osmotic equilibrium with the external solution, any
change in the solution ionic composition can significantly alter the balance of forces.
Changes in the solution salt concentration, valence of ionic species or in solution pH (for
gels that contain weakly acidic or basic groups) can bring about differences in the resulting

ion osmotic pressure.

Ohmine and coworkers found that partially hydrolyzed polyacrylamide gels in
acetone/water solutions would undergo a volume transition when the solution salt
concentration was increased (12). In solutions of low acetone concentrations containing a
monovalent salt, the volume change was gradual and continuous, spanning three decades in

salt concentration. In solutions of higher acetone concentrations, the volume transition
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became discrete and shifted to lower salt concentration. In the presence of a divalent salt,
the general trends were qualitatively similar to the monovalent case, but the transitions were

shifted to lower salt concentration by several orders of magnitude.

In gels containing weakly acidic or basic groups, changes in the solution pH will
influence the ionization state of the gel through proton mass action, as shown in Equations

2.1 and 2.2. The pH and ionic composition of the solution and ionization constants of the

I

WwWwNH; +H * (2.1 and 2.2)

network will determine the charged state of these gels. Polypeptide gels containing
ionizable amino acids such as histidine, aspartic acid, glutamic acid, lysine or
hydroxylysine or in synthetic gels containing acrylic acid, methacrylic acid or amine
containing groups can show pH-sensitive swelling behavior. Decreasing the solution pH
decreases the charged state of polyacid gels and increases that of polybase gels, while
increasing solution pH has the opposite effect. These types of weakly ionizable gels are
distinct from the ion exchange resins that contain groups that are essentially permanently
charged. These include resins that contain sulfonic acid (-SO3"), quaternary ammonium

(-NR31), quaternary phosphonium (-PR3") or tertiary sulfonium (-SR2+) groups (28).

pH-dependent swelling properties have been reported for synthetic polyacid gels.
In pure water, a partially hydrolyzed polyacrylamide gel undergoes a gradual and
continuous volume reduction with a decrease in pH, while in acetone/water solution

(50/50 v/v) a discrete volume transition is observed (8). Other hydrophilic polyacid



22

copolymer gels based on acrylic or methacrylic acid have been reported and show the
expected behavior of increasing swelling as solution pH is raised (29-31).

Several accounts of pH-dependent swelling of synthetic hydrophilic polyamine gels
have been reported (32-34). Ishihara and coworkers measured swelling of
2-hydroxypropyl methacrylate (HPMA)/N,N-dimethylaminoethyl methacrylate (DMA)
copolymer gels (32). Swelling increased gradually and reversibly from approximately 30
wt% to 60 wt% when the pH was reduced from 7.4 to 6.5. Ishihara and Matsui prepared
terpolymer gels from hydroxyethyl acrylate (HEA)/DMA/4-trimethylsilyl styrene and
observed an increase in gel hydration from 30 wt% at pH 6.3 to 53 wt% at pH 6.15 (33).
Kost et al. observed very weak pH-dependent swelling changes of about 20% in
hydrophilic 2-hydroxyethyl methacrylate (HEMA)/DMA copolymer gels between pH 4 and
10 (34).

In work with inherently hydrophobic polyamine copolymer gels consisting of an n-
alkyl ester of methacrylic acid (nAMA) and DMA, Firestone and Siegel found that these
gels display aqueous swelling properties that are extremely sensitive to pH (35-36). In
contrast to the hydrophilic pH-sensitive acrylamide gels, these gels adopt a collapsed
hydrophobic state at, and above, neutral pH, but generally become highly swollen as the
pH is lowered. The extent of swelling at lower pH values depends on the nAMA/DMA
comonomer ratio as well as the nAMA ester side chain length. One gel, composed of
methyl methacrylate/DMA, 70/30 mole%, undergoes a discrete volume transition from
about 10 wt% to 70 wt% water at pH 6.6. In the swollen state, these gels respond rapidly
and reproducibly to small perturbations in the external pH. In all cased cited above, the
pH-dependent swelling behavior was attributed to alteration in the charged state of the gel
through dissociation of the ionizable groups.
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In addition to the pH-dependent dissociation of ionizable gel groups, variations in
the ionic state of the gel can be brought about through proton-cation exchange processes
between the gel and the external solution. Ricka and Tanaka found that the volume of a
partially hydrolyzed polyacrylamide gel in an initially dilute salt solution first increased to a
maximum and then decreased as the salt concentration was increased at constant pH (37).
They explained this swelling behavior by noting that the charge density of the gel initially
increases with the salt concentration due to the exchange of gel protons with solution
cations. This exchange perturbs the proton dissociation equilibrium inside the gel and leads
to the ionization of more of the acidic groups, as illustrated in Figure 2.3. The maximum

swelling corresponds to the point

|
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|
]
]
Gel Solution

Figure 2.3. The process of proton/cation exchange can lead to

an increase in the charge density of the gel through a shift in the

proton dissociation equilibrium.
where all acidic groups are ionized giving the maximum gel charge density. A further
increase in the salt concentration merely reduces the ion osmotic pressure difference
between the gel interior and the solution, thereby reducing swelling. The maximum in the
salt dependent swelling disappeared when the experiment was repeated at higher pH, where
all the acid groups are dissociated regardless of the salt concentration. This work provided

additional evidence in support of the ion exchange mechanism.
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Swelling equilibria in ionic gels have been found to be affected by externally

applied electric fields (38) and by complex formation with counterions (39).

The increased understanding of the swelling phase behavior of ionic networks has
enabled the development of gel systems with very specific properties for use in the drug
delivery and separation sciences. However, most of this work has been devoted to
hydrophilic ionic gels (e.g. those based on polyacrylamide, pNIPAAm and pHEMA)
which generally remain appreciably swollen even when unionized. Very little work has
been devoted to ionic gels that can undergo reversible expansion-collapse transitions
reminiscent of the helix-coil transition of single polymer chains such as globular proteins.
The swelling and transport properties of inherently hydrophobic nAMA/DMA
polyelectrolyte gels will be investigated in this work. The understanding of the equilibrium
and transport properties of such gels will be the key to developing new polymer-based
materials for use in self-regulating drug delivery systems, biosensors and highly efficient

separation systems.
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Chapter 3.

Gel Preparation and Characterization

3.1 Introduction

The purpose of this chapter is to describe the methods and apparatus used to
prepare, purify and characterize n-alkyl methacrylate/N,N-dimethylaminoethyl methacrylate
copolymer gels. Methods are described for monomer storage and purification, initiator
recrystallization and gel preparation and characterization by elemental analysis and

differential scanning calorimetry.
3.2 Materials

All chemicals and reagents have been used 'as received' unless otherwise indicated.
The vinyl monomers methyl methacrylate (MMA), ethyl methacrylate (EMA), n-propyl
methacrylate (PMA), n-butyl methacrylate (BMA), n-hexyl methacrylate (HMA), N,N-
dimethylaminoethyl methacrylate (DMA) and the free radical initiator 2,2’
azobisisobutyronitrile (AIBN) were obtained from Polysciences, Inc. The crosslinking
reagent divinyl benzene (DVB) was purchased from Pfaltz and Bauer, Inc. Water was
double distilled and deionized using the Barnstead Nanopure System. Methanol (Fisher
Scientific, A.C.S. grade), absolute ethanol (Gold Shield Chemical Company), toluene
(Eastman, scintillation grade), dichlorodimethylsilane (Aldrich, 99%) and the antioxidant
Ethanox 330 (1,3,5-trimethyl-2,4,6-tris[3,5-di-tertbutyl-4-hydroxybenzyl] benzene) (Ethyl
Corporation) were all used as received.
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3.3 Monomer Storage

Commercially supplied vinyl monomers contain polymerization inhibitors or
stabilizers which prevent polymerization during shipment and storage (1). Methacrylate
monomers usually contain the inhibitor hydroquinone (1,4-dihydroxybenzene, HQ) or
hydroquinone methyl ether (MEHQ) at levels of 10-2000 ppm (2). HQ or MEHQ is

removed prior to the use of each monomer in gel preparation to ensure complete and

s )—on so—( oo

MEHQ

reproducible polymerization. After the inhibitor has been removed, the monomer is used
immediately or stored under an inert atmosphere (nitrogen or argon) in a tightly sealed
container at -20 °C. Otherwise, the monomers are kept stabilized with HQ or MEHQ and
are stored at 4 °C.

3.4 Monomer Purification

All n-alkyl methacrylates, N,N-dimethylaminoethyl methacrylate and divinyl
benzene are liquids at room temperature and are purified (separated from hydroquinone
and/or polymer) by vacuum distillation. The apparatus used in this procedure is shown in
Figure 3.1. The antioxidant Ethanox 330 is added to the crude monomer to retard heat-
induced polymerization during the distillation. The boiling points of the monomers are
listed in Table 3.1. All distilled monomers are colorless, transparent liquids. As a
qualitative check for the presence of polymer, a few drops of distilled monomer can be
added to methanol. Turbidity indicates the presence of polymer.
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Table 3.1. Boilinﬁ Points of Monomers.

Monomer Formula Weight Boiling Point (°C) Reference
methyl methacrylate 100.1 99-100 (760 mm Hg) ()
ethyl methacrylate 114.2 118-119 (760 mm Hg) V)]
n-propyl methacrylate 128.2 140-141 (760 mm Hg) )
n-butyl methacrylate 142.2 163-164 (760 mm Hg) ()
n-hexyl methacrylate 170.3 88-89 (14 mm Hg) V)]
N,N-dimethylaminoethyl 157.2 75-77 (13 mm Hg) ()
methacrylate
divinyl benzene 130.2 195 (760 mm Hg) 3)

Procedure:

1) Monomers are brought to room temperature prior to distillation. Monomer is
poured into the distillation flask via a glass funnel. The distillation flask is filled
to not more than 50-60% of capacity.

2) Ethanox 330 is added (approximately 100 mg/100 ml monomer) along with a
magnetic stir bar. The distillation head is connected. The solution is vigorously
stirred.

3) A vacuum pump equipped with a cold trap (dry ice/ethanol) is attached to the
system.

4) The temperature is gradually raised. This is done slowly and only after the
vacuum has been applied. Monomers begin to reflux and then distill.

5) The first distillate fraction (5-10 ml) is discarded. Collection of the major
fraction is done after the temperature has stabilized.

6) Distillation is stopped by removing the heating mantle from the distillation flask.
This is done before the distillation flask has gone to dryness. The system is
purged with argon. The collection flask is removed and monomer is poured into
a clean bottle (preferably amber) under argon. The bottle is tightly capped and
Parafilm is wrapped around the cap to ensure the exclusion of moisture. The
bottle is stored in the freezer at -20 °C.
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Figure 3.1. Apparatus for the vacuum distillation of monomers. A, magnetic stirrer; B,
Variac voltage regulator; C, heating mantle; D, distillation flask; E, Claisen head; F,
thermometer; G, condenser; H, water inlet; I, water outlet; J, receiving flask; K,
vacuum adapter; L, bubbler; M, argon tank; N, vacuum pump.
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3.5 Recrystallization of AIBN

Commercial grade AIBN from Polysciences is a granular slightly off white solid.
Purification of AIBN by recrystallization from absolute ethanol/water is done before use in
gel preparation.

Procedure:

1) A solution of crude AIBN in absolute ethanol (approximately 25 mg/ml) is
prepared. Sonication is usually necessary to get complete dissolution (solution
should not be heated due to the tendancy of AIBN to decompose at elevated
temperatures).

2) Solution is gravity filtered through a Whatman 'Qualitative’ filter. Filtrate is
collected.

3) Water is added to the filtrate with stirring until the solution first becomes turbid
(solution composition at this point is approximately 7/10 water/ethanol (v/v)).

4) Solution is stirred in an ice bath at 0 °C for 2-3 hours. Crystallization of AIBN
occurs.

5) Solution is gravity filtered as in step 2 to isolate crystals. Filtrate can be
collected and steps 4 and 5 repeated.

6) Crystals are air dried at 25 °C for 4 hours and then dried under vacuum at 25 °C
for 24 hours. Drying is never done at elevated temperatures. Recrystallized
AIBN is stored at 4 °C in a tightly sealed bottle wrapped with Parafilm to ensure
exclusion of moisture.

Recrystallized AIBN consists of shiny fine white needles. Typical mass recovery
of AIBN after recrystallization is 70-80%.

3.6 Gel Preparation

Each nAMA/DMA copolymer gel was prepared as a thin sheet by a free radical bulk
polymerization carried out between two silanized glass plates (13 cm x 13 cm). A Teflon
gasket (between 0.10 and 0.835 mm thick) was inserted between the plates near the edges
to provide a uniform internal cavity for the monomer solution as shown in Figure 3.2. The

glass plate assembly was held together from the outside by metal clamps. Silanization was
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accomplished by immersing the plates in a 2% (v/v) solution of dichlorodimethyl silane in
toluene for two minutes. The plates are then removed from the solution, rinsed with
toluene and air dried. Silanization derivatizes the residual silanol groups of the glass plates
rendering the surface hydrophobic, as diagrammed below (4). This procedure facilitates

subsequent separation of the plates and gel removal.

Procedure:

1) The purified monomers are removed from the freezer and allowed to come to
room temperature. A solution containing an nAMA monomer, DMA, DVB
(0.1% w/w) and AIBN (0.5% w/w) at the desired composition is prepared in a
round bottom flask.

2) The flask is fitted with a manifold and degassed for 5 minutes by applying light
vacuum while stirring as illustrated in Figure 3.3.

3) The monomer solution is drawn into a glass syringe fitted with a 24 gauge
needle and then injected into the vertically oriented glass plate assembly (Figure
3.4).

4) The assembly is incubated at 60 °C for 18 hours in the vertical position in an
oven filled with argon.

5) After incubation, the assembly is removed from the oven and allowed to cool to
room temperature. The glass plates are separated by prying the corners apart
with a razor blade. The gel sheet will adhere to one of the plates and is removed
by peeling it off with the razor blade.

6) Circular disks are cut out of the sheet using a 7.0 or 9.5 mm diameter punch.

7) The disks are swollen in stirred methanol for two days. The methanol is
changed several times during this period. Small molecules (residual monomer,
crosslinker or initiator) that are present in the gel after polymerization are
extracted during this washing process. The disks are then transferred to a
stirred methanol/water solution (50/50 v/v) and left overnight. Partial collapse
gf the disks occurs which enables them to be handled with forceps without

amage.

8) The washed, partially collapsed disks are dried at room temperature for 24 hours
and then at 50 °C in vacuo for an additional 24 hours.

CH, CH,

4
H H toluene
CL,Si(CH,), + —_— — —_— —Si—O0—Si— + 2 HCI
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Figure 3.2. Diagram of the glass plate assembly used to make copolymer gels.
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Figure 3.3. Setup for degassing monomer solution.
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The resulting gel disks were hard, transparent and colorless. Disk thicknesses were
generally the same or slightly smaller (approximately 5-10%) than the thickness of the
Teflon gasket.

3.7 Gel Characterization
3.7.1 Elemental Analysis

Washed copolymer gel samples were sent to the Microanalytical Laboratory in the
Department of Chemistry, University of California, Berkeley for carbon, hydrogen and
nitrogen (CHN) elemental analysis.

The theoretical weight percents of CHN for a copolymer gel can be computed from
the known composition of the original monomer solution (assuming complete monomer

incorporation). The CHN weight percents are computed as follows:

wt% element i = (W 5) (Xp) + (W p) (Xp)

where Wj 5 and Wy, are the weight percents of element i in monomers a and b,
respectively, and X, and X, are the mole fractions of monomers a and b, respectively, in
the monomer feed solution. The contributions from the other components (AIBN and
DVB) are ignored in the above calculations since they are present in very small quantities

(0.5 and 0.1% w/w, respectively). The computed and actual CHN contents were

Table 3.2. Results of CHN Analxsis for a MM&MA 70/30 mole% Gel.

Element Wt% Comed Wt% Found

C 60.2 60.0
H 83 8.7
N 1.9 25
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compared for gels representing each composition prepared in this work. Typical results of
a CHN analysis are shown in Table 3.2 for the case of the MMA/DMA 70/30 mole% gel
indicate that the polymerization procedure of Section 3.6 results in the complete
incorporation of the monomer feed solutions into the gel. Gel content thus reflected the

monomer feed solution in each case.
3.7.2 Glass Transition Temperature

It is a general property of all amorphous polymeric materials that at sufficiently low
temperature, the polymer takes on the properties of a glass. This is characterized by
hardness, brittleness and rigidity (5,6). The glass transition temperature (Tg) is commonly
defined as the temperature below which the polymer is glassy and above which it is
rubbery (1).

On a molecular basis, Tg marks the onset of large scale motion of the polymer chain
segments. At low temperature (T<<I‘g), the motion of atoms in amorphous materials is
confined to low amplitude vibrations about fixed positions, similar to that in the crystalline
state (but with no long range structural order). As the temperature of the sample is
increased, vibratory motions of the polymer segments increase. At Tg, rotational and
translational motions become significant and the polymer takes on the properties of a
rubbery material.

Tg is affected by structural features such as molecular weight, extent of

crosslinking, bulkiness and rigidity of the chains and pendant groups, and the extent of
interactions between the chains (6). Material properties including heat capacity and thermal
expansion coefficient change abruptly in the vicinity of Tg, which provides a basis by
which the glass transition can be detected experimentally. Many techniques are available
for determining the glass transition temperature including differential scanning calorimetry

(DSC), dilatometry, stress relaxation measurements and refractometry (1). DSC was used
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in this work. The instrument was a Dupont 910 Differential Scanning Calorimeter
equipped with a Model 1090 Programmer located in the Polymer Sciences Department at
SRI International in Menlo Park, California.

