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Foreword 

l H E ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted 

 A
ug

us
t 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
fw

00
1

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



Preface 

P O L Y E L E C T R O L Y T E GELS A R E T H E BASES for multibiilion dollar 
businesses that affect all our lives: personal care products (e.g., diapers, 
feminine care products, and incontinence products); industrial separations 
(e.g., sewage treatment, membrane processes, and protein and biological 
synthesis processes); and pharmaceuticals (e.g., controlled-release tech
nology, bioadhesives, and enteric dosage forms). Developing these appli
cations of gels has required a fundamental understanding of the relation
ships between synthesis, characterization, and end-use performance. 

The development of materials, instruments, and products requires a 
judicious selection of chemical and physical characteristics of the gel. 
The final properties of the gelled system are determined by varying the 
type, degree, and distribution of ionizable and nonionizable functional 
groups, cross-linkers, and reaction conditions. Therefore, in addition to 
an understanding of polymer synthesis, a knowledge of polymer structural 
characterization, thermodynamics, diffusion theory, and physical chemistry 
is required to achieve the desired polyelectrolyte gel. 

This volume is presented to provide an overview of polymer gels with 
particular emphasis on the unique characteristics of polyelectrolyte gels. 
The authors include participants from the symposium on which this book 
is based, and additional contributions were made by other leading 
researchers in the field. These chapters provide the reader with a 
comprehensive book on polyelectrolyte gels. 

An introduction is provided by Toyoichi Tanaka of the Massachusetts 
Institute of Technology covering the state of the art and the potential of 
polyelectrolyte gels. TTie following chapters provide in-depth descriptions 
of gel synthesis, characterization, thermodynamics, mass transport, and 
novel applications. Each chapter provides descriptions of current 
research and a review of noteworthy contributions in the specific area by 
leading experts. 

Each chapter has been reviewed by one (and in most cases two) 
independent experts, both editors, and a proofreader. But in the end, it is 
the strength of the individual researchers who contributed chapters that 
ensures the strength and impact of the volume. 

ix 
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Chapter 1 

Phase Transitions of Gels 

Toyoichi Tanaka 

Department of Physics and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, MA 02139 

Polymer gels are known to exist in two distinct phases, swollen and 
collapsed. Volume transition occurs between the phases either 
continuously or discontinuously in response to chemical and physical 
stimuli such as temperature, solvent composition, pH, ionic 
composition, electric field, light, and particular molecules. For a gel to 
undergo the phase transition, it is necessary that polymers interact with 
each other through both repulsive and attractive interactions and the 
balance of competing interactions has to be modified by various stimuli. 
The phase behavior of a gel, therefore, crucially depends on the nature 
of interactions between polymers. Recently new phases and volume 
transitions between them have been discovered in some gels. Detailed 
examination of the gel phase behavior provides a deep insight into the 
polymer-polymer interactions and configurations of polymers. The 
knowledge on physical and chemical fundamentals of gel phase 
transition will play a role as guiding principles for a wide variety of 
technological applications of gels as functional elements. 

During the last decade gel research has made remarkable progress owing to the 
strenuous efforts by researchers from many different fields. Since ancient times gels 
have been closely affiliated with our daily life. From the early 1940's numerous 
synthetic gels have been designed and developed for various usages (1,2). What, then, 
has made the gel research very popular again? The purpose of this article is to provide 
an answer to this question (3). 

Gels are found everywhere. In our bodies, the cornea, the vitreous, and the 
connective tissues are gels. The surfaces of the internal tracts such as the stomach and 
lung are covered with gels. The basement membranes for the kidney and blood vessels 
are also gels. These membranes are believed to play a fundamental role in the transport 
of water and solute molecules. 

Disposable diapers and sanitary napkins use gels as super water absorbents. 

0O97̂ 156/92/048O-O001$O6.25/0 
© 1992 American Chemical Society 
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2 POLYELECTROLYTE GELS 

For these industries it is crucial to understand the physical and chemical principles that 
govern the degree and speed of gel swelling in the physiological conditions. 

Sheets of gels are developed that tightly wrap fresh fishes and meats. The gels 
keep them moist but absorb unnecessary excess water and are useful for efficient 
transportations and storages. 

Gels are used for agricultural purposes as retainers of water and solutes. 
Gels are indispensable materials as molecular sieves to separate molecules 

according to size in gel permeation chromatography and electrophoresis. 
Soft contact lenses, artificial lenses, artificial vitreous, and materials used in 

plastic surgeries are made of gels. Gels are also used as control delivery systems for 
drugs and perfumes. 

Builders mix a concrete powder with water. It is difficult to mix a powder and 
a liquid homogeneously, and it is necessary to put an excess amount of water for a 
thorough homogeneous mixing. Recently a method has been developed where gels 
rather than water are used. Mixing of two powders is much easier than mixing powder 
and water and requires much less of water. After thorough mixing the gel gradually 
shrinks due to the pH change squeezing out water into the concrete powder uniformly, 
thus a concrete with an extremely high density can be obtained. Its hardness and 
strength are similar to those of rock. 

The gels play a vital role in the fields of medicine, foods, chemical, agricultural, 
and other industries. The list of gels and their usages would be too long to be fully 
described in this chapter. Readers may refer to some recently published books on 
applications (1-2,8-9). 

Structure of gels 

The unique structure allows gels to be useful in various applications (10,11). Gels are 
cross-linked networks of polymers swollen with a liquid. For example, two thirds of 
the human body consists of water, and almost all the biological reactions and other 
activities occur in water. Water needs a container to retain its shape as an entity; nature 
invented two kinds of containers, cells and gels. A cell membrane provides a boundary 
to water, whereas a polymer network incorporates water in its intersticious space with 
its affinity due to interaction energy and polymer entropy. These containers allow 
water to retain its shape. 

The history of the science and technology of membranes is long. Recent 
revival of the technology of the Langmuir-Blogget films allowed remarkable progress 
in the field. Fruitful outcome in the membrane technology is expected to flourish 
during the next decade. Incidentally gel research is also expected to grow rapidly 
during the next decade. 