Typically, 5-10 mg of dry gel is sealed into an aluminum pan and placed on the
heating block. An identical empty pan is placed on an adjacent heating block. The system
is cooled to approximately -60 °C, and then heated at a programmed rate (15 °C /minute in
this work). During the run, the calorimeter supplies heat to one pan or the other via a
feedback circuit such that the rate of temperature increase in each pan is kept constant. The
differential power required to accomplish this heating reflects the heat capacity of the
polymer and is recorded as a function of temperature during the run. At the glass
transition, the change in sample heat capacity is indicated by a sigmoidal shift in the DSC
tracing, as exemplified by the heating curve of the MMA/DMA 70/30 mole% copolymer gel
shown in Figure 3.5. The glass transition typically occurs over a finite temperature interval
(approximately 85-95 °C in Figure 3.5). It is customary to report Tgas the inflection
temperature of the transition, as shown in Figure 3.6. The computation of inflection
temperature was performed directly after the acquisition of the DSC scan by the Model
1090 Programmer.
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Figure 3.5. DSC scan of the MMA/DMA 70/30 mole% gel in the dry state
from -50 to 150 °C. The heating rate was 15 °C per minute.
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Figure 3.6. Expanded DSC scan of the MMA/DMA 70/30 mole% gel in the
vicinity of the glass transition. Lines indicate the computed Tg as computed

by the Model 1090 Programmer.
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Chapter 4.

pPH - Dependent Swelling Equilibria in
nAMA/DMA Gels

4.1 Introduction

It has long been known that a crosslinked polymcr gel containing weakly acidic
and/or basic pendant groups will imbibe solvent to an extent that depends on the pH and
ionic composition of the bathing solution. When the gel is relatively solvophilic and
contains acidic pendant groups, gel swelling increases as solution pH increases (1,2).
Similarly, a weakly basic solvophilic gel undergoes a volume expansion as the solution pH

is decreased (3,4).

In recent years, considerable attention has been drawn to systems in which the
polyelectrolyte gel and the solvent do not interact favorably. In such cases, the
polyelectrolyte gel remains in a collapsed state until the external solution reaches a critical
pH, at which point the gel abruptly increases its equilibrium swelling (5). These transitions
in gel volume can also be induced by changes in the solution ionic composition (6),
temperature (7,9,10), or solvent composition (5,10,11). This has stimulated research on
the feasibility of such gels for use as artificial muscles and/or switches (5), as components
in chemical separation systems (1,8), and as physiologically sensitive drug delivery devices

(3,4,9).

In the present chapter, the equilibrium swelling properties of a class of lightly
crosslinked, hydrophobic, tertiary amine-containing copolymer gels in aqueous solution of
various pHs is presented. These gels consist of an n-alkyl ester of methacrylic acid
(nAMA) copolymerized with N,N-dimethylaminoethyl methacrylate (DMA). Gel
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characteristics were varied by altering the nAMA/DMA comonomer ratio as well as the

length of the n-alkyl ester sidechain.
4.2 Experimental
4.2.1 Materials, Gel Preparation and Characterization

The methods for the purification of the monomers methyl methacrylate (MMA),
ethyl methacrylate (EMA), n-propyl methacrylate (PMA), n-butyl methacrylate (BMA), n-
hexyl methacrylate (HMA), N,N-dimethylaminoethyl methacrylate (DMA) and divinyl
benzene (DVB), and the radical initiator 2,2'-azobisisobutyronitrile (AIBN) and the method
for nAMA/DMA copolymer gel preparation are described in detail in Chapter 3. Water
used in the swelling studies was double distilled and deionized. Sodium dihydrogen
phosphate, NaCl (Mallinckrodt, Inc.) and citric acid (Fisher Scientific) were énalytical
reagent grade and were used as received. nAMA/DMA gel characterization by elemental
analysis and the determination of gel glass temperatures in the dry state by differential

scanning calorimetry are described in Chapter 3.
4.2.2 Equilibrium Swelling Studies

Dry copolymer disks in triplicate were immersed in either 0.01 M citric acid buffer
(pH 2.0-7.0) or 0.01 M phosphate buffer (pH>7.0) at 25 °C. The total ionic strength (I')
of each buffer was adjusted to 0.1 M by the addition of a calculated amount of NaCl.
Periodically, the disks were withdrawn from the buffer solution, the surface water removed
by lightly blotting with a laboratory tissue, and weighed. The disk weights were
individually monitored in this way until they reached a constant value. This typically
required from several hours to three weeks depending on the copolymer composition and
pH. The extent of swelling for each copolymer sample at equilibrium is expressed as the
hydration (H), where H = (g water)/(g swollen disk) and is calculated as:



H = (Ws-Wq)/Wsg

where Wg and W are the fully swollen (equilibrium) and dry disk weights, respectively.
H simply indicates the weight fraction of water in the gel sample at equilibrium. Excellent
reproducibility in the hydration values was obtained for each set of triplicate samples with a

relative standard error of 1% or less.
4.3 Results

4.3.1 Gel Glass Temperatures

The comonomer composition and the glass temperatures (Tg) of the various
nAMA/DMA copolymer gels prepared are listed in Table 4.1. For the purpose of
comparison, the literature glass temperatures of the corresponding homopolymers are
given. In general, glass temperatures for a given polymer can vary widely depending on
the polymerization conditions and the method of determination. It is usually difficult to
compare results across both polymers and methods. The data are presented for the purpose

of identifying qualitative trends. It is apparent from Table 4.1 that the MMA/DMA,
EMA/DMA and PMA/DMA gels all have Tgs well above ambient temperature and thus

exist in the glassy state when dry. Tgs for the BMA/DMA gels are quite close to ambient
temperature. The glass temperature of nAMA/DMA gels is a strong function of both the

comonomer ratio and the nAMA sidechain length. In general, increasing the ratio of the

monomer with the higher homopolymer Tg (T able 4.2) serves to increase the Tg of the
copolymer. For example, in MMA/DMA gels, the Tg increases as the gel MMA content

increases as shown in Table 4.1. The homopolymers poly(BMA) and poly(DMA) have
similar Tg values and the corresponding BMA/DMA Tgs are virtually insensitive to the

comonomer composition. The effect of the nAMA sidechain length can be seen by
comparing Tgs of the the homologous 70/30 mole% nAMA/DMA gels (Table 4.1) and the

nAMA homopolymers (Table 4.2). Increasing the number of carbons in the nAMA
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Table 4.1. Compositions and Glass Temperatures of the Various nAMA/DMA Copolymer

L ]

Table 4.2. Glass TemEratures of Some Relevant Homomlxmers.

Gels Pre%

Gel Comonomer Ratio (mole%) Glass Temperature (°C)
MMA/DMA 70/30 90.8
MMA/DMA 78122 108.5
MMA/DMA 86/14 1144
MMA/DMA 93/7 not determined
EMA/DMA 70/30 67.9
PMA/DMA 70/30 51.6
BMA/DMA 70/30 31.1
BMA/DMA 77123 31.7
BMA/DMA 86/14 34.7
HMA/DMA 70/30 not determined

Homopolymer Method Reference Glass Temperature (°C)
poly(MMA) dilatometry 13 104
" 14 105
poly(EMA) dilatometry 13 66
" 14 65
poly(PMA) dilatometry 14 35
poly(BMA) dilatometry 13 19
" 14 20
" 8 15
poly(DMA) dilatometry 12 19
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sidechain decreases Tg. In the case of the nAMA/DMA 70/30 gels, Tg is reduced by about

about 20° for each additional sidechain methylene group.
4.3.2 pH-Dependent Swelling Equilibria

Figures 4.1 and 4.2 show the equilibrium swelling behavior for four MMA/DMA
and the three BMA/DMA gels measured as a function of pH at 25 °C and a total ionic
strength of 0.1 M. Citrate buffer was used between pH 2 and 7 because a triprotic acid
(pPK1=3.15, pKy= 4.78 and pK3=6.40) has a large buffer capacity over this pH range,
while phosphate buffer was used above pH 7. Each symbol in these figures represents the
mean of three samples and the corresponding standard deviations are, in general, smaller
than the symbols shown.

It is apparent that the gels are all compact and hydrophobic at pH values greater than
6.6 regardless of monomer composition, containing 10% (w/w) water or less at equilibrium.
At lower pH values, a point is reached where the hydration abruptly increases, sometimes
discontinuously, giving rise to highly swollen hydrophilic gels. At still lower pHs, gel
hydration continues to gradually increase. For example, the 70/30 mole% MMA/DMA gel has
an equilibrium hydration of about 0.10 (10% water by weight) in the pH range 6.6-7.2. For a
small decrease in pH at 6.6, a discontinuous jump to 70% water is observed. Gel hydration
further increases to values in excess of 90% as the pH is reduced to 2.0. Swelling transitions
are also observed for the 78/22 and 86/14 MMA/DMA gels and the 70/30, 77/23 and 86/14
BMA/DMA gels, but is absent for the 93/7 MMA/DMA gel, which remained collapsed and
hydrophobic at all pH values tested.

The gel comonomer composition impacts significantly on the equilibrium swelling
behavior of the MMA/DMA and BMA/DMA gels as is evident in Figures 4.1 and 4.2,
respectively. As the proportion of nAMA to DMA increases, gel hydrophobicity increases

and amine group density decreases, and two effects are observed: 1) the pH of the
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Figure 4.1. Swelling isotherms for a series of MMA/DMA copolymer
gels of different comonomer ratios as a function of pH in 0.01 M citrate
buffer (pH<7) or 0.01 M phosphate buffer (pH>7). Measurements
were made at 25 °C and a total ionic strength of 0.1 M. 70/30 mole%
(W), 78/22 mole% (O), 86/14 mole% (A) and 93/7 mole% (Q).
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Figure 4.2. Swelling isotherms for a series of BMA/DMA copolymer
gels of different comonomer ratios as a function of pH in 0.01 M citrate
buffer. Measurements were made at 25 °C and a total ionic strength of
0.1 M. 70/30 mole% (M), 78/22 mole% (O) and 86/14 mole% (A).
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swelling transition shifts to lower pH, and 2) the extent of the swelling transition is
decreased. For example, changing the MMA/DMA proportion from 70/30 to 86/14 mole%
shifts the transition pH from 6.5 to 4.8, and gel hydration in the low pH range decreases
from 90% to 40%. Also, the transition for the 70/30 gel appears to be discrete, occurring

over a very small interval in pH.

The influence of the n-alkyl ester sidechain length on the pH-dependent equilibrium
swelling properties at 25 °C and ionic strength 0.1 M is shown in Figure 4.3 fora
homologous series of nAMA/DMA gels each containing 30 mole% DMA. The nAMA
monomers include the methyl, ethyl, propyl, butyl and hexyl esters of methacrylic acid.
Here again, each point represents the mean of three samples. All gels in this series display
a swelling transition. The extent of the transition and the pH at which it occurs are affected
by the pendant chain length. As the pendant chain length increases from C; to Cg, the
water content at pH 2-3 decreases from 90% for the methyl to about S50% for the hexyl gel.
The width of the pH interval of the swelling transition broadens with increasing side chain
length and shifts progressively to lower pH for the methyl, ethyl and propyl esters. The

latter trend does not, however, continue for the butyl and hexyl gels.

The question of whether the low hydrations observed at pH values above the
swelling transition reflect true equilibria or are determined by slow sorption kinetics is
considered. Figure 4.4 shows representative swelling kinetics for MMA/DMA 70/30 and
EMA/DMA 70/30 gels from the initially dry state in 0.01 M citrate buffer at pH 7 and ionic
strength 0.1 M. Water sorption appears to be complete after one day with hydration
remaining constant out to 13 days. There is no evidence for a slow secondary phase of

sorption, at least over this time-scale.
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Figure 4.3. Swelling isotherms for a series of 70/30 mole% nAMA/DMA
copolymer gels of various nAMA sidechain lengths as a function of pH in 0.01
M citrate buffer. Measurements were made at 25 °C and a total ionic strength of
0.1 M. MMA/DMA (A), EMA/DMA (), PMA/DMA (O), BMA/DMA (A)
and HMA/DMA Q).
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Figure 4.4. Sorption kinetics of the MMA/DMA 70/30 mole% (1) and
the EMA/DMA 70/30 mole% (@) gels at pH 7.0. Measurements were
made at 25 °C and a total ionic strength of 0.1 M.
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The influence of buffer type on the equilibrium swelling of the 70/30 MMA/DMA
gel is shown in Table 4.3 for the pH interval of 5.8 to 6.6. Swelling in both 0.01 M
phosphate and 0.01 M citrate buffers at several pH values was determined at 25 °C. The

Table 4.3. Effect of Buffer Type on the Equilibrium Hydration of the MMA/DMA 70/30

mole% Gel at 25 °C and 0.1 M Ionic Strenﬂ.

pH Equilibrium Hydration (H) 3

0.01 M Citrate 0.01 M Phosghate
5.84 0.749 (0.0012) 0.866 (0.0007)
6.02 0.736 (<0.0001)) 0.859 (<0.0001)
6.42 0.694 (0.0040) 0.826 (0.0007)
6.64 0.656 (0.0046) 0.771 (0.0014)

P R R R S SR e

3 values in parentheses represent the standard deviation of the mean.

total ionic strength for each buffer was adjusted to 0.1 M with NaCl. These results show
that the equilibrium swelling for the MMA/DMA copolymer is higher for the phosphate
buffer at any pH. Thus, pH and ionic strength are not sufficient to determine the

equilibrium hydration in these gels. The identity of buffer ions plays a significant role.
4.4 Discussion

Swelling equilibria of polyelectrolyte networks are determined by a balance of three
primary forces: 1) the free energy of mixing of the network chains with solvent, 2) the
net osmotic pressure within the network resulting from the mobile counterions surrounding
the fixed charged groups (ion swelling pressure), and 3) the elastic retractile response of
the network (network swelling pressure) (5,16,17). The hydrophobic character of the
methacrylate copolymer gels dominates the overall swelling behavior in water at pH values

near, and above, neutrality. The unfavorable interaction between the network chains and
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water in this pH range forces the gels to prefer a collapsed conformation with the resulting

exclusion of water.

The hydrophobic character of these gels is contrasted with the relatively hydrophilic
gels that have been studied by other workers (1-11,16-18). The observed swelling
changes in this work are accordingly less extensive than those obtained with lightly
crosslinked hydrogels [e.g. poly(acrylamide-co-acrylic acid) (5)].

The external pH has a profound effect on the balance of forces that determine
equilibrium swelling. As the pH is lowered into the acidic region, the amine sidechains of
the DMA residues become protonated, thus increasing the charge density in the network.
The concomitant increase in mobile counterion content of the network sharply increases the

internal osmotic pressure which, in turn, induces the observed swelling transitions.

Varying the ratio of nAMA to DMA for a given comonomer system (Figures 4.1
and 4.2) or varying the n-alkyl sidechain length of nAMA from C; to Cg while at constant
comonomer ratio (70/30 mole%, Figure 4.3) appears to affect both the extent and nature of
the swelling transition. An explanation is that an increase in nAMA content or in nAMA
sidechain length has two concomitant effects. First, the concentration of ionizable amine
groups decreases, lowering the osmotic pressure that can be generated by the counterions.
Second, the overall hydrophobicity of the gel increases. These two effects generally

combine to lower the extent of equilibrium swelling in these gels.

The systematic reduction in pH at which the swelling transition occurs as nAMA
content increases (Figures 4.1 and 4.2) is explained in a similar way. A transition will
occur when a balance of osmotic and hydrophobic forces is achieved. As network
hydrophobicity increases, a greater degree of ionization is required to enable the transition.
The concomitant decrease in ionizable group concentration that occurs as DMA content

decreases must be countered by a further increase in degree of ionization, requiring a lower
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pH. Another factor which may contribute to the lowering of the transition pH is a decrease
in the dielectric coefficient of the gel interior which likely accompanies an increase in
nAMA content. This will serve to lower the effective pK, of the ionizable DMA groups.

In view of the observed swelling isotherms, it is somewhat puzzling that the transitions for
the homologous nAMA/DMA series (Figure 4.3) do not show similar behavior. The
downward shift of the transition pH as the nAMA sidechain length increases from C; to C3
is halted and reversed somewhat for C4 and Cg. Moreover, the discontinuous transitions

observed for the C,-C3 gels become continuous.

One plausible explanation for these results is that the swelling data observed for the
C;-C; gels at high pH do not represent true thermodynamic equilibria. Since these gels are
glassy in the dry state at ambient temperature, it is conceivable that the swelling data
actually represent completion of the first stage of a 'dual-sorption’ process (19). That is,
water is initially sorbed into the 'free volume' of the glassy polymer, but the process of
chain relaxation leading to the final swelling equilibrium in incomplete. The sorption
kinetics shown in Figure 4.4 carried out at pH 7 argue against this explanation, however.
After 2 days, sorption appears to be complete. If a secondary, relaxation controlled

process exists, it must be extremely slow.

The buffer effect on swelling (Table 4.3) can be explained by considering the
distribution of polyvalent anions in the citrate and phosphate buffer systems. Since the
MMA/DMA gel itself is a polycation, the Donnan effect will favor uptake of polyanions
over monoanions. In addition, fewer polyanions are required to neutralize an equivalent
amount of charge on the gel. As the concentration of polyanions in the solution increases,
these two factors will combine to lessen the concentration of counterions inside the gel,
reducing the counterion osmotic pressure, and gel swelling. The pK,'s for citric acid are
3.15, 4.78 and 6.40, while those for phosphoric acid are 2.15, 7.10 and 12.12. At any

pH, there will be more multivalent ions in citrate buffer than in phosphate buffer for a given
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total buffer concentration. Thus, at constant ionic strength and buffer concentration,
phosphate buffer should permit greater gel swelling than citrate buffer, as was observed.
The influence of solution ionic strength and ionic valence on equilibrium swelling will be

investigated more comprehensively in Chapter 5.
4.5 Conclusions

It has been demonstrated that abrupt pH-driven swelling transitions can occur in the
class of hydrophobic nAMA/DMA copolymer gels. Characteristic features of the swelling
isotherms of these weakly basic gels such as the extent, pH, and type of transition
(continuous or discontinuous) are particularly sensitive to gel comonomer ratio and nAMA
sidechain length. The principal determinant of the swelling equilibrium for any gel is the
hydronium ion concentration with secondary contributions from the solution ionic strength

and ion valences.
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Chapter 5.