As our society becomes richer and more sophisticated, and as we increasingly 
recognize that the natural resources are not unlimited, materials with better quality and 
higher functional performance become more wanted and needed. Soft and gentle 
materials are beginning to replace some of the hard mechanical materials in various 
industries. Recent progress in biology and polymer sciences that is unveiling the 
mystery of marvelous functions of biological molecules and organelles promises new 
development in gel technologies. All these factors bring us to realize the importance 
and urgent needs of establishing gel sciences and technologies (1). 

The principles of phase transitions and critical phenomena in polymer gels are 
essential for the understanding of gels and of polymer systems in general (12). These 
phenomena provide an experimental tool with which to explore the fundamentals 
underlying the molecular interactions and recognitions in natural and synthetic 
polymers. 
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1. TANAKA Phase Transitions of Gels 3 

Historical Background 

Theoretical works 
Study of the phase transition of gels can be traced back to the theoretical work by 
Dusek and Patterson in 1968, who suggested the possibility of a discontinuous volume 
change of a gel when an external stress is imposed upon it (13). Using the Flory-
Huggins equation of state, these researchers realized that with the presence of an 
external force, Maxwell's loop appears in the isobar of the gel. A similar phenomenon 
in a single polymer chain, known as the coil-globule transition, has been theoretically 
studied by Ptitsen and Eizner (14), and Lifshitz, Grosberg, and Khokhlov (15), and 
deGennes (16). In a sense a gel phase transition is a macroscopic manifestation of a 
coil-globule transition. 

Collective diffusion of gels 
On the experimental side the first relevant event may be the observation of the so-called 
collective diffusion, which was found in 1973 using quasielastic light scattering on 
acrylamide gels (17). Light is scattered by the density fluctuations of polymer network 
or the phonons in the polymer network. The phonon would propagate without water, 
but in water the phonon is completely overdamped and the motion becomes a diffusion 
process. The equation for the displacement u of a point in the gel whose average 
location was χ is given by: 

92S(x,t) _ fa 3u. 
p at2 = K

3 * 2 ~ f a t m 

The left hand side represents the density ρ times acceleration, the first in the rhs is the 
elastic restoring force. Κ denotes the longitudinal elastic modulus. These two terms 
constitute the sound wave equation within an elastic medium, which, in the case of a 
gel, is the polymer network . The last term is the viscous friction between the network 
and water. In most gels the inertia term is much smaller than the friction and elastic 
terms and can be neglected, and the equation becomes that of a diffusion. 

. 92u τ τ-

 r 3u „ 3u Κ 32u 
at2 ax2 ft at f (2) 

It is interesting that polymers undergo a diffusion process even though they are all 
cross-linked into a network. This process is, therefore, called the collective diffusion of 
a gel. 

However, the notion that an elastic medium obeys the diffusion equation when 
it moves in a viscous fluid is more general and universal than the diffusion of isolated 
molecules in water. For example, the diffusion of ink in water obeys the diffusion 
equation. Without water the ink solute can be considered as a gas whose elastic 
constant and friction is given by using Stokes formula: 

K = nkT and f = ηόπητ (3) 
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4 POLYELECTROLYTE GELS 

where η is the number density of the ink molecules, η is the water viscosity, and r is 
the radius of the ink molecule. From these two equations the Stokes-Einstein formula 
is derived for the diffusion coefficient of particle: 

Thus the diffusion of ink molecules can be derived from the equation (2). 
The light scattering study confirmed the diffusion process in gels. For 

example, the mode decayed in proportion to the square of the wave-vector (~ q2) as 
theoretically predicted from the equation (2). The collective diffusion mode has been 
confirmed in various gel systems. Munch and colleagues showed an interesting 
demonstration on the collective nature of the diffusion of a polymer network. These 
researchers measured a solution containing polymers of a same chemical structure but 
with two different molecular weights (18). The two diffusion coefficients were 
observed, each corresponding to each molecular weight. When the polymers were 
cross-linked, the correlation function of scattered light became a single exponential and 
the diffusion coefficient became a single value. This observation revealed the essence 
of nature of collectivity of the diffusion process of all the connected polymers. 

Viscoelastic parameters were determined using light scattering technique on 
various gels (19). The collective diffusion theory has been improved by taking into 
account of the counter flow of water, the effect of shear modulus, and shape 
dependence (19-22). 

Critical behavior of gels 
In 1977 the critical phenomena were discovered while the light intensity scattered from 
a gel was being measured as a function of temperature (23). As the temperature was 
lowered, both the intensity and the fluctuation time of scattered light increased and 
appeared to diverge at a special temperature. The phenomenon was explained as the 
critical density fluctuations of polymer network, although the polymers were cross-
linked (24-25). The critical behavior was not along the critical isobar, but the spinodal 
line was reached under super cooled conditions. 

Phase transition of gels 
The light scattering study of the acrylamide gels in water showed that the fluctuations 
of the polymer network diverged at minus 17°C. This finding raised a question of ice 
formation although such possibility was carefully checked and eliminated by the 
measurement of refractive index of the gel. Such a question could be answered if the 
spinodal temperature were raised to much above the freezing temperature. The gels 
were placed in acetone-water mixtures with different concentrations to find a proper 
solvent in which the opacification of the gel occurred at room temperature. The next 
day half of the gels were swollen, and the remaining gels were collapsed, meaning the 
gel volume changed discontinuously as a function of acetone concentration. 

The experiments were repeated but were not reproducible: new acrylamide gels 
were made with various recipes and their swelling curves were determined as a 
function of acetone concentration, but they were all continuous. It was later recognized 
that the gels that showed the discontinuous transition were old ones, that is, gels made a 
month before and left within tubes in which they were prepared. Repeated experiments 
were all carried out on "new" gels, and thus they underwent a continuous transition. 

f ηόπητ 6πητ 
_ nkT _ kT 

(4) 
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1. TANAKA Phase Transitions of Gels 5 

collapsed swollen 

Figure 1. The phase transition of a gel is a reversible and discontinuous folding and 
unfolding of the polymer network. 

Phase Transitions of Gel 

Temperature, Solvent composition, pH, Ions 

Electric field, UV, Light 

Specific molecules, or chemicals 

Figure 2. The phase transition of a gel is observed as a reversible and discontinuous 
volume change in response to temperature and other environmental variables. 

Later the difference of new and old gels was identified as ionization which 
induced an excess osmotic pressure within the gels leading to the discontinuous 
transition. Hydrolysis was gradually taking place in the gel in a mildly high pH 
solution. This explanation was experimentally proven by artificially hydrolyzing the 
gel and observing the increase in the discontinuity of the volume transition (26). It was 
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6 POLYELECTROLYTE GELS 

also shown theoretically that when the osmotic pressure due to counter ions was added 
to the equation of state of a gel, Maxwell's loop appeared in the swelling curves 
(temperature vs volume) and a discontinuous transition emerged. As the ionization 
increased the transition temperature was predicted to increase and the volume change at 
the transition was found to be larger. 

Figure 3 below shows the swelling curves of acrylamide gels immersed in 
acetone water mixtures with different volume compositions (26). The gel is swollen in 
water and gradually shrinks as acetone is added to the solution. The days shown in the 
graphs indicate the length of hydrolysis of the acrylamide gels in the pH 10 solution of 
tetramethylethylenediamine, the accelerator of the gelation of acrylamide. 

O r - ] 

0 - 2Doys -

0- J -

-

3-
lluu • • 

- 6Doys 

- J -

t -

f -

- 60 Days -

- -

i -
10° 

Swelling ratio (V/V*) 
10» 

Figure 3. The equilibrium swelling volumes of acrylamide gels immersed in 
acetone—water mixtures with different volume compositions. (Reproduced with 
permission from reference (26). Copyright 1980 American Physical Society) 

As the hydrolysis proceeds the transition acetone concentration becomes higher and the 
volume change at the transition increases. The volume change at the transition reaches 
500 times at 60 days hydrolysis. A special hydrolysis duration exists at which the 
transition becomes discontinuous for the first time. The special condition of 
temperature, solvent composition and gel composition, at which the swollen phase and 
collapsed phase merge corresponds to the critical point. 

Phase transition is universally observed in gels 

The set of the swelling curves shown in the figure has a strong resemblance to the set 
of volume-temperature curves of water. Water becomes vapor at 100°C and changes 
its volume seventeen hundred times at one atmosphere. As the pressure decreases the 
vaporization temperature is lowered and the volume change at the transition becomes 
large. (This phenomenon is why a mountain climber needs a pressurized cooker to 
boil rice at high altitudes.) The ionization causes a similar effect on the gel phase 
transition. In gels the ionization adds an internal pressure, which is opposite to an 
external pressure. Ionization of a gel has a similar effect as decreasing the external 
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1. TANAKA Phase Transitions of Gels 7 

pressure in water-vapor transition. Theoretically the swelling curve is given by 
minimizing the free energy per polymer segment with respect to polymer density or 
equivalently by the zero osmotic pressure on the gel. The Flory-Huggins formula 
gives the free energy in the form (10,11,23): 

F = F + F + F 
rubber counter - ion virial 

VkT 

F 

~ v c 

F ... 
vinal 

^ k T 

counter - ion 

VkT 

p2 4- wp3 + xp4+ • · · 
(5) 

where F r u b b c r represents the free energy of rubber elasticity, F c o u n l c r _ i o n represents the 
counter ion osmotic pressure, and F v i r i a i denotes the set of virial terms including the 
charge-charge repulsion. The curves calculated using this formula satisfactorily 
describes the phenomena qualitatively. Thus, the phase transition of a gel may be 
considered a phenomenon similar to the gas-liquid phase transition. The latter occurs in 
the group of separated molecules, whereas in the former all the molecules are 
connected in the form of a network. 

Gel Phase Transition Gas-Liquid Phase Transition 

(water-vapor) 

Ε 
fi 

Volume Volume 

Figure 4. Equation of states of a gas-liquid system and a gel. 

The analogy between the water-vapor transition and gel transition indicates that 
the gel transition should be observed in any gel, since the gas-liquid transition is also 
universal to any materials. The universality of the gel phase transition was confirmed 
by the observations of phase transition in gels of various synthetic polymers. Most of 
the synthetic polymers in which the transition was found had the vinyl chain backbone. 
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8 POLYELECTROLYTE GELS 

As is known only three types of polymers exist in nature: polypeptides, 
polysaccharides, and polynucleotides. These polymers have backbone structures 
totally different from each other and from vinyl polymers. Amiya chose a 
representative from each one of these biopolymer groups and cross-linked them by 
covalent bonds. Gels made of gelatin, agarose, and DNA exhibited a phase transition 
(27). Many synthetic gels have also been studied and the universality of the phase 
transition in gels seems to have been well established (28-32). It may now be 
concluded that the phase transition of gels should be universal to any gel. 

Theories of phase transition of gels have been extensively improved. Readers 
should refer to references such as (33-36). 

Examples of gel phase transition in the biological world 

Now that the phase transition is universally observed in gels, it is natural to ask 
whether nature makes use of the phenomenon in biological activities. Verdugo found a 
fascinating example where the gel phase transition is indeed utilized in biological 
activity (37). Slug mucin, which is stored in the body in an extremely compact form, 
swells more than 1000 times when secreted out of the body and absorbs water in its 
neighborhood. By doing so the slugs are able to keep water and maintain the moist 
environment necessary for survival. The idea is also used for recently available 
disposable diapers. The question has been raised by some biologists concerning how 
slugs can create such highly dense mucin for storage in the body full of water. A slug 
might need a significant osmotic pressure, thus a large energy to do so. 

Figure 5. Slugs release compactly packed gel beads to absorb water to maintain a 
moist environment. The gel beads are shrunken in spite of the aqueous body fluid 
thanks to the phase transition induced by calcium ions. 