Swelling Equilibria in Electrolyte Solutions
and the Donnan Equilibrium Theory

5.1 Introduction

Ionic gels eventually come to an osmotic equilibrium with the solution in which
they are immersed. Because exchange of solvent (usually water) and mobile ions occurs
between the gel and the external electrolyte solution, changes in the ionic composition of
the solution (e.g. pH, ionic strength, ionic valence) can perturb the osmotic balance and
cause profound effects on the swelling equilibrium of the gel. Accounts of these effects are
discussed in Chapter 2. The mechanisms governing the swelling behavior of ionic gels in
simple and complex electrolyte solutions should be understood if these materials are to be

used in devices that are intended for biological environments.

Theories of swelling in ionic gels have generally been based on the description of
the expansive and contractile forces of the neutral network (network swelling pressure) and
the electrostatic interactions between ions in the gel, both fixed and mobile (ion swelling
pressure) (1). These pressures sum to zero under conditions of swelling equilibrium. The
network swelling pressure has contributions from the free energy of mixing of polymer
chains of the gel network and solvent, which is usually described by the Flory-Huggins
theory of polymer solutions (2), and the elastic free energy associated with the elongation
of the network chains during swelling (2). Such theories are, in general, quite complex
and involve parameters whose experimental estimation is difficult. Furthermore, the
theories at present only provide a semi-quantitative description, so that evaluation of the

theory parameters typically does not lead to quantitative predictions (3).
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A particularly simple theory to describe the effects of the solution electrolyte
composition on the swelling of ionic gels without considering contributions from the
network swelling pressure was first reported by Proctor and Wilson (4,5) in their studies
of gelatin gels, and has since been advocated by others (2,6,8-9,17,19). This theory
attributes the ion swelling pressure to the mobile ion 'osmotic pressure’ difference between
the gel interior and the external solution. The concentration of mobile ions will be greater
in the gel phase due to the necessity of neutralizing the fixed charges of the network, and
resembles the classic Donnan equilibrium as diagrammed in Figure 5.1 (7). Actually, the
presence of excess mobile ions in the gel acts to reduce the chemical potential of water
which will cause water entry and swelling. Swelling will eventually be opposed by the
elastic retraction of the network which serves to increase the chemical potential of water to
its level in the external solution (2). The osmotic pressure difference can be computed from

the van't Hoff law (eqn. 5.1) for

Mion = RT X(C; - C) (5.1)

the osmotic pressure of dilute solutions, where in eqn. 5.1, C; and Cj' are the

concentrations of the ith mobile ion inside the gel and in the external solution, respectively,

R is the gas constant and T is the absolute temperature, and the summation is taken over all

mobile ions. The use of eqn. 5.1 for the computation of [Tjqp, for any equilibrated gel
requires the knowledge of all the ionic concentrations in the gel interior (all C; terms).
Although difficult to measure when complex ionic equilibria are involved, the gel ion
concentrations can be estimated from the known concentrations in the external solution by

applying the Donnan equilibrium theory (2-9,15-19).

Within the scope of this theory, the ionic contribution to swelling in polyelectrolyte

gels depends on the ionic composition of the external solution and on the fixed charge
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Figure 5.1. Illustration of the analogy between the Donnan equilibrium and equilibria
in ionic gels. A, Classic Donnan equilibrium experiment involving a semipermeable
membrane separating a solution of colloidal macroions from a solution containing a
simple electrolyte solution. The membrane is permeable to small ions and water but is
impermeable to macroions. Small ions concentrate in the macroion chamber and this
leads to an osmotic pressure gradient which is balanced by the hydrostatic pressure-
head (AP). B, Due to the presence of fixed charges in the gel, mobile ions concentrate
in the gel interior and cause an osmotic pressure gradient between the gel interior and

the external solution. This induces swelling and is eventually opposed by the elastic
retraction of the network.



61

density of the network. Contributions from other ionic effects such as electrostatic
repulsion between the fixed charges (which would enhance swelling) or ionic interactions
between fixed ions and their counterions (which would reduce swelling either by reducing
the osmotic activity of the counterions or by the formation of ionic crosslinks (8)) are not
considered. The Donnan theory, although providing a rather simplistic description of the
effects of gel ionization on swelling, has been very successful in quantitatively predicting
the swelling behavior of lightly ionized polyacrylamide gels as a function of solution ionic

composition (8,9,17).

In this chapter, the effect of solution electrolyte composition on the equilibrium
swelling properties of the MMA/DMA 70/30 mole% gel is discussed. We are particularly
interested in the effects of pH and ionic strength of simple solutions containing monovalent
ions as well as in more complex solutions of multivalent ions. The results of these
experiments are compared with predictions based on the Donnan theory. Validity of the

Donnan theory, as it applies under these conditions, is assessed.
S$.2 Theory

5.2.1 Derivation

Consider a polyelectrolyte gel placed in an excess of an aqueous electrolyte
solution. The equilibrium condition for each mobile ion in the system is that its
electrochemical potential must be the same inside the gel as in the external solution, and is

written as:

u°%+RTIna;j+ z F@ = u°;+RT In g (5.2)
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where p;° is the standard state chemical potential of ion i at infinite dilution in water, z; is
the valence of ion i, F is the Faraday constant, a; and a; are the thermodynamic activities of
ion i in the gel and in the solution, respectively, and @ is the electric (Donnan) potential of
the gel phase with respect to the external solution (zero potential). The Donnan potential
arises due to the unequal ionic activities between the gel and the solution. As counterions
diffuse from the gel to the solution down the gradient in activity (diffusion flux), a minute
charge separation develops creating the Donnan potential. This potential creates a
counterion current (drift flux) which draws counterions back to the gel, and eventually

exactly counterbalances the diffusion flux. Eqn. 5.2 can be rearranged to give:

ai=a;e'2i FQ /RT (5.3)

Under conditions of dilute salt concentration and extensive swelling in the gel phase, we

assume a; = Cj and ai' = Ci' and eqn. 5.3 simplifies to:
C; = C,e-z FO/RT (5.4)

Because @ is identical for all ions in the system (as only one potential can exist), it is

customary to define the Donnan ratio (A) as:
A = e-FORT (5.5)
Substituting this expression into eqn. 5.4, we obtain:

Ci=CA% (5.6)
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Eqn. 5.6 applies to all mobile ionic species in a given system and describes the ideal
(Donnan) partitioning of ions between the gel interior (C;) and the external solution (Ci').
For gel counterions (mobile ions whose charge is opposite to that of the gel), z; and @ are
of opposite sign, so that A% > 1 and the concentration of a given counterion inside the gel
will exceed its bulk solution concentration (C;j > Ci'). For gel coions (mobile ions whose
charge is the same as that of the gel), z; and @ have the same sign, A%< 1, and the
concentration of a given coion in the gel will be less than its bulk solution concentration (C;
< C;). The latter situation is known as the Donnan exclusion of coions. From eqn. 5.6, it

is seen that the Donnan partitioning properties of ions become more unequal as the

magnitude of the ion valence z; increases.

In order to solve for A it is necessary to apply the condition of bulk
electroneutrality, in the gel phase. Electroneutrality must be obeyed for any macroscopic
phase of uniform electric potential since charge separation cannot exist over distances larger
than several tens of angstroms. The only location were electroneutrality does not strictly
apply is in the vicinity of the gel/solution interface where the potential decays with distance
in an approximately exponential fashion from its value in the gel interior toward zero in the
bulk solution. The theory assumes that the potential changes as a step-function at the
interface. The spatial decay occurs over molecular scales (several Debye lengths) and can

be neglected when applying electroneutrality to the macroscopic gel phase.

Applying electroneutrality to the gel phase is accomplished by summing up the total
charge density (equivalents/volume) within the gel due to both mobile ions and the fixed

charges of the gel, and equating to zero:

2 (zi Ci) + Pret =0 (5.7)



The first term on the left hand side of eqn. 5.7 accounts for the charge density of the mobile

ions within the gel and the second term (ppey) represents the charge density of the fixed
charged groups (gel charge density). For gels that contain permanently charged groups
(e.g. quaternary ammonium or sulfonic acid groups), ppet is computed by dividing the
equivalents of charged groups by the gel volume that contains them. For gels that contain
weakly ionizable groups, ppet Will depend on the degree of ionization of these groups as
determined by the internal pH of the gel which, in general, will not be the same as in the

external solution due to the Donnan partitioning of hydronium ions. Addition of a term for

simple proton mass action into the expression for ppet, We obtain for weak acid gels (8):

—n° K
pnet p net (K+CH) (58)
and for weak base gels:
— O CH
pnet - p net (K + CH) (59)

where ponct is the total concentration of ionizable groups in the swollen gel at equilibrium,

C,; is the hydronium ion concentration inside the gel and K is the acid dissociation constant

of the gel's ionizable groups. The terms in parentheses in eqns. 5.8 and 5.9 represent the

fraction of groups of the gel that are ionized.

The term ponet can be expressed in terms of the equilibrium swelling of the gel as:

f,
°het=(1-H) =% [Hpy+(1-H 1
P%net = ( ) [H pw + ( ) pg] 1000 (5.10)
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where H is the equilibrium hydration of the gel (g water/g swollen gel), f, is the weight
fraction of the ionizable monomer in the dry gel (at synthesis), My, is the formula weight of

the ionizable monomer, and py, and pg are the densities of the gel water phase (assumed to

1.0 for simplicity) and the dry gel (estimated to be 1.2, see Chapter 8), respectively. The
term in square brackets represents the density of the swollen gel as a weighted average of
the water density and the dry gel density, assuming additivity of volume. Substituting the

expression for ppet (€qn. 5.8 or 5.9) into the electroneutrality equation (eqn. 5.7), we

obtain for the case of a basic gel:

Z z; Cli A4+ P pet (_CH_L

. =0
CHl'i'K

(5.11)

where all C; terms have been replaced by C;A"i from eqn. 5.6.

When eqn. 5.11 is written for a given equilibrium situation and simplified, a

polynomial in A is obtained whose order depends on the valences (z;) of the mobile ions.

For example, in a simple monovalent electrolyte solution such as NaCl in water, the
summation is taken over four ionic species (Nat, Cl-, H30% and OH") and results in a
third order polynomial. Higher order polynomials are generated when multivalent ions are
present. Eqn. 5.11 can be solved for A using a numerical procedure such as the Newton-

Raphson method (28).

Once A is determined, ITjop, can be computed from the following modification of

eqn. 5.1:

ITion v i
w®E LG (x%-1) (5.12)



66

Thus, for an ionic gel of a given (measurable) equilibrium hydration (H) in an electrolyte
solution of known composition, A can be obtained by solving the electroneutrality

equation, which is then used to compute IT;op from eqn. 5.12.
§.2.2 Limiting Cases

There are two important limiting cases of the theory that predict markedly different
swelling behavior (2,3). In the first case, we consider a situation where the counterion

concentration in the external solution is very small compared with the charge density of the

gel (i.e.,, C << Pnep)- Under such conditions the gel will absorb a sufficient number of
counterions to neutralize ppe (equivalents/liter) of gel charge. This will amount to a

concentration of counterions of C = Ippet/zl, where z is the counterion valence. This gives:

k. net] e
b= (Q)l (ls|c| )1 (5.13)

Because C << Pnet> We see from eqn. 5.13 that the Donnan ratio will differ significantly

from unity, and results in a difference in hydronium ion activity between the gel interior

and the external solution. The contribution to [T;5, becomes, approximately:

nlon Zq(le 1)
)]
1zIC

Izl (5.14)

(5.12)
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Eqn. 5.14 indicates that in the dilute electrolyte regime, ITjop, is highly dependent on the gel

charge density (ppet) and the counterion valence (z). An increase in z will strongly reduce

ITion-

The second limiting case of interest arises when the concentration of mobile ions in
the external solution greatly exceeds the gel charge density (Ppet << DCi'). Then, it can be
shown (3) that A approaches 1 - ppet/2I' (essentially unity) and:

RT ~ 41 (5.15)

where I is the ionic strength of the external solution defined as:

=1 2 C.
r-13(2cj (5.16)
Thus, in solutions of high ionic strength IT;op, is effectively determined by the ionic
strength (') of the external solution and is insensitive to ionic valence, except as it
contributes to I'. Increasing the solution ionic strength in this concentration regime

swamps out the imbalance in the mobile ion concentration due to Donnan partitioning, and

strongly reduces [1;op towards zero.
5.2.3 Theory Assumptions and Conditions of Applicability

The equations developed in Section 5.2.1 contain several simplifying assumptions
that were either stated explicitly or implied and will limit the applicability of the theory.
These assumptions are enumerated below along with the conditions under which the theory

is expected to be most valid.
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Assumptions:

1)  Ideal Solution Behavior of Ions. It has been explicitly assumed in
writing eqn. 5.4 that all ions behave ideally (activity = concentration) and retain
full osmotic activity in both the external solution phase and the gel interior.
Electrostatic interactions between ions (both mobile and fixed) are ignored as
are the dielectric effects in the gel interior on ionic activities.

2) Ionization Constants of the Gel and Other Weak Electrolytes are
Constant. The dissociation constants of the gel amine groups and all other
weak electrolytes (each citrate species) in the gel interior are constant and
independent of the extent of swelling and the magnitude of the network charge
density (Ppep)-

3)  No Electrostatic Contribution to [Tjon. Repulsive electrostatic interactions

between the fixed charges of the network are ignored. Under conditions of high
gel charge density, such interactions may contribute significantly to [Tjon and the

Donnan potential cannot be assumed constant throughout the gel phase, as is
implicit in eqn. 5.2 (10-12).

In view of the above assumptions, the Donnan theory should be most applicable
under conditions of high gel swelling and small gel charge density at dilute salt
concentrations. We apply the theory to the swelling behavior of the MMA/DMA 70/30
mole% gel, which is the most extensively swollen of the nAMA/DMA gels studied.

5.2.4 Calculations

Calculations of IT;op based on the Donnan theory were carried out using two
different simulated conditions. In the first, the equilibrium gel hydration (H) was held
constant (thus ponet is constant by eqn. 5.10) and ITjon Was computed as a function of
solution pH or ionic strength. The calculations with constant H correspond to a situation
where the gel is constrained to constant volume (such as a gel confined in a rigid container)

but develops an internal net ion osmotic pressure as determined by the electrolyte
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composition of the external solution. In the second case, IT;on Was computed based on an

observed value of gel hydration for the MMA/DMA 70/30 mole% gel under conditions of
known solution pH and ionic strength. These calculations comprise a more robust test of

the theory because they enable a realistic value of ponct to be used and correspond to the
actual experimental conditions in which free swelling of the gels occur. Table 5.1 lists the

parameter values used. The values of the parameters f, and pg correspond to the

MMA/DMA 70/30 mole% gel and the value of K used corresponds to the reported

ionization constant of the DMA monomer (13).

Table 5.1. Parameter Values Used in All Calculations.

—
Parameter Definition Value Used

fw wit. fraction of DMA in gel 0.40
Mn formula weight of DMA 157.2
Pw density of gel water 1.0
Pg density of dry gel 1.2

K ionization constant of gel 1077

| I SRR E——

5.3 Experimental

5.3.1 Materials

Sodium chloride, potassium chloride (Mallinckrodt, Inc.); sodium sulfate, sodium
bromide, sodium thiocyanate (J.T. Baker); sodium iodide, cesium chloride, lithium
chloride (Aldrich) and citric acid (Fisher Scientific) were analytical reagent grade and were
used without further purification. Water used in the swelling studies was double distilled
and deionized.
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5.3.2 Equilibrium Swelling Studies

MMA/DMA 70/30 mole% gels were prepared as thin circular disks (0.28 x 7mm)
according to the method described in Chapter 3. The pH-dependent equilibrium swelling
properties were measured in 0.01 M citrate buffer at 25 °C as described in Chapter 4. The
ionic strength of each buffer solution was adjusted to 0.1 M by the addition of a calculated
amount of NaCl. The ionic strength dependent swelling properties of the same gel were
determined as described in Chapter 4 in either dilute HCI solution or 0.01 M citrate buffer
at pH 4.0. The ionic strength of the HCI solutions were adjusted to the desired level by the

addition of NaCl, whereas the citric acid solutions were adjusted with either NaCl or
NaySO4.

5.4 Results
5.4.1 Effect of Solution pH

The equilibrium hydrations of the MMA/DMA 70/30 mole% gel in both citrate
buffer solutions and dilute HCI solutions are shown in Figure 5.2 as a function of pH. The
ionic strength of each solution was adjusted to 0.1 M by the addition of a calculated amount
of NaCl. The swelling data in citrate solution was presented in Chapter 4, and the data
below pH 6.6 (swollen regime) are shown again here for comparison. The results show
that although this gel swells to significant extent in both solutions, there are significant
differences at the same pH and ionic strength in solutions containing different ions.
Swelling in unbuffered solutions between pH 2.0 and 6.0 results in an essentially constant
equilibrium hydration (H) of approximately 0.85, whereas in citrate buffer solutions,
hydration generally decreases with increasing pH from H=0.95 at pH 2.0 to H=0.66 at pH
6.6. Differences in gel hydration at the same pH and ionic strength were also observed for

this gel in citrate and phosphate buffer solutions as presented in Table 4.3. There exists a
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Figure 5.2. Equilibrium swelling of the MMA/DMA 70/30 mole% gel
as a function of pH in 0.01 M citrate/NaCl solutions (@) and HCl/NaCl
solutions (1J). Measurements were made at 25 °C and a total ionic
strength of 0.1 M.
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secondary but significant contribution to the extent of gel hydration from the ionic

composition of the electrolyte solution.
5.4.2 Effect of Solution Ionic Strength

Figure 5.3 shows the effects of varying the total ionic strength (I') (defined as in
eqn. 5.16) and valence of various electrolyte solutions on the equilibrium hydration of the
MMA/DMA 70/30 mole% gel, all at a constant pH of 4.0. Gel swelling was measured in
three different electrolyte solutions, each as a function of ionic strength: 1) dilute HCI (pH

4.0) with NaCl added to adjust I', 2) 0.01 M citrate buffer (pH 4.0) with NaCl added to
adjustI', and 3) 0.01 M citrate buffer (pH 4.0) with NapSO4 added to adjust I'.