Verdugo and his colleagues found that the mucin undergoes phase transition in 
acetone-water mixtures, and by adding calcium ions. Namely slug does not need much 
energy to squeeze the mucins, but only have to increase calcium concentration around 
mucins. Such mechanisms seem to be used for other animals such as the eight-eyed 
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1. TANAKA Phase Transitions of Gels 9 

eels in Japan, and probably for the mucins that cover our internal ducts. This finding is 
not only amusing but seems to have a profound implication for biological activities. It 
is interesting to note how sophisticated are the slug's method that utilize gels near the 
phase transition threshold and thus in the reversible condition, compared to the super 
water absorbents in diapers which are used only in the irreversible processes. 

Verdugo further found that the delivery of histamines is carried out by phase 
transition of granular mucus gels (38). The granules contain highly concentrated 
histamine molecules, which are released upon swelling transition after the granules are 
secreted out of a mast cell. The gel granules are collapsed with the presence of high 
concentration of histamine for recycling. 

Some researchers consider that the phase transition of gels plays a vital role in 
muscular contraction and relaxation (39), and also in neural excitation and signal 
transmission (40). It is known that a cytoskeletal gel is needed for membrane 
excitations and the gel changes its volume upon polarization and repolarization (41). 

Universality Class of Gels 

Many systems undergo phase transitions. Water becomes ice below 0°C and boils at 
100°C. Helium becomes superfluid below 2.7°K. A liquid crystal changes its 
structure among nematic, smectic, cholesteric, and isotropic phases. Polymers 
precipitate when solvent becomes poor. Associated to these phase transitions are the 
critical fluctuations in density, magnetization, composition, and orientations. One of 
the greatest achievements of modern physics is the understanding of such phase 
transitions and critical phenomena of various systems in a general way. In particular, 
phase transitions can be classified into a small number of groups called universality 
classes (42). The classes are characterized by the set of critical exponents indicating the 
power relations among deviations of variables from the critical values (43). Therefore, 
a good quesstion is to which universality class do gels belong. 

Yong Li determined the various critical exponents on the poly(N-
isopropylacrylamide) gel that undergoes the phase transition driven by hydrophobic 
interaction. The exponents were determined along the critical isobar. 

measured quantity critical exponent 

specific heat α = -0.05 ± 0.15 
critical isobar δ = 4.2 ± 0.5 

coexistence curve β = 0.40 ± 0.10 
density fluctuations γ = 0.90 ± 0.25 

relaxation rate ν = 0.45 ± 0.07 
swelling or shrinking rate ν = 0.45 

These critical exponents are consistent with the 3-D Ising system (44). It is important 
to note that this question is not settled yet, since the critical exponents measured so far 
are all related to the volume or density of gels, but there are other order parameters such 
as off-diagonal strain components and also unresolved experimental studies of effects 
of shear modulus on the volume phase transition. Onuki provided a theoretical 
consideration on this problem (45-46). 
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10 POLYELECTROLYTE GELS 

Diminishing of gel-solvent friction 

According to the study of dynamic light scattering of acrylamide gel, the friction 
between the water and the polymer network decreases reversibly and diminishes as the 
gel approaches to a critical point or spinodal line (23). The physical picture is that the 
density fluctuations become large as the critical point is approached, which create 
effectively large pores as determined by the correlation length. The correlation length 
diverges and the friction diminishes at the critical point. Tokita found the decrease of 
gel-solvent friction by three orders of magnitude in poly(N-isopropylacrylamide) gel in 
water (47-48). 

Fundamental biological interactions and gel phase transitions 

Four fundamental interactions play an essential role in biological nature in determining 
the structures and specific functions of macromolecules and their assemblies: hydrogen 
bonding; hydrophobic interactions; van der Waals interactions; and ionic interactions 
(49). Molecular recognition that occurs between DNA strands, antigen-antibody, 
receptor-hormone, enzyme-substrate, and actin-myosin filaments are all achieved by 
exquisitely coordinating these forces in space. The magnitude, temperature 
dependence, and behavior in aqueous environment are totally different among the 
fundamental forces, and it is those differences that allow the variety in the biological 
functions created by these forces. Understanding how these forces determine the phase 
behaviors of polymers is of fundamental importance. 

Ionic Hydrophobic 

J ^ . CH 2 

i t ^ ^ r i CH 3- CH - CH 2- CH 3 

water C H3" C H2" ÇH - CH 3 

Hydrogen Bond van der Waals 

O^O O ^ O 

Η " Η ? 

O ^ N H 2 

° * c ' N h 2 ^ 

Figure 6. Four fundamental attractive interactions in the biological nature. 
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1. TANAKA Phase Transitions ofGels 11 

Gel phase transition is a result of a competitive balance between a repulsive 
force that acts to expand the polymer network and an attractive force that acts to shrink 
the network. The most effective repulsive force is the electrostatic interaction between 
the polymer charges of the same kind, which can be imposed upon a gel by introducing 
ionization into the network. The osmotic pressure by counter ions adds to the 
expanding pressure. The attractive interactions can be van der Waals, hydrophobic 
interaction, ion-ion with opposite kinds, and hydrogen bonding. The phase transition 
was discovered in gels induced by all the fundamental forces. 

van der Waals interaction 
The partially hydrolyzed acrylamide gel undergoes phase transition in acetone water 
mixtures (26). The main polymer-polymer affinity is due to the van der Waals 
interaction. It was necessary to add acetone, a nonpolar poor solvent, to water in order 
to increase the attraction to a sufficiently large value to induce the transition. The 
transition is also observed when the temperature is varied while the solvent 
composition is fixed near the transition threshold at room temperature. The gel swells 
at higher temperatures and shrinks at lower temperatures. 

Hydrophobic interaction 
In an attempt to find a gel that undergoes a volume phase transition in pure water, 
rather than acetone-water mixture, Hirokawa studied gels which had side groups with 
more hydrophobicity than that of acrylamide (50). In the figure below the volumes of 
copolymer gels of N-isopropylacrylamide and sodium acrylate in water are plotted as a 
function of temperature as determined by Hirotsu, Hirokawa, and Tanaka (51). This 
gel is unique in that the solvent is a simple liquid in contrast to the previous cases 
where mixtures of solvents were necessary to observe the phase transition. Without 
ionizable sodium acrylate, the gel undergoes a discontinuous volume change by eight 
times at T=33.0°C. As the sodium acrylate concentration increases, the transition 
temperature rises and the volume change becomes larger. 

Swelling ratio ( V / V 0 ) 

Figure 7. The volumes of ionized N-isopropylacrylamide gels in water as a function of 
temperature. As the ionization increases the volume change at the transition becomes 
larger and the transition temperature rises. (Reproduced with permission from 
reference (51). Copyright 1987 American Physical Society) 
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12 POLYELECTROLYTE GELS 

It is interesting to observe that the gel swells at lower temperatures and 
collapses at higher temperatures. This temperature dependence, which is opposite to 
the transition induced by van der Waals interaction, is due to the hydrophobic 
interaction of the gel and water. The water molecules in the vicinity of hydrophobic 
polymer chains have more ordered structures, and thus a lower entropy, than those 
away from the polymers. At higher temperatures the polymer network shrinks and 
becomes more ordered, but the water molecules excluded from the polymer network 
become less ordered. As a whole the gel collapses amount to a higher entropy of the 
entire gel system as should be. More detailed theory and experiments have been 
carried out (52-54). 

Hydrogen bonding 
We now look for a gel that undergoes phase transition in pure water, but in the 
temperature dependence opposite to that of hydrophobic interaction. Such a phase 
transition has been found in an interpenetrating polymer network (IPN) consisting of 
two independent networks intermingled each other (55). One network is poly (acrylic 
acid) and the other poly(acrylamide). The gel was originally designed and developed 
by Okano and his colleagues (56-59), who found that the gel is shrunken at low 
temperatures in water, and the volume increased as temperature rose. There was a 
sharp but continuous volume change at about 30°C. These researchers identified the 
main interaction to be hydrogen bonding and also pointed out the importance of the so-
called "zipper" effect, which described the cooperative nature of the interaction between 
two polymers (56). Such polycomplexation phenomena were studied extensively in 
solutions of various polymer pairs (60-64). 

Figure 8. The phase transitions of gels induced by one of the fundamental attractive 
interactions in the biological nature. (Reproduced with permission from reference (55). 
Copyright 1991 Macmillan Magazines Ltd) 
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1. TANAKA Phase Transitions of Geh 13 

By slightly ionizing the gel, Ilmain, Tanaka, and Kokufuta succeeded in 
inducing the discontinuous volume transition of the IPN in pure water (55). The 
transition temperature was approximately 20°C and a large hysteresis was observed. 

Electrostatic attraction 
Polymers having both cationic and anionic groups are called polyampholytes. These 
polymers can be either positively or negatively charged, and repel each other over short 
ranges, but attract over long ranges (65-69). Myoga and Katayama studied such a gel 
and observed that at neutral pH's the gel is indeed shrunken and at both higher and 
lower pH's (70) it is swollen. In the neutral pH's both cations and anions are ionized, 
and they attract each other, thus the gel shrinks. Otherwise the one of the ionizable 
groups is neutralized, while the other remains ionized, and the gel swells. The volume 
change was gradual and continuous. 

Recently Annaka found a phase transition in a polyampholyte gel of 
copolymers of acrylic acid and methacrylamidopropylammonium chloride (71). Phase 
transitions at higher pH and at lower pH are both accompanied by large pH hystereses. 

These observations of phase transitions driven mainly by each one of the 
fundamental biological interactions allow us to draw a general picture of how polymers 
interact with each other through these interactions. It is important to note that each 
interaction is strong enough to induce a collapse but weak enough to allow swelling 
transition near the body temperature. The differences in the nature of each interaction 
are clearly revealed in the phase transition, particularly in the temperature dependence 
and in the size of hysteresis. Nature uses those differences to create extremely effective 
and specific molecular recognition mechanisms. It will be interesting to study the 
phase behavior of gels where combinations of these fundamental interactions are 
introduced and their balance is varied by changing variables such as temperature, 
solvent composition, and pH. We shall show in the next section that such a study is 
now revealing a fascinating new aspect in the phase behavior of gels. 

New phases 

We have seen that each of the four fundamental interactions induces a transition 
between two different phases in water near body temperature. What will happen if two 
or more interactions are combined within a gel? Would a gel, and in general a polymer 
system, have new phases other than just swollen or collapsed phases? 

Such phases are known to exist in the biological world. For example, every 
protein has a unique and stable structure. Configuration of a natural protein must be at 
its free energy minimum separated by free energy barriers from other possible 
configurations. By thermodynamic definition the protein configuration should be a 
phase. Similarly an antibody forms a pair only with its antigen. Any other 
combination does not lead to a pair. Configuration of such a pair should thus be 
separated by the free energy barrier from other possible combinations. Again by 
definition the antibody-antigen should be a phase. 

However, no such phases were observed in synthetic polymer systems. Only 
biopolymers, not synthetic polymers, may have such phases. It took billions of years 
for nature to select some 106 proteins for biological activities, whereas theoretically 
2Q400 v a ri e ty i s possible for polypeptides assuming each consists of 400 amino acids 
of 20 kinds. The number of actual proteins is negligible compared to the theoretically 
possible number of polypeptides. Proteins could be an exception. However, new 
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14 POLYELECTROLYTE GELS 

phases have been recently found by Annaka in copolymer gels consisting of cationic 
and anionic groups that form interpolymer hydrogen bondings (71). As temperature or 
pH is varied, the gel changes its volume discontinuously in water among many phases 
distinguished by different volumes. The number of phases and the transition 
thresholds depend on the ratio of the cationic and anionic monomers in the polymer 
network. Each phase can be reached by following a different way of changing pH. 
New phases have also been discovered by Ishii in a gel made of homogeneous 
polymers where polymers are interacting through hydrogen bonding and hydrophobic 
interactions (72). 