The HCI/NaCl solutions are composed of only monovalent ions and contain Cl- as
the single gel counterion (OH- can be neglected at pH 4.0). The citrate/NaCl solutions
contain gel counterions of several valencies as follows: citrate monoanion (Cit"), citrate
dianion (Cit-2), citrate trianion (Cit'3) and increasing amounts of Cl- to adjustI'. At pH
4.0, citric acid is 91% ionized with 77% of the total acid as Cit-, 14% as Cit-2 and 0.056%
as Cit-3 (see Appendix 5.A for calculations). The citrate/NapSO4 solutions contain the
same distribution of citrate anions (the pH is the same), but contain the dianion SO4'2 in
increasing amounts depending on I' (sulfuric acid, HySO4, has a very low pK; (<0) and a
pK5 of 1.90. Thus at pH 4.0, greater than 99% of sulfate species exist as the dianion,
SO4'2). It should be pointed out that the two citrate curves of Figure 5.3 share a common
data point at I'=0.013 M (the lowest ionic strength), which corresponds to 0.01 M citrate
buffer at pH 4.0 with no added salt. As indicated in Figure 5.3, there are marked
differences in swelling in the various solutions at low ionic strength, while swelling
appears to converge at high ionic strength. The gel equilibrium hydration in HCl/NaCl
solutions monotonically decreases as the ionic strength is increased. In citrate/NaCl

solutions at low ionic strength, gel hydration is significantly lower than that in
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Figure 5.3. Equilibrium swelling of the MMA/DMA 70/30 mole% gel
as a function of ionic strength at pH 4.0 and 25 °C in HCI/NaCl

solutions (), 0.01 M citrate/NaCl solutions (A) and 0.01 M
citrate/NaySO4 (O).
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HCI/NaCl and increases to a maximum at about I'=0.05 M. Further increases in I' causes
a decline in gel hydration in parallel with that in HCI/NaCl solutions. In citrate/NapSOyg
solutions, gel hydration increases slightly as I' is increased, but then decreases in the high

ionic strength region.
5.4.3 Effects of Other Strong Electrolytes

In order to assess the effects of ion-specific interactions on gel swelling not predicted
by the Donnan theory, swelling was measured in a series of four chloride salts (representing
different gel coions) and six sodium salts (representing different gel counterions) were each
prepared as I'=0.1 M solutions at pH 4.0. Figure 5.4A indicates that the identity of the gel
coion has minimal impact on the gel swelling, whereas swelling is strongly affected by the
identity of the counterion as shown in Figure 5.4B, where a difference in swelling of

approximately 15-fold across the series of sodium salts is observed.
5.5 Discussion
5.5.1 Qualitative Predictions

Calculations were performed employing a value of H=0.70 which corresponds to a
swollen gel containing 70% water by weight. The exact value of H used in the model is
not critical as long as it represents an appreciably swollen gel. Values of other parameters

are listed in Table 5.1.

Results of calculations of Tjon/RT as a function of solution pH are shown in Figure
5.5 for swelling in HCI/NaCl solutions and 0.01 M citrate buffer solutions with added
NaCl. The calculations for citrate buffer took into account its multiple equilibria (pK,
values for citric acid are pK;=3.15, pK,=4.78 and pK3=6.40). For swelling in HCl/NaCl

solutions, [Tjon/RT is essentially constant up to pH 5.0 where it declines rapidly thereafter.
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Figure 5.4. Effect of specific ions on the equilibrium swelling of the
MMA/DMA 70/30 mole% gel at pH 4.0 and a total salt concentration of

0.1 M. A (top), various gel coions; and B (bottom), gel counterions.
Measurements were made at 25 °C.
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For citrate solutions, [Tjon/RT is constant up to pH 3.1, where it superimposes the curve

for HCI/NaCl, but declines in a nearly linear fashion at pHs above 3.1 where it falls
appreciably below the curve for HCl/NaCl.

The behavior of [jop in HCI/NaCl solutions as a function of pH in Figure 5.5 can
be understood by considering Figures 5.6 and 5.7. [ljgp is constant up to pH 5.1 because
the amine groups of the gel are fully ionized (computed fraction ionized =1.0) in this region
as shown in Figure 5.6. This results in a constant and maximal gel charge density (ppet)
and thus [Tjon. As solution pH is increased above about 5.1, the fraction of gel amine

groups that are ionized decreases, which reduces ppet and thus ITjgon.

Swelling in citrate/NaCl solutions is somewhat more complicated due to the

formation of multivalent ions which tend to strongly reduce ITjon. Figure 5.7 shows the

computed concentrations of ions of a given valence inside the gel as a function of solution
pH. Below pH 3.0, only monovalent counterions (Cit~ and CI-) are present in the gel, so

the predicted ITjop, is constant and identical to that computed for HCI/NaCl solution in this

pH range. However, as pH is increased above 3.0, citrate equilibria shifts to produce Cit-2

and, above pH 5.0, Cit-3. This causes a rapid decrease in Mjon as pH is increased due to

the efficient gel charge neutralizing ability of multivalent counterions. This occurs in

addition to the decline in [Tjon caused by the reduction in the gel ionized fraction above pH

5.0 (Figure 5.6). It is worthwhile to point out in passing the exceedingly small
concentrations of coions (Na* and H30%) indicated in Figure 5.7. This is the so-called

Donnan exclusion effect as discussed in Subsection 5.2.1.

In comparing [Tjop of Figure 5.5 with the results of Figure 5.2, it is apparent that

some trends are qualitatively observed. For instance, the constant swelling in HCl/NaCl

solutions up to pH 5.0 is indeed observed, as is the decline in swelling in citrate/NaCl
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Figure 5.5. Iljon computed as a function of pH for HCl/NaCl solutions

(heavy line) and 0.01 M citrate/NaCl solutions (thin line). A constant
value of H=0.70 was used in the calculations. Other parameter values
are listed in Table 5.1.
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Figure 5.6. Fraction of gel amine groups ionized computed as a
function of pH from the Donnan theory using a simple proton mass
action law (egn. 5.9). Electrolyte solutions are 0.01 M citrate/NaCl
(heavy line) and HCI/NaCl (thin line).

78



79

0.8 1
—— o
= Monoanions
L
] 0.6 1
O
£
c
=] 0.4 1
-
o
: -
g Trianions
€ o2- .-
S Dianions Monocations
o -
0.0 |
1 2 3 4 6 7 8 9

Figure 5.7. Concentrations of mobile ions of a given valence inside the
gel computed from the Donnan theory as a function of solution pH for
0.01 M citrate/NaCl solutions at an ionic strength of 0.1 M. Monocations
are Nat and H30%, monoanions are CI- and Cit", dianions are Cit2, and
trianions are Cit-3.
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solutions above pH 3.0. However, swelling in citrate/NaCl solutions below pH 3.0
continues to increase as pH is reduced, and lies above the data for HCI/NaCl. Such
behavior, although not predicted by the Donnan theory, may be caused by the conversion
of the pendant ester groups of the gel to form methacrylic acid groups by general acid
catalyzed hydrolysis.

Calculations of [Tjon/RT as a function of ionic strength at a constant pH of 4.0 are

indicated in Figure 5.8 for the three different electrolyte solutions considered (HCl/NaCl,
0.01 M citrate/NaCl and 0.01 M citrate/NapSO4). The ionic strength was varied in the
calculations down to 10-4 M in the HCI/NaCl solutions, and down to 0.013 M in the citrate
solutions. Results of calculations in Figure 5.8 indicate that the ion swelling pressure is a
sensitive function of ionic strength and ionic valence, and shows highly nonmonotonic
behavior. At low ionic strength (I') in HCI/NaCl solution, increasing I' by the addition of
NaCl results in an increase in [Tjon. This increase is shown in Figure 5.9 to be due to the
increase in the ionized fraction of the gel. At very low ionic strength, the availability of gel
counterions ultimately limits the extent of ionization of the gel. The addition of more NaCl
permits the ionized fraction to increase, thereby increasing ppe; and thus ITjop, which is
qualitatively consistent with eqn. 5.14. The maximum in [J;gp, at approximately I'=0.008
M corresponds to the calculated plateau in gel ionization (Figure 5.9). At this point, all
amine groups are ionized and an increase in I' past this level simply decreases the ion
osmotic pressure difference between the gel and solution, in accord with eqn. 5.15. The
observed swelling in HCI/NaCl solution (Figure 5.3) monotonically decreases over the

same ionic strength range as predicted in Figure 5.8.

The maximum in the citrate/NaCl curve of Figure 5.8 is shifted to higher ionic
strength and arises by a different mechanism than in the HCI/NaCl case. At the lowest

ionic strength and pH 4.0, the distribution of citrate species is 77% Cit-, 14% Cit-2 and
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Figure 5.8. Iljon computed as a function of solution ionic strength at pH

4.0 for three types of electrolyte solutions: HCI/NaCl (thin line), 0.01 M
citrate/NaCl (heavy line) and 0.01 M citrate/NapSO4 (dashed line).
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Figure 5.9. Fraction of gel amine groups ionized for HCI/NaCl solutions at
pH 4.0 computed as a function of ionic strength from the Donnan theory
using a simple proton mass action law (eqn. 5.9).
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0.056% Cit-3 in the external solution (see Appendix 5.A). The relative abundance of the
multivalent counterions will be greater in the gel due to the Donnan effect. As NaCl is
added to increase the ionic strength, stoichiometric equivalents of CI- from the external
solution will exchange for the mono, di and trivalent citrate anions in the gel. To the extent
that is exchange process occurs, [Tjop increases. The maximum in the citrate/NaCl curve at
approximately I'=0.07 M signals the near completeness of the exchange process (virtually
all gel counterions are CI-). A further increase in I' causes a reduction in [Ty in parallel
with the HCI/NaCl curve. The observed swelling in citrate/NaCl solutions (Figure 5.3)
shows remarkable qualitative agreement with the predictions, with the maximum occurring

at approximately I'=0.06 M (approximately 0.07 M predicted).

For citrate/NapSOy4 solutions, [Tjon monotonically decreases with increasing ionic
strength without showing a maximum, as in the citrate/NaCl curve. In this case, addition
of NaySOy4 results in the exchange of 2 equivalents of Cit™ and 1 equivalent of Cit-2 from

the gel for each equivalent of SO4'2 that enters the gel from the solution. In contrast to the

citrate/NaCl case, this stoichiometry of exchange results in a decrease in the mobile ion
concentration in the gel and thus the ion swelling pressure. The observed swelling data of
Figure 5.3 in citrate/Na3SO4 solutions shows an initial small increase as NapSOj is added,
but then decreases with a further increase in ionic strength. The small initial increase in
swelling is not predicted by the theory and could involve nonideal partitioning of the

multivalent ions, or the ability of Cit-2 and of Cit-3 ions to provide electrostatic crosslinks

in the gel which are eliminated as they exchange for SO4'2.

It should be noted that other accounts of nonmonotonic swelling as a function of
ionic strength have been reported for ionic gels containing weak acid groups (8,12). The

initial increase in swelling in these gels has been attributed to ion exchange between salt
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cations in the solution with free hydronium ions in the gel, which in turn, leads to an

increased ionization of the fixed carboxyl groups through proton mass action (8).

Figure 5.10 shows the correlation of [T (computed with constant H) with the
corresponding values of gel hydration for both the pH-dependent data of Figure 5.2 and the
ionic strength dependent data of Figure 5.3. The correlation appears to be an
approximately linear, monotonically increasing function and implies that this relationship
exists regardless of the solutions conditions that were used to vary H. It should be pointed
out that this correlation is only semi-quantitative because the magnitude of [T will depend
on the value of H (0.70) employed in the calculation of p° and the value of the gel

ionization constant K (10-7.7).
5.5.2 Quantitative Predictions

A more stringent test of the Donnan theory in predicting the swelling behavior of
the MMA/DMA gel is to incorporate the observed values of gel equilibrium hydration (H)
in the computation of [T;o,,. For a given set of conditions (pH, ionic strength, electrolyte
solution), the measured value of gel hydration (H) for the MMA/DMA gel was used
directly in the calculation of ponct using eqn. 5.10. Validity of the correlation will be
evidenced if [Tjon turns out to be a monotonically increasing function of H, regardless of

the conditions that determine the equilibrium hydration. Thus, an increase in H should

correlate with an increase in the predicted value of ITigp.

Figure 5.11 shows the resulting plot of [Tjon With the observed equilibrium gel

hydration. A correlation is essentially nonexistent. The computed values of ITjop, appear to

have little quantitative relationship with H. In the region of the highest gel hydration where
the theory should be most valid, ITjon decreases as H increases which is physically

unrealistic.
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Figure 5.10. Computed [T (constant H) as a function of observed
equilibrium hydration for the pH and ionic strength dependent data
presented in Figures 5.2 and 5.3. HCI/NaCl ionic strength data at pH
4.0 (W), 0.01 M citrate/NaCl ionic strength data at pH 4.0 (O), 0.01 M
citrate/NapSOy4 ionic strength data at pH 4.0 (@), HCI/NaCl pH data
(A) and 0.01 M citrate/NaCl pH data (Q).
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Figure 5.11. Computed [Tjqp, (based on observed values of membrane
hydration H) as a function of observed equilibrium hydration for the pH

and ionic strength dependent data presented in Figures 5.2 and 5.3.

HCI/NaCl ionic strength data at pH 4.0 (W), 0.01 M citrate /NaCl ionic
strength data at pH 4.0 (O), 0.01 M citrate/NapSO4 ionic strength data at

pH 4.0 (A) and the pH data in 0.01 M citrate/NaCl and HCI/NaCl (Q).
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Ricka and Tanaka found the theory to be quantitatively consistent in predicting the
swelling behavior of lightly ionized polyacrylamide gels in monovalent salt solutions (8).
These gels hydrate much more extensively (30-100 fold greater) than the MMA/DMA gel
studied here and contain approximately a six fold lower content of ionizable groups (5.2
mole% versus 30 mole%). It is apparent that conditions of applicability of the theory
outlined in Subsection 5.2.3 apply to the case of swelling in the derivatized polyacrylamide
gels, but are significantly violated in the MMA/DMA gel. Swelling in the present case is
probably not extensive enough to invoke ideal solution behavior. For example, a gel
swollen to a typical value of 80% water (H=0.80) will contain 20% polymer by weight.
The dielectric constant of the gel interior, in such circumstances, will be lower than that of
the external solution and will reduce the activities of the ions (they become less osmotically
active) which will cause deviations from ideal Donnan partitioning. The exact magnitude of

these effects has not been assessed.

Another difficulty that arises in applying the theory is knowing how the interior
environment of the gel affects the ionization of weak electrolyte species such as the gel
amine groups and all citrate species. Simple mass action laws were used to describe
ionization processes which were each based on a single (invariant) equilibrium constant.
This treatment neglects the changes in the ionization constants that arise due to dielectric
effects of the gel internal phase, which will change as a function of gel hydration, the
electrostatic interactions between charged groups that are known to affect ionization (10-
12), and the fact that the pK's used apply to aqueous solutions under dilute conditions
(water concentration of 55.5 M). Itis expected that the ionization of weak electrolytes will
be suppressed (decrease in K of the gel and an increase in the three K's of citrate) as gel
swelling decreases, or as ppet increases reflecting the increased difficulty in ionizing these
groups. Therefore, the simple mass action law as implemented is expected to cause ppet to

be overestimated.
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The invariance of gel swelling in the various chloride salts (Figure 5.4A) is in
accordance with the Donnan Theory. Because the gels are swollen and ionized under the
same conditions (pH 4.0 and I'=0.1 M), gel coions (cations of the chloride salts) are
expected to be relatively (Donnan) excluded from the gel interior and thus should exert little
impact on the ion swelling pressure and equilibrium swelling. Under these conditions,

ITjon is primarily determined by the gel counterion which, in the data of Figure 5.4A, is Cl-

in each case.

Gel swelling is strongly affected by the identity of the counterion (anions of the
sodium salts) as shown in Figure 5.4B, which is not predicted by Donnan theory.
Furthermore, these effects correlate strongly with the position of the anion in the
Hofmeister or lyotropic series (20-21). This series identifies a certain "order of
effectiveness” of ions that has been found to be remarkably similar in a wide variety of
physical and chemical processes. Some of these include protein stability (22), swelling of
gelatin (20) and collagen (23), adsorption in gels (24-25) and in the ion-selective
permeabilities of hydrogels (26). The order of anions that has emerged is:

SCN-, I', Br, NO3-, Cl-, S04-2

These salt effects are generally regarded as resulting from the water structure perturbing
effects of the ions in solution (21). Relatively small ions and multivalent ions at the end of
the series are thought to be water structure-makers (kosmotropes). They order and
electrostrict surrounding water molecules through ion-dipole interactions to form long
range hydration shells. Large monovalent ions at the beginning of the series are thought to
be water structure-breakers (chaotropes) which generate relatively weak electrostatic fields

capable of perturbing only nearest neighbor water molecules.