The internal structures of these new phases are not yet understood. The finding 
demonstrated the possibility that the marvelous functions and structures that were 
considered to be available only to biopolymers, may be achieved by ordinary synthetic 
polymers. It is a democratization of polymers. 

On the other side, the concept and principles of specificity, individuality, and 
diversity will be introduced into the polymer science. Macroscopic behaviors of 
polymers are far richer than one used to think and crucially depend on how the 
fundamental interactions are coordinated within the polymers. 

Various stimuli induce phase transition 

Gels undergo volume phase transition in response to different kinds of stimuli. Before 
the phase transition was found in gels, various researchers have developed gels that 
change their swelling degrees when a stimulus was applied to the gels. This article will 
describe only the systems that use the phase transition phenomenon. 

Light sensitive gels 
Gels have been designed and synthesized that undergo phase transition in response to 
light (73-74). Two such reports have each demonstratied a different mechanism. One 
uses the photo-ionization effect. Mamada and colleagues synthesized copolymer gels 
of N-isopropylacrylamide (NIPA) and the photo-sensitive molecule, Bis(4-
dimethylaminophenyl)-4'-vinylphenyl-methane-leucocyanide (73). NIPA gels are 
thermosensitive gels and undergo phase transition in pure water in response to 
temperature. Without ultraviolet irradiation the gels underwent a sharp, yet continuous 
volume change, whereas upon ultraviolet irradiation they showed a discontinuous 
volume phase transition. For fixed appropriate temperatures the gels discontinuously 
swelled in response to irradiation of ultraviolet light and shrank when the light was 
removed. The phenomena were caused by osmotic pressure of cyanide ions created by 
ultraviolet irradiation. 

The second example uses visible light absorption that increases the temperature 
locally within the thermosensitive gel (74). The gel consists of a covalently cross-
linked copolymer network of N-isopropylacrylamide and chlorophyllin, a combination 
of thermo-sensitive gel and chromophore. In the absence of light, the gel volume 
changes sharply but continuously as the temperature is varied. Upon irradiation the 
transition temperature is lowered, and beyond a certain irradiation threshold the volume 
transition becomes discontinuous. The phase transition is presumably induced by 
local heating of polymer chains due to the absorption and subsequent thermal 
dissipation of light energy by the chromophore. The results are theoretically interpreted 
using the Flory-Huggins equation of state of gels, assuming that the local temperature 
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1. TANAKA Phase Transitions of Gels 15 

increment is proportional to the chlorophyllin density, thus proportional to the polymer 
density. 

Figure 9. The phase transition of a gel induced by light. (Reproduced with permission 
from reference (74). Copyright 1990 Macmillan Magazines Ltd) 

Thermo-sensitive gels 
Ito and colleagues synthesized various polymers and gels that collapse as temperature 
is increased using hydrophobic polymers (75). This study allows production of a gel 
with any desired transition temperature. It is necessary to develop gels with various 
transition temperatures that swell upon increasing temperature, rather than decreasing 
temperature (76-78). The gels with polymers interacting with hydrogen bonds and van 
der Waals interactions should have such a temperature dependence. 

Thermosensitive gels are widely used for delivery systems (79-82, 56-59) and 
actuators (83-86). 

Solvent sensitive gels 
Some gels have been synthesized that undergo the phase transition twice as the solvent 
composition is monotonically varied from 0% to 100%. Such reentrant behavior has 
also been observed when temperature or pH were used as variables. 

Ion and pH sensitive gels 
Gels are developed that respond to ionic and pH changes (87-88). Siegel and 
colleagues have been extensively studying the pH sensitive gels, and opened the door to 
medical applications (89-91). 

Electric field sensitive gels 
Some gels have been synthesized that undergo phase transition under an electric field. 
Before the phase transition was found the shrinking and swelling effect of an electric 
field was recognized and studied by several researchers (92-95). Tanaka and 
colleagues found the phase transition in hydrolyzed acrylamide gel in 50% acetone 

Gel 
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16 POLYELECTROLYTE GELS 

water mixtures. Their original interpretation that the electrophoretic of polymer 
network might be responsible for the phase transition does not seem correct (96). The 
most important effect seems to be the migration and redistribution of counter and 
added ions within the gel (97). 

Biochemically sensitive gels 
Recently various schemes have been developed where a gel can undergo phase 
transition when a particular kind of molecule is present. This transition is achieved by 
embedding biochemically active elements such as enzymes or receptors within a gel 
that is placed near the transition threshold. When target molecules enter the gel, the 
active element converts them into other molecules or form a complex, which disturbs 
the equilibrium of the gel inducing the swelling or collapsing phase transition. Such a 
scheme has been extensively explored by various researchers (56-59,79-82,98-100). 

Kokufuta, Zhang and Tanaka developed a gel system that undergoes reversible 
swelling and collapsing changes in response to saccharides, sodium salt of dextran 
sulfate (DSS) and α-methyl-D-mannopyranoside (MP) (101). The gel consists of a 
covalently cross-linked polymer network of N-isopropylacrylamide into which 
concanavalin A (ConA) is immobilized. At a certain temperature the gel swells five 
times when DSS ions bind to ConA due to the excess ionic pressure created by DSS. 
The replacement of DSS by non-ionic MP brings about a collapse of the gel. 

MP-gel DSS-gel 

Figure 10. The phase transition of a gel in response to saccharides. (Reproduced with 
permission from reference (101). Copyright 1991, AAAS) 

The transition can be repeated with excellent reproducibility. In the next page Figure 11 
shows how the swelling curve changes in the presence and absence of these 
saccharides. 
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1. TANAKA Phase Transitions of Geh 17 

Swelling Ratio (V/V0) 

Figure 11. The swelling curves of the saccharide-sensitive gel in response to DSS and 
MP. (Reproduced with permission from reference (101). Copyright 1991, AAAS) 

We will soon be in a position to design at the molecular level a gel that 
responds to a desired stimulus under a specified condition. 

Stress sensitive gels 
Onuki (40-41), Hirotsu and Onuki (96), and Suzuki (97) have shown that the transition 
temperature is stress dependent. 

Some future directions 

Gel research is wide and deep. We have learned a great deal from the analogy of gels 
and other systems such as magnetic systems and gas-liquid systems. During the 
earlier stage of research, the detailed characteristics of gels were purposefully ignored to 
advance gel research into a rigorous physics. Such efforts indeed allowed a better and 
more general understanding of various aspects of gels. 

However, gels have their own unique features. For example, gels have shear 
elasticity, that polymer solutions do not have. Because of the shear elasticity, for 
example, the kinetics of gel shrinking and diffusion of ink have a fundamental 
difference. It was mentioned earlier in this chapter that a gel swelling and shrinking 
obeys the diffusion equation. But it is actually necessary to add one more equation to 
fully describe the kinetic process, namely, the overall energy due to shear deformation 
should always be minimized, because the relaxation of shear deformation does not 
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18 POLYELECTROLYTE GELS 

require relative motion between the network and water. This additional condition 
makes the diffusion process dependent not only on the size of a gel but on its shape. 
For example, Li predicted (104) that the relative values of effective diffusion coefficient 
of sphere : cylinder : slab =1:2/3 :1/3. This prediction was confirmed experimentally 
and interpreted as follows. A spherical gel diffuses in all the three dimensions. A 
cylindrical gel can diffuse only in the radial direction, since there should be no relative 
motion between water and network along the axis. The diffusion along the radius is 
shared by the axial shear relaxation and thus becomes two-thirds that of a spherical gel. 
A slab of gel can diffuse only along the thickness, not within the plain. The diffusion 
should be shared by two other dimensions, and the overall diffusion becomes one third 
of the sphere. 

Because of the shear elasticity, a gel can have a wide variety of patterns during 
an extensive swelling or shrinking processes (105). Permanent structural 
inhomogeneities are also specific to gels, and to identify their origin is an important 
task. 

Universality classes of the phase transition of gels may well be dependent on 
the attractive interaction that drives the transition. For example, the hydrogen bond 
requires specific orientation for the two molecules, and thus new order parameters such 
as hydrogen bond density and orientation will be needed to describe the equation of 
state. Then the universality class of gels having hydrogen bonding as a key attractive 
interaction may be different from that of the hydrophobic gel, which is the only gel 
system whose universality class has been identified. 

Finding principles associated with the uniqueness of gels is thus one of the key 
directions. 

A second important direction for future research is to establish the principles 
underlying the individuality or specificity of gels. Namely, the principles should be 
established that predict the phase behavior of gels from the knowledge of their chemical 
structures. As shown in the recent studies of new phases of gels, it is clear that small 
changes in chemical composition induces a drastic change in the macroscopic phase 
properties of gels. This area has to be explored through combined efforts of 
experiments and theory (107-109). 

Finally, a rapid progress has been underway in technological applications of 
polymer gels, including chemical design, synthesis, fabrication in various length scales 
from μπι to cm, and development of devices (110-111). These applications are 
described in detail in the other portion of this book. 
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Chapter 2 

Heterophase Synthesis of Acrylic Water-Soluble 
Polymers 

D. Hunkeler1 and A. E. Hamielec 

Institute for Polymer Production Technology, Department of Chemical 
Engineering, McMaster University, Hamilton, Ontario L8S 4L7, Canada 

A mechanism has been developed for the inverse-microsuspension poly
merization of acrylic water soluble monomers. This free radical reaction 
scheme includes elementary reactions for polymerization in the aqueous 
and organic phases, nucleation in the monomer droplets and 
heterophase oligoradical precipitation, the latter being the dominant 
initiation process. A unimolecular termination reaction with interfacial 
species has also been elucidated and has been found to compete with and 
often dominate over the conventional bimolecular reaction. A kinetic 
model is developed which includes the influence of ionogenic monomers 
and polyelectrolytes and is able to predict the rate, molecular weight and 
composition data well for polymerizations of acrylamide and copoly
merizations with quaternary ammonium cationic monomers. A 
categorization and systematic nomenclature for heterophase water-in
-oil and oil-in-water polymerizations is also developed based on physical, 
chemical and colloidal criteria. 

Acrylic water soluble polymers gain their utility from their large macromolecular 
size, ionic substitution and expanded configuration in aqueous solution. As such they 
are used primarily for water modification purposes and are typically employed as drag 
reduction agents (1), superabsorbents and in microemulsion form as pushing fluids (2). 

Polyacrylamide is the ideal backbone for these supermolecular structures since it 
has the highest kp/k t

1 / 2 for any commercial olefinic monomer. These polymers are 
generally synthesized by free radical methods which yield large linear chain lengths, up 
to 107 daltons, without altering the side chain acrylate functionality (3). Anionic and 
cationic comonomers, such as sodium acrylate and quaternary ammoniums, are often 
incorporated at low compositions to yield polyelectrolyte flocculants (4). These ionogenic 
polymers are applied to the clarification of aqueous solid-liquid suspensions including 
mining wastes, potable water and paper suspensions. 

Current address: Department of Chemical Engineering, Vanderbilt University, 
Nashville, TN 37235 

0097-6156/92/0480-0024$06.00/0 
© 1992 American Chemical Society 
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2. HUNKELER & HAMIELEC Heterophase Synthesis 25 

The objective of this research is the development of a mechanism and kinetic model 
to predict the molecular properties, as a function of the synthesis conditions, for the 
heterophase polymerization of acrylic water soluble monomers. 

Results and Discussion 

The synthesis of acrylic water soluble polymers in aqueous solutions is limited by 
their high molecular weight and the large exothermicity of polymerization. These 
respectively lead to high viscosities and thermal instabilities. To overcome this problem 
we must employ either dilute solutions with an associated economic tradeoff in terms of 
inefficient reactor utilization or a heterophase water-in-oil polymerization process. 