Recent studies have shown that the order of elution of anions from a crosslinked

dextran gel correlated strongly with the lyotropic series, with the ions at the beginning of
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the series eluting later than those at the end (27). This was interpreted as an indication of
the degree to which a given ion adsorbed to the stationary gel phase; late elution indicating a
greater tendency to adsorb, rather than a simple hydrated volume effect. In the present
system, the adsorption of the chaotropes to the gel could explain the trend of decreasing
equilibrium swelling, because adsorption or ion-pair formation will tend to reduce the
activity of the ions and thus their contribution to [Tjop. It should be noted that the degree of
swelling in sulfate solution is lower than that predicted by the lyotropic series. This can be
at least partially explained by the Donnan theory since swelling in the presence of divalent
counterions at I'=0.1 M produces a lower [1jon (Figure 5.8) and thus swelling (Figure

5.3).

Despite numerous shortcomings of the Donnan theory in quantitatively predicting
the swelling behavior of the MMA/DMA gel, it does a reasonably good job of qualitatively
predicting trends in the swelling data and so provides useful insights in to the mechanisms

that determine swelling in electrolyte solutions.
5.6 Conclusions

The swelling behavior of the MMA/DMA 70/30 mole% gel as a function of solution
pH is principally determined by pH with significant but secondary contributions from the
valences of ionic solutes. Multivalent ions tend to decrease swelling. As a function of
ionic strength, swelling is strongly dependent on ion valence in dilute solutions while at
higher concentrations it is determined primarily by the solution ionic strength. Gel coions
have little effect on gel swelling while swelling is strongly dependent on the presence of
different counterions which correlate with the Hofmeister series. The Donnan theory has
been shown to be qualitatively successful in predicting many of the observed trends in the
swelling data as functions of both pH and ionic strength. However, quantitatively the

theory fails to provide meaningful predictions. It is felt that the assumptions and
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simplifications inherent in the theory do not apply to the case of swelling in the MMA/DMA
70/30 mole% gel.
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Appendix 5.A. Calculation of Counterion Distribution in Citrate Buffer
Solutions.

Citric acid (H3Cit) is a triprotic acid (pK; 3.06, pK; 4.74 and pK3 6.40) which
is capable of dissociating into three anionic species: HoCit", HCit-2 and Cit-3. The

relative concentrations of the three anions will depend on the pH of the solution, and can

readily be computed as follows. Let f; be the fraction of citrate species existing as any
given (ith) form (H3Cit, H,Cit", HCit2 or Cit-3). It can be shown that (14):

K, [H*’] 2

-1 =
fCll D

K1 Kz [HY]

fcir2=
Cit D

_K1K;Kj
.3 =
an D

and
fHacie =1 - foirt - fow? - feoir?

where

D=[H*]3 +K;[H*]2 + K; Kz [H*] + K, K2 K3

ForK; = 10-3-06, K; = 10474, Kj= 10"540 and a solution pH of 4.0, we have:
foirl =.771 (or 77.1%)
fcir2 = .140 (or 14.0%)
fcir3 =.00056  (or 0.056%)

fHscie =088  (or 8.8%)
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Chapter 6.

Kinetics of Water Sorption and Swelling

6.1 Introduction

Small molecule sorption into polymeric materials is important in many processes.
The penetration of polymeric films and coatings in packaging materials by oxygen, carbon
dioxide and water vapor (1), oxygen permeability in hydrogel contact lenses (2,3), the
separation of small molecular weight gases using glassy polymers (4), solvent swellable
gels in solvent extraction and solute recovery processes (5-7) and swelling controlled drug
delivery systems (8) are some examples. All involve the penetration of polymeric phases
by small molecules and are driven by simple gradients in chemical potential of the

penetrating species.

When an initially dry glassy polymer is placed in a solvent of good compatibility,
sorption can lead to significant volume expansion or swelling in the polymeric phase. The
presence of an appreciable concentration of solvent plasticizes the polymer and causes it to
undergo a glass-to-rubber transition. During the process of dynamic sorption, a sharp
boundary or moving front is commonly observed separating the unsolvated glassy polymer
region ahead of the front from the swollen and rubbery gel phase behind it (9). The
existence of moving fronts has been attributed to the slow chain relaxation processes in the
glassy state induced by the plasticizing effect of the solvent (10). Concentration profiles of
penetrants in glassy nonionic polymers undergoing dynamic sorption have been quantitated
by birefringence measurements (11) and microdensitometry (12,13) which often show

abrupt changes in penetrant concentration indicative of the swelling front.
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When sorption is accompanied by a glass-to-rubber transition, the time-course of
overall penetrant uptake often deviates from classical Fickian diffusion behavior even when
a concentration-dependent diffusion coefficient is employed (14,15,17). In Fickian
sorption, the initial uptake into polymeric slabs is proportional to t1/2 and is commonly
observed in small molecule sorption into polymers well above Tg (16). In glassy
polymers, however, sorption is often proportional to th where the kinetic exponent n can
take on values between 1/2 and 1.0. This non-Fickian or 'anomalous' sorption behavior is
generally associated with the combined effects of inward penetrant diffusion and the slow
polymer relaxation processes that occur in response to penetrant invasion at the swelling
front (9,14,15). Sorption that is completely rate controlled by polymer relaxation is termed
Case II transport as first defined by Alfrey, Gurnee and Lloyd (9), and is characterized by a

kinetic exponent of unity indicating linear sorption kinetics.

Transport processes in gels become more complex when sorption of water is
accompanied by ionization of the network. Mobile counterions must enter the gel from the
external solution to preserve electroneutrality and will be influenced by the resulting
membrane (Donnan) potential (see Chapter 5). Thus, diffusion of mobile ions is
necessarily coupled to water sorption as the gel becomes hydrated and ionized.
Furthermore, when the gel is initially glassy, polymer relaxation processes will also

contribute to the dynamics of sorption as discussed above.

Although several reports have appeared concerning the effects of ions on the
swelling equilibria and permeability of neutral and ionized gels (18-22), little is known
about the dependence of sorption and swelling kinetics of ionic gels on diffusive transport
of ions. Helfferich has discussed the effect of ion diffusion on the rates of certain ion
exchange reactions (23,24). In particular, it was shown theoretically that the rate of ion
diffusion can be dramatically slowed, and can even become rate-limiting for subsequent ion

exchange, when the resin phase contains fixed ionized groups (24). This retardation effect
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can arise by either the reversible binding and localization of diffusing ions to specific
functional groups of the resin (diffusion-reaction), or the Donnan exclusion of coions from
the swollen gel phase resulting in a reduced concentration gradient and thus diffusional
driving force. Since the swelling process in glassy hydrophobic nAMA/DMA gels is
driven by network ionization, it is expected that the processes of ion transport and polymer

relaxation will be important in determining sorption kinetics in these gels.

In this chapter, the results of a series of comprehensive studies on the aqueous
kinetic swelling properties of nAMA/DMA copolymer gels are presented. We will focus
on three general aspects that are expected to affect the kinetics of water sorption in these
ionic gels: 1) the effects of gel composition (comonomer ratio and nAMA sidechain
length), 2) the external solution composition (pH, ionic strength and electrolyte
composition) and 3) temperature. The underlying transport processes governing the

observed kinetics of sorption and swelling will also be discussed.
6.2 Experimental
6.2.1 Materials

Sodium chloride, formic acid (88% solution), glacial acetic acid (Mallinckrodt,
Inc.); sodium sulfate, propionic acid, butyric acid, valeric acid (pentanoic acid), hexanoic
acid, acetamide, methyl acetate (Aldrich Chemical Co.), citric acid (Fisher Scientific) and n-
hexane (Fisher Scientific) were analytical reagent grade or better and were used as received.

Water used in all experiments was double distilled and deionized.
6.2.2 Gel Preparation

Gel samples were prepared as thin circular disks with a dry thickness of 0.28
(£ 0.02) mm and diameter 9 mm according to the method described in Chapter 3. For the
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sample geometry studies, disks of thicknesses 0.27, 0.38 and 0.83 (+- 0.02) mm and

diameter 7 mm were prepared.
6.2.3 Swelling Kinetic Experiments

Each swelling kinetic experiment was conducted in 2 liters of aqueous buffer
solution at a specified pH and ionic strength, thermostated to constant temperature. The
large solution volume assured that the solution composition (pH, ionic strength) would not
change over the course of the sorption experiment due to ion absorption by the gel. All
experiments were conducted at 25 °C unless otherwise indicated. In general, 0.01 M citrate
buffer was used and NaCl was added to adjust the ionic strength to the desired level.
Unbuffered solutions contained 0.1 M of the respective strong electrolyte at pH 4.0.
Solutions of the n-carboxylic acids (formic, acetic, butyric, valeric and hexanoic) were
prepared with the same conjugate base (A-) concentration of 0.0012 M. Stirring was
provided by a motorized stirring plate which rotated a magnetic stir bar (5.5 cm x 1 cm)
placed at the bottom of the flask. The experimental set-up used in all swelling kinetic
experiments is shown in Figure 6.1.

In each experiment, preweighed, initially dry gel disks in duplicate were suspended
in a porous basket which was immersed in the buffer solution. The basket was easily
removable to facilitate sampling of the disks. Periodically, the samples were removed from
the solution and weighted after the excess surface water was removed by blotting with a
laboratory tissue. The disks were then returned to the buffer solution. Solution pH was
measured before and after every experiment and was found to be constant to within 0.03

pH unit in every case.

The extent of swelling for each sample disk at time t is expressed as the swelling

ratio (SR):
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Water Circulator/Thermostat

Water Bath

Porous Basket

Sample Disk

Buffer Solution

Magnetic Stir Bar

Stirrer

Figure 6.1. Experimental setup used for all swelling kinetic experiments.
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SR(t) = g water sorbed at time t / g dry gel 6.2)

and is calculated as (W-Wg) / Wo where W; and W, are the sample weights at time t and
in the dry (initial) state, respectively. The swelling ratio expressed in this manner is the
amount of water sorbed at any time normalized to the dry weight of the sample. This
normalization eliminates the effect of surface area of the disks, and is useful when all
samples have the same initial thickness. All data plots for each kinetic experiment show the
mean swelling ratio for the duplicate samples with the corresponding standard error bars
inserted for each time point. The error bars are usually smaller than the size of the symbols

used indicating excellent reproducibility in each experiment.
6.3 Results
6.3.1 Elimination of Stagnant Film Layers

A series of experiments was performed to determine the influence of stirring speed
on the kinetics of water sorption in initially dry gel disks. Unstirred or stagnant film layers
on the disk surface add resistances to transport (e.g. of ions) in addition to those provided
by the disk itself (23). It is therefore necessary to eliminate these resistances by

maintaining 'well-stirred' conditions during each sorption experiment.

The kinetics of water sorption in MMA/DMA 70/30 disks (0.27 mm x 9 mm) were
determined as a function of (constant) stirring rate at solution pHs of 3.0 and 4.0. Stagnant
surface layers should be most pronounced under conditions of rapid water sorption. The
MMA/DMA 70/30 mole% gel, which shows the most rapid sorption kinetics at any pH
(results shown below), was thus used for these experiments. The stirring rate was set to a

predetermined value as measured by a stroboscope tachometer, which measured the
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Figure 6.2 A. Effect of stirring rate on initial water sorption kinetics of the

MMA/DMA 70/30 mole% gel at pH 3.0 at 25 °C. No stirring (@), 205
rpm (Q), 230 rpm (O), 315 rpm (A), 430 rpm (M) and 600 rpm (A).
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Figure 6.2 B. Effect of stirring rate on initial water sorption kinetics of the
MMA/DMA 70/30 mole% gel at pH 4.0 at 25 °C. No stirring (@), 170
rpm (A), 220 rpm (A), 390 rpm (1) and 525 rpm (H).
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rotation speed (rpm) of the main shaft of the motorized stirring unit. The results of these

experiments are shown in Figure 6.2 A and B.

Sorption kinetics under static conditions (no stirring) were significantly slower than
under conditions of stirring at each pH. This indicates the influence of stagnant films.
Furthermore, as the stirring rate is increased to speeds in excess of approximately 200 rpm,
the sorption curves appear to converge into a single curve. This is interpreted as indicating
the elimination of stagnant films. All subsequent sorption experiments were conducted

with stirring speeds of 450 rpm or more to insure 'well-stirred' conditions.
6.3.2 Effect of Gel Composition

The effects of varying gel comonomer ratio and n-alkyl ester sidechain length on the
aqueous sorption kinetics are shown in Figures 6.3 and 6.4, respectively. Several features
of these sorption curves are apparent and are characteristic of water sorption in glassy
nAMA/DMA gels (see below). The transient portion of each curve is generally biphasic, or
sigmoidal, characterized by an initial phase of relatively slow water uptake followed by an
accelerated phase observed just prior to the establishment of swelling equilibrium.

Sorption kinetics for MMA/DMA gels of various comonomer ratios at a constant pH of 3.0
are presented in Figure 6.3. Gels containing 70/30, 78/22, 82/18 and 86/14 mole%
MMA/DMA were prepared. The initial sorption rate decreases sharply as the content of the
hydrophobic comonomer (MMA) increases. The 70/30 mole% gel has an initial sorption
phase duration of about 1 hr., the 78/22 gel 2 hrs. and the 82/18 gel a duration of about 3.5
hrs. The 86/14 gel has a very slow sorption rate which was still in progress after 6 hrs.
The final swelling equilibrium greatly decreases as MMA content increases, as was

discussed in Chapter 4.

The effect of the n-alkyl ester sidechain length of the nAMA comonomer on

sorption kinetics at a constant pH of 3.0 is presented in Figure 6.4. The gels used in this
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Figure 6.3. Effect of comonomer ratio on the swelling kinetics of
MMA/DMA gels in 0.01 M citrate buffer at pH 3.0, I'=0.1 M and 25
°C. 70/30 mole% (Q), 78/22 mole% (@), 82/18 mole% (A) and 86/14
mole% (H).
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Figure 6.4. Effect of n-alkyl ester sidechain length on the swelling
kinetics of nAMA/DMA gels in 0.01 M citrate buffer at pH 3.0, I'=0.1
M and 25 °C. MMA/DMA-C; (W), EMA/DMA-C, (O) and
PMA/DMA-C3 (A). All gels had a constant comonomer ratio of 70/30

mole%.
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experiment all had nAMA/DMA comonomer ratios of 70/30 mole% and differed only in the
sidechain length of the nAMA comonomer. Shown are the sorption curves for gels with
nAMA sidechain lengths of C1 (MMA/DMA), C2 (EMA/DMA) and C3 (PMA/DMA). The
initial sorption rate is observed to dramatically decrease as nAMA sidechain length
increases. The initial phase of sorption is prolonged as both the initial rate and the final

extent of swelling decrease.
6.3.3 Effect of Sample Thickness

In order to determine the effect of sample disk geometry on the observed biphasic
kinetic sorption profiles, sorption profiles of MMA/DMA 70/30 mole% gel disks prepared
in three different thicknesses (0.27, 0.38 and 0.83 mm) and constant diameter (7 mm) were
measured at pH 5.0 and 25 °C. The results are presented in Figure 6.5. To account for the
contribution of different disk geometries, the sorption data have been normalized by the
initial surface area of each disk. Sorption is thus expressed as: g water/mm?2 original
surface area. Figure 6.5 indicates that the normalized sorption rates are identical and that
the duration of the initial phase increases in approximate proportion to the initial disk
thickness: onset of the accelerated phase being earliest for the 0.27 mm disk and most

delayed for the 0.83 mm disk.
6.3.4 pH Dependence

The influence of solution pH on the water sorption kinetics of the MMA/DMA
70/30 mole% gel is shown in Figure 6.6 in which the swelling ratio (g water/g dry gel) is
plotted as a function of time. The rate of water uptake during the initial sorption phase is
highly pH-dependent. As pH is reduced, the rate of initial sorption, which is essentially
zero at pH 7.0, sharply increases. At pH 5.0 swelling equilibrium is achieved in about 3
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Figure 6.5. Effect of disk thickness on the swelling kinetic profile of
the MMA/DMA 70/30 mole% gel in 0.01 M citrate buffer at pH 5.0,
I'=0.1 M and 25 °C. Disk thicknesses are 0.27 mm (M), 0.38 mm (A)
and 0.83 mm (@).



g Water/g Dry Gel

-@ ®

v M 1

v T T v T v T
0 50 100 150 200 250 300

Time (min)

Figure 6.6. Effect of solution pH on the swelling kinetics of the
MMA/DMA 70/30 mole% gel in 0.01 M citrate buffer at I'=0.1 M and
25°C. pH 3.0 (O), pH 4.0 (@), pH 5.0 (A) and pH 7.0 (@).
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hrs. while at pH 3.0 it is reached in about 90 min. In addition, the duration of the initial

sorption phase decreases with a reduction in pH.
6.3.5 Temperature Dependence

The sorption kinetics of the 70/30 mole% MMA/DMA and BMA/DMA gels at pH
4.0 measured as a function of temperature are presented in Figures 6.7 and 6.8,
respectively. Sorption kinetics for each gel were measured at six temperatures between 10
and 60 °C, inclusive. All solution pHs were measured at the temperature of the experiment

and were calibrated with respect to standard buffers at the same temperature.

Whereas both copolymers have initial water sorption rates that increase significantly
with temperature, it is evident that the general sorption profiles for the BMA/DMA gel
(Figure 6.8) differ markedly from those of Figures 6.3, 6.4, 6.6 and 6.7. The
characteristic biphasic sorption behavior exhibited by the glassy gels with shorter
sidechains (MMA/DMA, EMA/DMA and PMA/DMA at all comonomer ratios) is
conspicuously absent from the BMA/DMA sorption profiles. These curves have initial
sorption phases that extend out to 70-80% of the equilibrium value without showing any
rate acceleration. It is significant to note that the BMA/DMA 70/30 gel has the lowest glass
temperature (31.1 °C, (Chapter 4)) of all the gels studied here which is near or below all of
the experimental temperatures investigated in this study. In spite of these differences, the
initial sorption rate increases significantly with temperature. For example, the duration of
the initial sorption phase for the MMA/DMA gel is approximately 2 hrs. at 10 °C but
decreases to 30 min. at 60 °C. The accompanying equilibrium swelling ratio increases from
5.0 at 10 °C to in excess of 8.0 at 60 °C. The trends for the temperature dependence of the
sorption curves of the BMA/DMA gel are qualitatively similar to those of MMA/DMA in
both sorption rate and extent, though the swelling curves for BMA/DMA are monophasic,

and the swelling ratios are significantly lower than those for MMA/DMA.
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Figure 6.7. Temperature dependence of the swelling kinetics of the
MMA/DMA 70/30 mole% gel in 0.01 M citrate buffer at pH 4.0 and I'=0.1
M. 10°C @), 25 °C (W), 35 °C (O), 42 °C (@), 50 °C (A) and 60 °C (A).
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Figure 6.8. Temperature dependence of the swelling kinetics of the
BMA/DMA 70/30 mole% gel in 0.01 M citrate buffer at pH 4.0 and I'=0.1
M. 10°C @), 25 °C (W), 35 °C (A), 42 °C (A), 50 °C (O) and 60 °C (@).
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6.3.6 Ionic Strength Dependence

The effects of solution ionic strength (I') on water sorption kinetics in the
MMA/DMA 70/30 gel in both buffered citrate and dilute HCI solutions at a constant pH of
4.0 are shown in Figures 6.9 and 6.10, respectively. The solutions contained added NaCl
to adjust the ionic strength to the desired level. Figure 6.9 indicates that the initial rate of
water sorption is a nonmonotonic function of solution ionic strength in buffered citrate
solutions. Sorption rate increases with ionic strength up to I'=0.056 M but then decreases
as I is increased further. This nonmonotonicity closely parallels or 'tracks' the observed
equilibrium swelling ratio (indicated as asymptotes for each curve in Figure 6.9) over this
range of ionic strength. The basis for the nonmonotonic behavior of the equilibrium
swelling ratio versus ionic strength has been discussed in Chapter 5. It is interesting to
observe that although the initial sorption rates and final equilibria are similar in I'=0.013 M
and 0.306 M solutions, the acceleration point is reached considerably earlier at the lower

ionic strength.

Similar nonmonotonic sorption behavior is observed in NaCl solutions (no citrate)
as a function of I' as shown in Figure 6.10. However, two important differences are noted
in comparing the sorption data of Figure 6.10 with that of Figure 6.9. First, sorption
kinetics are significantly slower in NaCl solutions than in citrate/NaCl solutions at the same
pH and ionic strength. This suggests that the rate and mechanism of sorption depends
strongly on the identity of the involved ions. This will be investigated further in
Subsection 6.3.8. Second, the nonmonotonicity in sorption rate in NaCl solutions does
not correlate with the final swelling ratio which monotonically decreases over this range in

I, as indicated in Table 6.1. At present we have no explanation for this phenomenon.
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Figure 6.9. Effect of solution ionic strength (I') on the swelling kinetics
of the MMA/DMA 70/30 mole% gel at pH 4.0 and 25 °C in 0.01 M
citrate buffer. NaCl was added to adjust the ionic strength to the final
level. I'=0.013 M (no added NaCl) (A), I'=0.056 M (@), '=0.106 M
(A), I'=0.306 M (O) and I'=0.506 M (M). Dashed lines indicate final
swelling equilibria.
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Figure 6.10. Effect of solution ionic strength (I') on the swelling
kinetics of the MMA/DMA 70/30 mole% gel at pH 4.0 and 25 °C in
dilute HCI solution. NaCl was added to adjust the ionic strength to the

final level. I'=0.0064 M (Q), I'=0.05 M (O), I'=0.10 M (A) and
I'=0.50 M (W).
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Table 6.1. Equilibrium Swelling Ratio and Ordinal Swelling Rates of the MMA/DMA 70/30 Gel in

NaCl solution as a Function of Solution Ionic Stren@ at BH 4.0.

rM™) Equilibrium Swelling Ratio Rank Order of Initial Sorption Rate
& water@ d_rx gel)
0.0064 27.6 4 (slowest)
0.05 13.8 2
0.10 8.1 1 (fastest)
0.50 33 3

6.3.7 Analysis of Kinetic Exponents

In order to obtain a more quantitative understanding of the nature of the sorption
kinetics in nAMA/DMA gels, the initial phase sorption data of each experiment were fit by a

rate equation of the form;

SR@®) =kt" 6.1)

where SR(t) is the measured sample swelling ratio at time t, k is the swelling rate constant
and n is the kinetic exponent. Eqn. 6.1 is a phenomenological rate law, where the kinetic
exponent n provides insight into the type of sorption mechanism that is operative. For
example, for Fickian kinetics in which the rate of penetrant diffusion is rate-limiting,
n=(.5, whereas values of n between 0.5 and 1.0 indicate the contribution of non-Fickian
processes such as polymer relaxation. Values of n were obtained by plotting In(SR) versus
In(t) for data points up to the sorption inflection, and computing the linear regression
coefficients. The exponent n was obtained as the slope of the resulting regression line.

The 95% confidence limits for n were also computed. Figure 6.11 shows a log/log plot of
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Figure 6.11. Example of a typical log-log plot of the initial swelling
kinetic data used to compute the kinetic exponent n from eqn. 6.1. The
exponent n is obtained as the slope of each line. Data are for the
MMA/DMA 70/30 mole% gel at pH 3.0 (W), pH 4.0 (O) and pH 5.0
(A) in 0.01 M citrate buffer at 25 °C and I'=0.1 M.
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the initial sorption data for the MMA/DMA 70/30 mole% gel at pHs of 3.0, 4.0 and 5.0
(data from Figure 6.6).

The resulting values of the kinetic exponent n in 0.01 M citrate buffer are tabulated
in Tables 6.2 through 6.4 as functions of nAMA/DMA comonomer ratio, n-alkyl ester
sidechain length and pH, respectively. The data of Tables 6.2-6.4 indicate that the initial
phase water sorption kinetics are generally non-Fickian. Furthermore, sorption appears to
approach Case II behavior (n increases towards unity) as the solution pH is increased or the
hydrophobic (MMA) comonomer content increases. In each case, n increases as final
swelling decreases which corresponds to a decrease in solution/gel compatibility. The
effect of n-alkyl ester sidechain length appears not to have a systematic effect on the kinetic
exponent (Table 6.4) although final swelling sharply decreases as sidechain length

increases.

The temperature dependence of the kinetic exponent n for the 70/30 MMA/DMA
gels in 0.01 M citrate buffer at pH 4.0 are indicated in Figure 6.12. In the case of the
MMA/DMA sorption, n decreases monotonically with temperature indicating that water
sorption becomes increasingly Fickian at elevated temperatures. The values of n for the
BMA/DMA gel shows the opposite temperature dependence with n increasing and

approaching Case II sorption behavior as temperature increases. This behavior for the
BMA/DMA gel is noteworthy, since the Tg of the dry gel is 31 °C. A contrast can be

drawn with nonionized gels which, at temperatures above Tg, display Fickian sorption

kinetics.

Sorption kinetics of the BMA/DMA gel were also measured in n-hexane at various
temperatures in order to see whether Fickian behavior would be observed when sorption
proceeds in the absence of gel ionization. Figure 6.13 shows the resulting sorption profiles

in n-hexane at 25, 35 and 45 °C while the corresponding values of n are indicated in Figure
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Table 6.2, Effect of Comonomer Kinetic Exponent n in 0.01 M Citrate Buffer.

Gel Composition pH n (£ 95%CI)
mole%
MMA/DMA 70/30 3.0 0.616 (x0.014)
MMA/DMA 78/22 3.0 0.708 (+ 0.012)
MMA/DMA 82/18 3.0 0.865 (+ 0.021)
MMA/DMA 86/14 3.0 1.220 (+ 0.133)
MMA/DMA 70/30 4.0 0.814 (+ 0.037)
MMA/DMA 78/22 4.0 0.881 (+ 0.025)
MMA/DMA 82/18 4.0 0.994 (+ 0.051)

Table 6.3. Effect of n-Al_kxl Sidechain Length on the Kinetic Exﬂent n in 0.01 M Citrate Buffer.

Gel Composition pH Chain Length n (£ 95%CI)
mole%
MMA/DMA 70/30 3.0 1 0.616 (+ 0.014)
EMA/DMA 70/30 3.0 2 0.716 (x 0.036)
PMA/DMA 70/30 3.0 3 0.661 (+ 0.060)
MMA/DMA 70/30 4.0 1 0.814 (+ 0.037)
EMA/DMA 70/30 4.0 2 0.816 (+ 0.030)
PMA/DMA 70/30 4.0 3 0.864 (+ 0.099)
BMA/DMA 70/30 4.0 4 0.801 (+ 0.037)
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Table 6.4. Effect of Solution BH on the Kinetic Exgt_ment n in 0.01 M Citrate Buffer.

Gel Composition pH n (£ 95%CI)
smole%z
MMA/DMA 70/30 3.0 0.616 (+0.014)
MMA/DMA 70/30 4.0 0.814 (+ 0.037)
MMA/DMA 70/30 5.0 0.883 ( 0.023)
MMA/DMA 78/22 3.0 0.708 (£ 0.012)
MMA/DMA 78/22 4.0 0.881 ( 0.025)
MMA/DMA 82/18 3.0 0.865 (+ 0.021)
MMA/DMA 82/18 4.0 0.994 (+ 0.051)
EMA/DMA 70/30 3.0 0.716 (+ 0.036)
EMA/DMA 70/30 4.0 0.816 (+ 0.030)
EMA/DMA 70/30 45 0.837 (£ 0.055)
EMA/DMA 70/30 5.0 1.020 (+ 0.059)
PMA/DMA 70/30 3.0 0.661 (x 0.060)
PMA/DMA 70/30 4.0 0.864 ( 0.099)
PMA/DMA 70/30 4.5 0.939 (£ 0.064)

6.12. The values of n for n-hexane sorption in the BMA/DMA gel appear to be fairly
invariant over this temperature range and are reasonably close to 0.5 indicating a
predominantly Fickian sorption mechanism. It should be noted that the exponents appear

to be consistently above 0.5, but the deviation is small.
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Figure 6.12. Temperature dependence of the kinetic exponent n for the
MMA/DMA 70/30 mole% gel in 0.01 M citrate buffer at pH 4.0 (O),
BMA/DMA 70/30 mole% gel in 0.01 M citrate buffer at pH 4.0 (M) and
for the BMA/DMA 70/30 mole% gel in n-hexane (A).
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Figure 6.13. Swelling kinetics of the BMA/DMA 70/30 mole% gel in
n-hexane at 25 °C (H), 35 °C (Q) and 45 °C (A).
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6.3.8 Effect of Solution Electrolyte Composition

The data presented in Figures 6.9 and 6.10 indicate that the kinetics of water
sorption are strongly influenced by the specific ions in solution and are not simply
determined by solution pH and ionic strength alone. In an effort to elucidate the basis for
these ionic effects, additional sorption data were obtained in solutions of various chemical
compositions including: nonionic compounds structurally related to buffer ions employed,
a homologous series of n-alkyl carboxylic acids and a series of strong electrolyte sodium

salts.

The first mechanism considered for the rate enhancement observed in buffered
solutions was the organic structure of buffer species employed. Organic anions, in
addition to serving as gel counterions, may be capable of specific (hydrophobic)
interactions with the network chains that could result in a plasticization effect. This
mechanism was tested by two experimental approaches. The first involved measuring
sorption kinetics in an acetate buffer and then in unbuffered aqueous solutions containing
equimolar neutral compounds structurally related to acetic acid. The neutral compounds
tested were methyl acetate and acetamide, the structures of which are indicated in Figure

6.14. If a plasticization mechanism is involved, then neutral, structurally related

cnj—o- cnlj—ocn3 CHgC—NH,
acetate ion methyl acetate acetamide

Figure 6.14. Structures of acetate ion and the two structurally related
nonionic compounds methy] acetate and acetamide.

compounds could produce the same effect. The second experiment involved the effect of

aqueous solutions containing a series of n-alkyl carboxylic acids of increasing chain
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Figure 6.15. Effect of nonionic additives on the swelling kinetics of the
MMA/DMA 70/30 mole% gel at pH 4.0, I'=0.1 M and 25 °C. 0.01 M
acetate buffer (A), 0.01 M acetamide (H), 0.01 M methyl acetate (1)
and dilute HCI (A).
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lengths. If the counterion interacts with the gel via its organic backbone, then the sorption
rate should increase with carboxylate chain length since more hydrophobic contacts can be

made per molecule of acid.

Sorption in the presence of 0.01 M acetate buffer, unbuffered methyl acetate (0.01
M) and acetamide (0.01 M) solutions at pH 4.0 and I'=0.05 M (NaCl) are shown in Figure
6.15. As a comparison, the sorption curve in NaCl (pH 4.0, I'=0.05 M) from Figure 6.10
is also included. The nonionic compounds have no effect on the sorption rate, which is
similar in both cases to that in NaCl solution alone. Sorption in acetate buffer, however, is

clearly faster and comparable to that in 0.01 M citrate buffer at pH 4.0 (Figure 6.9).

Aqueous solutions of n-alkyl carboxylic acids were prepared with equimolar
conjugate base [A”] concentrations of 0.0012 M (no corrections for activity coefficients

were made). This was done to normalize the counterion concentration across acids of

various pK, values. The results, shown in Figure 6.16, indicate that sorption rate

Table 6.5. Equilibrium Swelling of the MMA/DMA 70/30 Gel in n-Alkyl Carboxylic

Acid Solutions at BH 4.0.

Carboxylic Acid PKa Equilibrium Swelling
Ratio
A

Formate (C1) 3.75 not determined @

Acetate (C2) 4.76 30.5 (£ 0.2)

Butyrate (C4) 4.82 29.5 (£ 0.3)

Valerate (C5) 4.86 27.5 (£ 0.2)

Hexanoate (C6) 4.80 20.5 (£ 0.3)

4 Equilibrium swelling could not be determined due to an unstable
solution pH.



3.0 1
2.5 -
[}
o 2.0
- .
1 Y
o 1
g 1.5
("]
L —4
L
S 104
o

v 1 ] L J ]
0 50 100 150 200 250

Time (min)

Figure 6.16. Swelling kinetics of the MMA/DMA 70/30 mole% gel in
the presence on n-alkyl carboxylic acids of various chain lengths at pH
4.0 and an equivalent conjugate base concentration of 0.0012 M.
Formate-C1 (O), acetate-C2 (M), butyrate-C4 (Q), valerate-C5 (@) and
hexanoate-C6 (A).
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systematically increases with increasing chain length of the carboxylate anion. These data
suggest that gel counterions with appreciable hydrophobic character are able to interact with
the gel and accelerate the rate of water sorption. In addition, as shown in Table 6.5, the
final swelling equilibria in the presence of these acids decreases with increasing acid chain
length, and are significantly greater than in citrate buffer solution at the same pH and ionic

strength as reported in Chapter 4.
6.4 Discussion

It is well known that penetrant sorption in glassy nonionic gels often exhibits non-
Fickian or anomalous kinetics when significant swelling of the polymeric phase occurs (9-
17). Deviation from Fickian behavior is attributed to the contribution of network chain
relaxation processes that are induced by the plasticizing effect of the penetrant (9,14,15).
Thus, the overall rate of penetrant sorption in nonionic glassy gels is generally controlled
by two processes: polymer chain relaxation and the inward diffusion of penetrant from the
solution. In glassy gels that are both ionizable and hydrophobic, the processes that control
water sorption kinetics are more complex than those of neutral, hydrophilic glassy gels. In
the former case, there are four coupled transport/reaction processes that can contribute to
the overall rate and mechanism of water sorption: 1) water diffusion into the hydrating gel,
2) diffusion of mobile ions, 3) ionization of the DMA groups through a proton binding
reaction and 4) relaxation of ionized polymer chains. Diffusion of water and ions are
necessarily coupled in nAMA/DMA gels because sorption is driven by gel ionization which
requires the concomitant entry of mobile counterions to preserve electroneutrality. Thus, in
contrast to penetrant sorption in nonionizable gels, transport of mobile ions into the gel

phase is a requisite step that adds to the complexity of the overall sorption process.

Three important observations strongly suggest that transport of mobile ions in these

gels plays a central role in determining the rate and non-Fickian nature of water sorption:
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1) the strong dependence of sorption rate on counterion structure (strong versus weak
electrolyte, hydrophobicity), 2) the correlation of sorption rate with swelling gndpoint in
the presence of weak electrolytes, and the absence of this correlation in strong electrolyte
solutions (Table 6.1), and 3) in rubbery BMA/DMA 70/30 gels water sorption in citrate
buffer is non-Fickian but n-hexane sorption is essentially Fickian (Figure 6.12). Itis
evident that the non-Fickian behavior of sorption in nAMA/DMA gels cannot simply be

attributed to the polymer relaxation processes as with nonionic glassy gels.

A working hypothesis for the cause of the non-Fickian kinetics is the following.
Due to the hydrophobic nature of these gels in the unionized state, water and ions will have
difficulty penetrating appreciably into the unswollen unionized polymer phase due to
dielectric exclusion. Thus, the process of hydration and ionization of the chains which
leads to gel swelling probably proceeds by a moving front mechanism regardless of
whether the gels are initially glassy or rubbery. The ionization of the amine groups must be
preceded by a hydration process which is probably confined to the immediate region of the
front, and resembles a surface ionization process (the surface being at the position of the
moving front). This mechanism is inherently non-Fickian since the characteristic length of
the ‘reaction zone' where hydration and ionization of the gel occurs does not change as the
sorption process advances into the dry gel. This suggestion is supported by the finding
that water sorption in the rubbery BMA/DMA gel is inherently non-Fickian (Figure 6.12),
whereas sorption of n-hexane in the same gel, which is not driven by gel ionization, is
essentially Fickian in nature. Of course, in the case of initially glassy nAMA/DMA gels,
the relaxation of the chains as they become plasticized will also contribute to non-Fickian

sorption behavior.

The moving front mechanism in initially glassy gels is also supported by the fact
that the sorption curves shown in Figures 6.3-6.7 and 6.9 are sigmoidal, characterized by

an initial phase of relatively slow water uptake followed by an accelerated phase. Such
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sigmoidal profiles have been widely reported for sorption of organic penetrants into glassy
nonionic polymers (25-28), and the accelerated phase has been termed 'super-Case IT'
transport by Jacques et al. (25). In the present system, the time of onset of the accelerated
phase increases in approximate proportion to the sample disk thickness (Figure 6.5).
Furthermore, it has been shown that the fractional release of caffeine from dynamically
swelling gels in aqueous solution is proportional to the fractional water uptake at any time t
(29). These results are consistent with the moving penetrant front mechanism of sorption
discussed by Jacques et al. (25), Alfrey et al. (9) and Peterlin (30) for penetrant sorption in

glassy polymers.

A moving front separates the swollen gel phase from the unswollen glassy core, as
illustrated in Figure 6.17. The presence of the penetrant in the swollen phase lowers the
glass temperature so that the gel in this region becomes rubbery and elastic. The remaining
glassy core constrains swelling to the direction normal to the front. In particular, when the
sample has a disk geometry with a large aspect ratio (as in the present work), the glassy
core constrains swelling to essentially one dimension. When the two fronts meet at the
sample midplane the intact core vanishes, and subsequent swelling is unconstrained and
occurs in 3-dimensions. This characterizes the accelerated or super-Case II sorption phase.
During the initial sorption phase, the penetrant fronts are far from the midplane of the

sample, and sorption can be regarded as if it is occurring into a semi-infinite medium.

The glass temperatures of the gels studied here were determined by differential
scanning calorimetry as reported in Chapter 4. For all of the gels that show biphasic
sorption behavior, the Tg is above the temperature of the experiment (the lowest is 51.6 °C
for the PMA/DMA 70/30 gel), indicating that the unhydrated gels, and therefore the cores,
are glassy. The sorption curves of the BMA/DMA gel shown in Figure 6.8, however, are
not biphasic. The Tg for this gel is 31.1 °C which is below most of the experimental

temperatures indicating that the gel is rubbery. It does not contain a glassy core and thus
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does not undergo the super-Case II acceleration phenomenon. However, water sorption
kinetics in this gel are still non-Fickian and it is hypothesized that water sorption still
proceeds by a moving front mechanism.

The sorption data of Figures 6.9 and 6.10 indicate that solution ionic composition
profoundly affects the water sorption kinetics under conditions of identical pH and ionic
strength. The initial sorption rate is significantly increased in the presence of organic
electrolytes such as citrate or n-alkyl carboxylates compared with that in simple NaCl
solutions. However, addition of nonionizable organic compounds such as methyl acetate
or acetamide has no effect on sorption rate (Figure 6.15). In addition, the enhancement
affected by organic electrolytes increases with increasing carbon chain length (Figure
6.16). A reasonable explanation for the effect of electrolyte composition on sorption
kinetics is that the development of an outer charged gel layer during the course of sorption
creates a diffusional resistance to the further entry of mobile ions. The resistance is created
by the Donnan exclusion of coions (of which hydronium ion is the most important in the
present case) which necessarily retards the rate of entry of counterions through electric
coupling of ion fluxes (23,24). Thus Donnan exclusion sufficiently reduces the hydronium
ion flux such that it ultimately limits the rate of amine group ionization at the swelling front
and subsequent gel swelling. Similarly, Gehrke and Cussler (44) found that the swelling
kinetics of a weak acid polyacrylamide hydrogel in alkaline solution were rate-limited by

H*/Na* ion exchange process due to the Donnan exclusion of hydroxide ions.

However, this Donnan barrier can be circumvented if the solution contains weakly
acidic compounds. The protonated unionized form of the weak acid can "carry" hydrogen
ions across the swollen Donnan layer without feeling the effects of the Donnan potential.
Once at the swelling front, the hydrogen ion can be transferred to an as yet unionized
network amine group which serves as a hydrogen ion acceptor (pK, of the amine group is

probably above that of the weak acid making the hydrogen ion transfer favorable). The
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ionized carrier (conjugate base) thus becomes a counterion to the gel. This is quite similar
to the mechanism by which salts of weak acids and bases circumvent other types of
diffusional barriers such as natural lipid bilayers (31-32). Transfer of a hydrogen ion from
ammonium ion to acetate produces unionized ammonia and acetic acid which can readily
permeate bilayer membranes (32). This mechanism is consistent with the finding that water
sorption kinetics are significantly faster in weak acid buffers (citrate or acetate) than in
simple strong electrolyte solutions such as NaCl. Furthermore, the inability of
nonionizable organic compounds to enhance the rate is consistent with this mechanism

since they cannot serve as hydrogen ion carriers.

The increase in water sorption rate observed as pH decreases in citrate solutions
(Figure 6.6) is also consistent with the hydrogen ion carrier theory. As solution pH
decreases, the ionization equilibrium of citrate will shift to produce more undissociated
citrate species (active carriers) which will increase the diffusional flux of carriers into the
gel. It should be noted that decreasing pH will also serve to increase the diffusional flux of
hydronium ions, but this effect is probably of minor consequence because of the relative
exclusion of hydronium ions that is expected from the gel phase. The effect of pH on
sorption kinetics in unbuffered NaCl solutions, however, has not been determined
experimentally. In addition, the data of Table 6.1 indicates that the initial sorption rate of
the MMA/DMA 70/30 gel in unbuffered NaCl solutions at pH 4.0 is not driven by the
swelling stress that exists between the constrained swollen gel phase and the glassy core in
the vicinity of the swelling front, as was proposed in some models of penetrant sorption
into nonionic polymers (10,15,43). The swelling stress, which increases as the solvent
concentration in the swollen gel phase increases, creates a time-dependent mechanical
deformation of the glassy core which induces the advancement of the swelling front. The
initial sorption rate does not correlate with the final swelling equilibrium (Table 6.1) which

would be expected if a stress mechanism were operative.
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The data of Figure 6.16 and Table 6.5 indicate that gel/organic counterion
interactions are also involved. Increasing the hydrophobicity of the carboxylate
simultaneously increases the water sorption rate and decreases gel swelling equilibrium.
Carboxylates with longer hydrocarbon chains probably can concentrate at the hydrophobic
swelling front and increase the sorption rate by plasticizing the chains, although the exact
mechanism is poorly understood. As stated earlier, the carboxylate solutions were
prepared with the same conjugate base (A-) concentration which, because of the differences
in pKjy's of the shorter chain (C;-Cy4) carboxylates (Table 6.5), will result in differences in
the concentration of unionized (carrier) acid species and suggests the simultaneous effect of
active carrier concentration. However, the largest sorption rate enhancements are observed
with the longer chain (C4-Cg) carboxylates which have virtually identical pK,'s. The
decrease in the final swelling equilibrium probably results from carboxylate adsorption to
network chains through hydrophobic contacts or by ion-pairing with the ionized gel amine
groups. Adsorption of n-alkyl carboxylic acids (33) and sodium alkyl sulfonates (34) to
anion exchange resins has been shown to increase sharply with an increase in length of the

alkyl group.

As shown in Figures 6.3 and 6.4, sorption rate is strongly affected by gel
comonomer ratio and nAMA sidechain length. As gel/solution compatibility decreases (as
indicated by a reduction in the extent of swelling at equilibrium) either through an increase
in the hydrophobic comonomer (MMA) content or an increase in the nAMA sidechain
length the initial sorption rate decreases. Furthermore, sorption becomes more non-Fickian
with increasing MMA comonomer content (n increases towards unity, Table 6.2). This
trend is in accord with the sorption behavior of various organic penetrants in epoxy
polymers as reported by Kwei and Zupko (35). It was found that as compatibility
decreased for any penetrant/polymer pair, the sorption rate decreased and the kinetic

exponent increased towards unity. However, Franson and Peppas observed Fickian water
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sorption kinetics (n=0.5) in glassy poly(HEMA-co-MMA) and poly(HEMA-co-N-vinyl

pyrrolidone) copolymers over a wide range of comonomer ratios (36).

The temperature dependence of the water sorption mechanism for the MMA/DMA
gel shown in Figure 6.10, in which the kinetic exponent n decreases with temperature
(indicating sorption becomes more Fickian), conforms with behavior that is typically
observed in organic penetrant sorption into glassy materials (12-13,37-39). The
explanation for such behavior centers on the fact that the rate of relaxation of chains
undergoing a glass to rubber transition is known to increase sharply with increasing
temperature, with activation energies estimated to be 20-60 kcal/mole (40-42). Conversely,
Fickian diffusion processes are significantly less activated (Eac= 5-10 kcal/mole (13)) and
are not as susceptible to rate enhancements due to increases in ambient temperature. As
temperature increases, the rate of chain relaxation increases rapidly and plays a diminishing
role relative to diffusion in the overall sorption process. This is consistent with the
observed reduction in the exponent n towards 0.5 with increasing temperature for the

MMA/DMA gel.

The temperature dependence of the exponent n for the rubbery BMA/DMA gel in
aqueous solution (Figure 6.12), however, cannot be explained by the argument employed
for the glassy MMA/DMA gel. The exponent n in the former case increases with
temperature indicating that sorption becomes increasingly non-Fickian at elevated
temperatures. One explanation of this trend is that because the hydrophobic effect increases
in strength with increasing temperature, there is a stronger exclusion of water from the
unhydrated polymer phase which causes a sharpening of the moving front and an increase

in the kinetic exponent n.
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6.5 Conclusions

The kinetics of water sorption in initially dry nAMA/DMA gels in aqueous solution
have been shown to be very sensitive to gel composition (comonomer ratio and nAMA
sidechain length), solution composition (pH, ionic strength and ionic composition) and
temperature. Sorption rates increase significantly with decreasing pH, increasing
temperature, decreasing nAMA content and decreasing nAMA sidechain length. Sorption
curves in initially glassy gels are biphasic, which is consistent with a moving front
mechanism, whereas sorption in initially rubbery gels is monophasic. Regardless of the Tg
of the gel, sorption is generally non-Fickian in nature. Because water sorption is driven by
gel ionization, ion transport plays an important role in determining the rate and mechanism
of sorption. It is suggested that the Donnan exclusion of coions (including hydronium
ions) accounts for the fact that sorption kinetics in solutions of strong electrolytes is quite
slow. In the presence of weak electrolytes such as citrate or acetate, sorption kinetics are
much faster presumably due to the ability of unionized species to carry hydrogen ions into
the gel.
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Chapter 7.

Swelling Reversibility and the Mechanism
of Gel Deswelling

7.1 Introduction

The primary purpose of the present chapter is to investigate the dynamic swelling
properties of hydrated gels as driven by step changes in solution pH, particularly in the
vicinity of the swelling phase transition. Attention will be placed on the reversibility of
swelling given step pH perturbations of various magnitudes and the effect these
perturbations have on the kinetics and mechanisms of gel deswelling. The understanding
of such dynamic properties is of vital importance for the technological utilization of gels

that display discontinuous volume transitions.
7.2 Experimental
7.2.1 Materials

Sodium chloride, sodium dihydrogen phosphate monohydrate (Mallinckrodt, Inc.),
citric acid (Fisher Scientific) were all analytical reagent grade and were used without further
purification. Water used in all experiments was double distilled and deionized. Gel
samples (MMA/DMA and BMA/DMA 70/30 mole%) were prepared as thin circular disks
(0.28 x 7 mm) according to the method described in Chapter 3.

7.2.2 Swelling Studies

Each kinetic swelling experiment was conducted in 2 liters of buffer solution of
known pH and ionic strength according to the method of Chapter 6. In general, 0.01 M
citrate buffer was used for buffers below pH 7.0, while 0.01 M phosphate buffer was used
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for buffers above pH 7.0. The total ionic strength of all buffer solutions was adjusted to
0.1 M with NaCl.

7.2.3 Caffeine Release Experiments

Release of caffeine from hydrated dynamically deswelling gel disks was monitored
in 100 ml of either 0.01 M citrate buffer pH 5.2 or 0.01 M phosphate buffer pH 8.0 at
25 °C. The ionic strength of all buffers was adjusted to 0.1 M with NaCl. Stirring was
provided in all release experiments by a magnetically driven stir bar. The appearance of
caffeine in the solution was quantitated by UV spectrophotometry at 272 nm.

7.3 Results and Discussion
7.3.1 Swelling Dynamics Induced by Changes in Solution pH

A series of experiments were performed to measure the dynamics and reversibility
of swelling of a hydrated gel given step perturbations in solution pH. Figure 7.1 shows
the effect of cycling the solution pH between 5.0 and 6.0 on the swelling dynamics of the
MMA/DMA 70/30 gel. Upon transferring the gel disk to pH 6.0 solution (at time zero),
rapid deswelling immediately occurs and a new swelling equilibrium is nearly attained
within 20 min. Returning the pH to 5.0 (at 110 min) immediately initiates the swelling
process and the original equilibrium hydration is virtually re-attained in 20 min. Successive
cycles indicate that swelling is fully reversible and reproducible between pH 5.0 and 6.0, at

least over the time-period observed.

Gel deswelling, as driven by successive step increases in solution pH, is indicated
in Figure 7.2. Each pH increment corresponds approximately to a 0.5 pH unit increase.
The gel was initially brought to swelling equilibrium at pH 5.0, and was then transferred to

a series of buffer solutions of successively increasing pH. The gel responds to each
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Figure 7.1. Changes in the swelling state of the MMA/DMA 70/30
mole% gel brought about by cycling the solution pH between 5.0 and
6.0 in 0.01 M citrate buffer. Gel was initially equilibrated to pH 5.0.
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Figure 7.2. Deswelling of the MMA/DMA 70/30 mole% gel as driven
by successive step increases in solution pH of approximately 0.5 pH
unit.
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increase in solution pH by immediately deswelling. However, the initial deswelling
kinetics become progressively slower as the solution pH increases. Swelling equilibrium is
attained in each interval (approximately 100 min) except at pH 7.01, where the process was

still in progress after 100 min.

In another set of experiments, the effect of the magnitude of the pH perturbation on
the rates of deswelling and swelling in hydrated gels was examined. Gel disks were
initially brought to swelling equilibrium at pH 5.0, and then transferred (at time zero) to
solutions of higher pH. Gel deswelling was monitored for a period of 30-75 min, after
which time the disks were returned to the original pH 5.0 solution to initiate reswelling.
Results for the deswelling and reswelling phases are shown in Figures 7.3A and 7.3B,
respectively. For each curve, the pH of the deswelling solution is indicated. Swelling
appears to be fully reversible for changes in pH of up to 3 pH units (pH 5.0-8.0).
Regardless of the extent of deswelling, the gels essentially reattain swelling equilibrium
when returned to pH 5.0 solution. However, the rates of deswelling appear to depend
markedly on the magnitude of the pH change. For instance, deswelling in pH 5.26, 5.70,
6.05 and 6.52 solutions is initially rapid and the gels come to their new equilibria, as
determined by the buffer pH, in about 30 min (60 min for the pH 6.52 solution). At higher
final pHs, the deswelling rate is significantly decreased and the gels do not reach

equilibrium for times exceeding 70 min.

Figure 7.4 shows the time-course of deswelling for a MMA/DMA 70/30 gel,
initially equilibrated to pH 5.2, and transferred to pH 8.0 solution at time zero. The initial
rate of deswelling is obviously quite rapid for the first 60 min., but then appears to enter a
slower secondary deswelling phase during which gel hydration decreases very slowly.
After 17 hrs. at pH 8.0, gel hydration remains significantly above the 'equilibrium’ value
as displayed in Figure 7.4.
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Figure 7.4. Time-course of deswelling of the MMA/DMA 70/30 mole% gel in
pH 8.0 buffer solution at 25 °C. Gel was swollen to equilibrium at pH 5.2 and
transferred to pH 8.0 buffer at time zero. Arrows indicate time points when
caffeine release was monitored in experimental results of Figure 7.8.
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7.3.2 Mechanisms of Gel Deswelling

The data in Figures 7.1 through 7.4 indicate that if the final pH does not traverse
the transition pH (pHy) of 6.6 (Chapter 4), the gel remains swollen and swelling

equilibrium is reattained rapidly for both swelling and deswelling processes. Such
perturbations in solution pH below pH, cause relatively small changes in the network ion
osmotic pressure as driven by the redistribution of mobile ions between the gel and the
solution by diffusion (1). However, when the final solution pH is above pHy, the kinetics
of deswelling become more complicated and considerable slowing is apparent.
Furthermore, two different phases of kinetic slowing can be observed depending on the
final pH. Initial-phase slowing is observed when the final pH approaches pH; as shown in
Figure 7.3A. A late-phase slowing process becomes evident as the final pH is increased
away from pHy, while the initial-phase slowing disappears as shown in the pH 8.0

deswelling curve of Figure 7.4.

We now investigate the possible transport mechanisms that could give rise to the
kinetic deswelling phenomena observed when the transition pH is traversed. For initial-
phase slowing, we consider kinetic slowing that can arise in the vicinity of a phase
transition. For late-phase slowing, two mechanisms are proposed and experimentally
tested: gel surface collapse leading to skin formation and the process of gel vitrification.
These mechanisms will be considered individually.

7.3.2.A Slowing Near a Transition Point. Tanaka and Fillmore demonstrated
that the swelling and deswelling processes of a highly swollen polyacrylamide gel are
determined by the cooperative diffusion of the polymer network in water, which is related
to the bulk counterflow of water through the network (2). This finding is in direct contrast
to the view that gel deswelling is rate-limited by the diffusion of water molecules in the gel

(3). Tanaka et al. have also shown that the important transport parameter is the cooperative
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diffusion coefficient of the network, which is defined as the ratio of the elastic modulus of

the network to the friction coefficient between the network and the fluid (4,5).

If the swollen gel undergoes a first-order volume phase transition as induced by a
change in a system variable (e.g. temperature), then it has been shown that the cooperative
diffusion coefficient of the network is greatly diminished when the final state is in the
vicinity of the swelling transition (6-8). This phenomenon is analagous to ‘critical
slowing' and causes the kinetics of such swelling or deswelling processes to become very

slow (8).

An explanation for this slowing phenomenon is illustrated in Figure 7.5 where free
energy of a swollen gel is schematically depicted as a function of volume for six cases of
gel deswelling. For a gel at equilibrium, the global minimum in the free energy curve
defines the equilibrium volume. When a sudden change in some external variable (e.g.
temperature, pH etc.) is invoked, the minimum in the free energy curve is shifted along the
volume axis. The gel, which is now no longer at equilibrium, imbibes or expells solvent
which corresponds to a fall down the free energy curve towards the new minimum. The
driving force, and thus the rate of the process, is proportional to the derivative of the free
energy with respect to volume (slope). When the final state does not cross a transition
point (cases A-C), the derivative is finite and the deswelling process occurs with a finite
rate. When the final state lies across, but close to, the transition point (case D), a large
composition change is thermodynamically dictated but the system encounters a substantial
kinetic barrier which decreases the rate. The magnitude of the barrier decreases as the final
pH increases past the transition pH (compare cases D-F). This is similar to ‘critical
slowing' which occurs when the initial and final states are close to the critical point of the

transition and the free energy curve connecting the two states has a zero derivative.
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Figure 7.5. Ilustration of the origin of kinetic slowing in the vicinity of the swelling
transition. Shown is a representation of the free energy surface of the system as a function
of gel volume for six cases of deswelling, all starting from the same initial state (signified
by O). The global minimum in free energy defines the equilibrium volume of the gel.
When the solution pH is suddenly increased, the minimum in the free energy curve shifts to
a smaller volume. The gel, which is now no longer at equilibrium, expells solvent
(deswells) which corresponds to a fall down the free energy curve towards the new global
minimum (signified by @). When the final pH remains below the transition pH (cases A-
O), the change in volume is relatively small and the gel deswells rapidly. When the final
pH is above the transition pH (cases D-F), the new equilibrium lies at much smaller volume
dictating a large change in swelling. The gel now encounters a kinetic barrier to collapse
(phase separation) whose magnitude decreases as the final pH increases past the transition
pH. Adapted from (8).
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In the case of the MMA/DMA 70/30 gel, the swelling isotherm exhibits what is
believed to be a discontinuous, first-order volume transition near pH 6.6 (Chapter 4). If in
fact this is a first-order transition, then it can be expected that deswelling processes should

become progressively slower as the final pH approaches pH; from above. This mechanism

was investigated by fitting an empirical exponential decay function of the form (8):
SR()=Ae-kt (7.1)

to the initial portion of each deswelling curve of Figure 7.3A, where SR(t) is the swelling

ratio at time t and k is a rate constant characterizing the deswelling rate. The obtained rate

constants (k) are listed in Table 7.1 and are plotted as a function of final solution pH as

Table 7.1. Deswelling Rate Constants as a Function of Final Solution pH

Obtained by Fitting Eqn. 7.1 to the Data of Figure 7.3A.

Final pH Deswelling Rate Constant (k) R2
(min-1)
@ ]
5.26 0.00852 1.00
5.70 0.0188 0.997
6.05 0.0277 0.992
6.52 0.0355 0.989
6.73 0.00391 0.998
7.05 0.0120 0.999
7.34 0.0154 0.996
7.63 0.0199 0.996
8.00 0.0247 0.987

.
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shown in Figure 7.6 (initial pH being 5.0). The results of Table 7.1 and Figure 7.6 show
that k abruptly changes in the vicinity of pH 6.6. As the final pH approaches pH 6.6 from
above, k decreases by nearly an order of magnitude. Presumably, further slowing would
occur if the final pH could be adjusted even closer to the pH;. When the final pH is
increased away from the transition pH, k increases to magnitudes that are comparable to
those where no transition has taken place. Thus, it is seen that the observed initial-phase
slowing only occurs for final pH values that are above, but close to, the transition pH.
These data provide evidence that the initial-phase slowing is due to a mechanism caused by
the proximity to a swelling phase transition, and that the swelling transition observed for
the MMA/DMA 70/30 gel (Chapter 4) is in fact a first-order transition. However, this
mechanism does not explain the late-phase kinetic slowing that is observable when the final

pH is well above pHy

7.3.2.B Surface Collapse. At all pHs above pHy, the equilibrium state of the gel is a
dense, hydrophobic structure. It is conceivable that, upon exposure to solution at high pH,
network chains on the surface of the swollen gel collapse to form a compact layer or 'skin'.
The formation of a compact surface layer could effectively seal off the gel interior from the
external solution and prevent further efflux of water and exchange of ions. This could
explain the fact that the rate of deswelling at pHs well above pH; is initially rapid, but
decreases sharply after a period of time because an impermeable skin may require finite
time to form. Similar slowing phenomena were reported for hydrogels that undergo
reversible thermal collapse by Matsuo and Tanaka (8) and Bae et al. (9). They found that
gel deswelling, initiated by a step increase in the solution temperature through the LCST of
the gel, was initially rapid, but leveled off after several hours to a value of gel hydration
that was well in excess of the equilibrium value. They attributed the late-phase kinetic
slowing to the formation of a collapsed surface layer, although experimental verification of

this mechanism was not provided.
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The surface collapse hypothesis was experimentally tested in the present case by
measuring the diffusional release of a small marker molecule, initially located in the interior
of a hydrated gel, during various stages of dynamic deswelling (10). Evidence for
transport limitations would be manifest in a decrease in the rate of release of the marker as
gel deswelling progresses. Caffeine was used as the marker molecule for three reasons: 1)
it is small (MW 194) and water soluble, 2) it is uncharged at all experimental pHs which
avoids the effects of Donnan partitioning or other electrostatic interactions with the gel, and

3) it has an appreciable molar extinction coefficient at 272 nm which facilitates quantitation.

The release experiments were performed as illustrated in Figure 7.7. Gel disks
were brought to swelling equilibrium at pH 5.2 in a 0.01 M citrate buffer solution that
contained 10 mg/ml caffeine. This allowed caffeine to partition into the gel but did not
affect the equilibrium swelling ratio. Swollen, caffeine loaded disks were then transferred
to 100 ml of 0.01 M phosphate buffer pH 8.0 also containing 10 mg/ml caffeine. The
samples were allowed to deswell in this solution for various durations (0, 15, 40 or 60
min) but were not depleted of their caffeine payloads. Samples were then removed, lightly
blotted and placed in 100 ml of caffeine-free phosphate buffer at pH 8.0. The subsequent
appearance of caffeine in the buffer was monitored by periodically sampling aliquots of the
solution and measuring the optical density at 272 nm. The '0 min' sample was transferred
from the pH 5.2 caffeine solution directly to the pH 8.0 caffeine-free release solution and
corresponded to the case where gel deswelling and caffeine release commence
concurrently. An additional (control) experiment was performed by monitoring caffeine
release from a gel sample loaded with caffeine at pH 5.2 and transferred to fresh caffeine-
free buffer at pH 5.2 (no gel deswelling). In addition, the deswelling of a gel equilibrated
to pH 5.2 and transferred to pH 8.0 buffer was measured.
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The results of the caffeine release experiments are shown in Figure 7.8. The
arrows in the deswelling curve of Figure 7.4 indicate the points on the deswelling curve
where caffeine release was monitored. The release data indicate that transport of caffeine
from gels undergoing concurrent deswelling is unaffected by the duration of deswelling at
pH 8.0 up to 60 min. All release curves superimpose on that for the equilibrated, non-
deswelling (control) gel at pH 5.2. Release in all cases was complete in about 8 min.
Although the deswelling process (Figure 7.4) has slowed down considerably after 60 min
and remains significantly above its equilibrium swelling ratio of 0.11, the release data show
no evidence for the existence of a diffusional barrier to caffeine. It was further found that
the total amount of caffeine released linearly correlated with the initial water content of
disks of different thicknesses. This confirms that caffeine is being released from the full
volume of the disk and is not simply a surface release phenomenon. Since the diffusivity
of water is expected to be greater than that for caffeine, it is concluded that a diffusional
barrier to water transport is not contributing to the slow late-phase deswelling kinetics

observed.

7.3.2.C Gel Vitrification. Another source of late-phase slowing could involve the
process of gel vitrification as the internal water content of the gel becomes sufficiently low.
It is well known that the glass temperatures of polymeric materials are lowered by the
presence of solvent, which can induce a glass-to-rubber transition if Tg is lowered
sufficiently below ambient temperature (ref. 10 Chapter 6). The glass temperature of the
MMA/DMA 70/30 gel in the dry state is 91 °C (Chapter 4), which indicates that it is glassy
at room temperature. MMA/DMA gels at equilibrium at pHs above the transition are hard
and brittle and appear to have retained the glassy character of the dry state. This suggests
that, at some point during the process of deswelling at high pH, an initially swollen gel will

become kinetically limited as it approaches glassy compositions.
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This mechanism was tested by measuring the deswelling kinetics of a swollen gel at

temperatures well above its dry state Tg. This eliminates any possible contribution from

slowing due to vitrification. The BMA/DMA 70/30 gel was chosen for this purpose
because it has a Tg of 31 °C (Chapter 4), and the deswelling experiment was conducted at
50 °C. Figure 7.9 indicates the time course of deswelling of the BMA/DMA gel, initially
brought to equilibrium at pH 5.2 and then placed in pH 8.0 buffer at time zero. As
observed in the MMA/DMA deswelling curve (Figure 7.4), the kinetics of deswelling
proceed rapidly for the first 50-60 min. but sharply level-off thereafter. After 17 hrs at pH
8.0, the measured swelling ratio (0.26) remained well above the equilibrium value of 0.01.
Subsequent caffeine release experiments also showed that skin formation was not occuring
during deswelling of the BMA/DMA gel at 50 °C and pH 8.0. These experiments strongly
indicate that late-phase slowing is common to glassy and rubbery polyelectrolyte gels alike

and thus cannot be attributed to a vitrification process.

7.3.2.D Other Possible Late-Phase Slowing Mechanisms. Although we are
presently unable to experimently confirm a single causative mechanism for late-phase

kinetic slowing, several other potential mechanisms can be proposed.

A possible source of slowing could result from the difficulty in expelling
water that hydrates the network chains through hydrogen bonds and dipole/dipole
interactions. It is well known that a significant fraction of the internal water content
of a wide variety of tissues, synthetic membranes and swollen hydrogels exhibits
properties that are distinct from bulk water (11-17). Differential scanning
calorimetry measurements indicate that some hydrogel water does not freeze when
taken well below 0 °C (12-14), and NMR spin-lattice relaxation studies reveal
classes of water in poly(N-vinyl-2-pyrrolidone-co-methyl methacrylate) and
polyhydroxyethyl methacrylate (pHEMA) hydrogels that have widely differing
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translational mobilities (15-16). Furthermore, the presence of fixed charges and ions in
hydrated ionic membranes can significantly reduce the bulk water content (17). Evidence
that this anomalous water strongly interacts with the network comes from the finding that
freezable, bulk-like water is not detectable in pHEMA until the gel reaches a certain
minimum hydration (12-14,16). Apparently, water that first enters the gel becomes
strongly associated with the chains which prevents it from freezing. Bulk water does not

appear until the network chains are sufficiently hydrated.

In the process of deswelling from an extensively swollen state, the more mobile
'bulk' water component is expected to be expelled first. This process probably occurs
rapidly (provided that the final state is not close to a transition point) and is most likely rate-
limited by the cooperative diffusion of the network. Once the gel is depleted of bulk water,
the deswelling process could abruptly slow down due to the lower mobility of the bound

water component, which could contribute to rate-limiting the process.

The last mechanism that we consider for kinetic slowing is based on proton
diffusion-reaction. In response to a step increase in external pH, transient proton diffusion
within the gel may be delayed by reversible binding to unprotonated or 'free’ amine groups
on the gel. If the gel free amine group concentration exceeds the proton concentration
inside the gel, which will likely be the case at high pH, then transient proton diffusion may
be slowed by several orders of magnitude due to such binding. Nussbaum and
Grodzinsky have shown that proton diffusion-reaction determines the rate at which force
transients develop in stretched collagen membranes that are exposed to step perturbations in

solution pH (18).
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7.4 Conclusions

It is been demonstrated in this chapter that the swelling and deswelling processes of
swollen MMA/DMA 70/30 gels are rapid and highly reversible given step-changes in
solution pH that do not traverse the transition pH of 6.6. However, when the final pH
traverses the transition pH, the kinetics of deswelling become more complicated. Two

different phases of kinetic slowing are observed which depend on the proximity of the final
pH to the transition pH (pH,). Early-phase slowing becomes more pronounced as the final

pH approaches pHy, which was shown to be consistent with a critical slowing
phenomenon. When the final pH is well above pHy, deswelling is initially rapid but then is
followed by a late-phase slowing process. Although a causitive mechanism was not found
for late-phase slowing, it was shown that mechanisms including surface collapse or gel
vitrification are not involved. Other mechanisms such as bound water or proton diffusion-

reaction were proposed.
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Chapter 8.

Unresolved Issues and Suggestions
for Future Work

The C;-C3nAMA/DMA gels studied in this work have Tgs that are well in excess
of ambient temperature and thus exist in the glassy state when dry (Chapter 4). The glassy
property has made the study of the equilibrium and kinetic swelling properties of these gels
somewhat problematic. For example, it is difficult to establish whether the low gel
hydrations of the C;-C3 nAMA/DMA gels observed at pHs above the swelling transition
reflect true equilibria or result from the exceedingly slow response time of chains in the
glassy state. In addition, the non-Fickian aqueous sorption kinetics observed in dry gels
are, in part, due to the glassy state (Chapter 6). The determination of Tgs of gels as a
function of hydration by differential scanning calorimetry would be valuable in establishing
when a gel would undergo the glass-to-rubber transition due to the plasticizing effect of
water. Hydrated gels whose Ty are just below ambient temperature will exist in the
rubbery state and will achieve swelling equilibria relatively rapidly. This would indicate an

upper bound to the extent of swelling of gels in the glassy state.

A more satisfying approach to this problem would be to ‘design out' the glassy
property inherent in the shorter chain nAMA/DMA gels. This could be readily
accomplished by replacing the glass-forming n-alkyl methacrylate (nAMA) monomer with
an n-alkyl acrylate (nAA) in the synthesis of copolymer gels with DMA. The nAA
monomer structure, shown in Figure 8.1, differs from that of the nAMA monomer in the
absence of the a-methyl group. This structural difference results in a dramatic lowering of
the Tgs of the corresponding homopolymers, as listed in Table 8.1, as well as a reduction
in hydrophobicity. The reduction in hydrophobicity, however, could be compensated for
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g *.'
CH2=(|2 CH2=(i7
C|==O ?:O
(o] O\
NCHy)—H (CHp)—H
n n
n-alkyl methacrylate (nAMA) n-alkyl acrylate (nAA)

Figure 8.1. Structures of the n-alkyl methacrylate and n-alkyl acrylate monomeric
units. The a-methyl group is absent in the nAA structure.

by increasing the length of the n-alkyl ester group. Gels produced by copolymerizing an
nAA with DMA will be rubbery since the resulting Tg of the copolymer generally will lie
somewhere between the Tgs of the two homopolymers (recall that poly(DMA) has a Tg of
19 °C, see Chapter 4).

Table 8.1. Comparison of Glass Temperatures of Some Poly(nAA) and

PolenAMAz Homowlxmers.

n-Alkyl Group Tg of Poly(nAA) (°C) Tg of Poly(nAMA) (°C)
sfrom Ref. sln ‘fmm Table 4.22
methyl 9 104
ethyl 22 66
n-butyl -55 19
| IS I

As discussed in Chapter 5, implementation of the Donnan theory required the
knowledge of the gel charge density (ppep). The simple proton mass action law (eqn. 5.9)
used to describe the ionization equilibrium of the gel in the theory was an
oversimplification. It neglected to account for the the changes in the gel ionization constant

that arise due to dielectric effects of the gel internal phase, which will change as a function
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of gel hydration, and the electrostatic interactions between the charged groups. In future
attempts to model the equilibrium swelling behavior of nAMA/DMA gels, the degree of
ionization of the amine groups will have to be measured experimentally through the use of a
technique which can distinguish between the ionized and unionized forms of the amine,
such as NMR spectroscopy. Alternatively, the incorporation of permanently charged
cationic groups into the gel, such as quaternary ammonium groups, would make the direct
computation of ppe; straightforward since the charged state of the gel would be

independent of solution conditions.

Further studies are necessary to test the hydrogen ion carrier theory proposed to
explain the swelling kinetic rate enhancement observed in the presence of weak electrolytes
in Chapter 6. The postulated mechanism involves the ability of protonated unionized buffer
species to transport hydrogen ions across the swollen gel layer to the swelling front.
Diffusion of hydronium ions, themselves, across the swollen gel phase is expected to be
slow due to Donnan exclusion. The rate of water sorption is thus predicted to vary directly
with the concentration of the unionized form of the buffer. The theory could be tested by
determining the sorption kinetics in a series of weak acid buffers of different pK,'s at
constant solution pH and total concentration, which would result in different unionized
species concentrations. In addition, this experiment would allow the contributions of
solution pH and of the unionized buffer species to the overall sorption rate to be separated.
Since other chemical properties of the buffer species (hydrophobicity) were shown in
Chapter 6 to affect the sorption rate, it is important to employ a series of acids of chemically
similar structure, such as the substituted acetic acids, in order to minimize specific

interactions between the buffer and the gel phase.
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