In this chapter the working definition of a heterophase polymerization will include 
only processes where differences in solubility of various phases exist at the outset of the 
reaction That is to say only "bulk" or "macroscopic" effects will be considered. 
Microheterogeneities such as stereochemistry, chain composition and chain architecture, 
which are inherent in all free radically synthesized polymers due to the stochastic nature 
of propagation and termination reactions, will be neglected. This restriction allows for the 
identification of four independent polymerization regimes, as is illustrated in Figure 1. 
These are: I: Macroemulsion Polymerization; II: Inverse-Macroemulsion Polymerization; 
III: Microemulsion Polymerization; and IV: Inverse- Microemulsion Polymerization. 

There are two primary criteria for process distinction. The first is a surface tension 
driving force, Δ Υ , where Y A - H is the surface tension between the aqueous phase and 
hydrophilic moiety of the emulsifier and YL-O the surface tension between the lipophile 
and the organic phase. This surface tension driving force delineates the dispersion 
structure. If Δ Y is less than zero an oil-in-water dispersion forms, whereas if Δ Y is larger 
than zero a water-in-oil dispersion is produced. The second is a threshold emulsifier 
concentration also exists above which, for a given organic and aqueous phase, a 
thermodynamically stable "microemulsion" spontaneously forms. Below this threshold, 
which will also depend on temperature, monomer concentration and the chemistry of the 
emulsifier, thermodynamically unstable (kinetically stable) "macroemulsions" are 
produced. However, the prefix "macro" is often omitted for brevity which can lead to 
ambiguities in nomenclature. The difficulties in assigning a proper nomenclature will be 
demonstrated later in this chapter. The prefix "inverse" has historically been used for 
water-in-oil emulsions (5) in contrast to "direct" or "conventional" oil-in-water dispersions 
for which the prefix is implied but is not often explicitly stated. 

Macroemulsions and Inverse-Macroemulsions can be further sub-categorized 
according to a secondary criterion - the level of surfactant with respect to the critical 
micelle concentration At surfactant concentrations below the cmc, a suspension of a 
dispersed monomer phase in a continuous media exists. Nucleation occurs predominantly 
in the monomer droplets, and each polymer particle therefore behaves as an isolated batch 
polymerization reactor. The continuous phase serves primarily to reduce viscosity and 
dissipate heat, although under certain circumstances it can contain the initiating species. 
The nomenclature "Suspension Polymerization" and "Inverse-Suspension" polymerization 
(6) have been appropriately employed. By contrast, at emulsifier levels above the micellar 
threshold, micelles or inverse-micelles are formed which may have a significant role in 
nucleation. These "emulsion" or "inverse-emulsion" polymerizations are distinguished by 
two phenomena: an average number of radicals per polymer particle on the order of 1 
(suspensions have 102-4 radicals/particle) and nucleation proceeding outside the monomer 
droplets. The heterophase polymerization domains can then be extended, as shown in 
Figure 2. 

In suspension and inverse-suspension polymerizations, the monomer droplet size is 
inversely related to the emulsifier level. At high emulsifier concentrations the particle 
sizes are reduced to such an extent that the total interfacial area is large relative to the 
droplet volume. Under such conditions radical reactions within the interfacial layer 
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KINETICALLY STABLE THERMODYNAMICALLY STABLE 

Surface Tension 
Driving Force 

< A Y = Y A . H - Y O . L > 

Macroemulsion 

II 

Inverse-Macroemulsion 

III 

Microemulsion 

IV 

Inverse-Microemulsion 

< 

M 

δ 

Stability threshold 

EMULSIFIER CONCENTRATION 

Figure 1. Categorization of heterophase polymerization domains. 

 S
ep

te
m

be
r 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
2

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



2. HUNKELER & HAMIELEC Heterophase Synthesis 27 

KINETICALLY STABLE THERMODYNAMICALLY STABLE 

Surface Tension 
Driving Force 

< A Y = YA.H-YO-L> 

I: Macroemulsion 

HI 

Microemulsion 

Suspension Emulsion HI 

Microemulsion 

II: Inverse-Macroemulsion 

IV 

Inverse-Microemulsion 

Inverse-
Suspension 

Inverse-
Emulsion 

IV 

Inverse-Microemulsion 

OS w 
H < 

Ο 

> 2 

StabiUty threshold 

EMULSIFIER CONCENTRATION 

Figure 2. Categorization of heterophase polymerizations, including the macro-
emulsion subdomains. 
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28 POLYELECTROLYTE GELS 

become competitive with the propagation, termination and transfer reactions occurring 
within the monomer droplet. The onset of such phenomena is for diameters of 1-
10 microns. To distinguish these processes from suspensions, which are characterized by 
radically inert interfaces, the nomenclature "microsuspension" has been proposed (7). The 
prefix "micro" designates the nominal particle size, and the suffix "suspension" confers the 
dominant characteristics of the synthesis. For water-in-oil polymerizations, the analogous 
process is "Inverse-microsuspension". As this is the most common synthesis method for 
high molecular weight acrylic water soluble polymers, it serves as a good basis for 
continued discussion. 

Inverse-Microsuspension Polymerization 

Inverse-microsuspension involves the dispersion of a water soluble monomer, in 
solution, in a continuous organic phase. The hydrocarbon can be either aliphatic or 
aromatic. These polymerizations are thermodynamically unstable "Inverse-
Macroemulsions" (regime lia by the preceding scheme), and to prevent coalescence require 
both continuous, vigorous, agitation and the addition of a low HLB steric stabilizer The 
monomer droplets are typically on the order of 1-10 microns and are heterodisperse in size 
due to their formation via a breakup-coalescence mechanism. A schematic of the 
polymerization is shown in Figure 3. The average particle size is governed by the 
interfacial tension which is controlled by the temperature and agitation conditions. Each 
droplet contains monomer, water, primary and macroradicals, and dead polymer chains. 
Inverse-micelles have not been detected with nucleation and polymerization proceeding 
within the monomer droplets. Initiation is most often carried out chemically with the free 
radical azo or peroxide species. The initiator can be located in either the dispersed 
(aqueous) or continuous (organic) phases. If water soluble initiators are employed, all the 
reactive species are contained in the aqueous phase and each monomer droplet behaves as 
an isolated microbatch polymerization reactor. Kinetically these processes resemble 
solution reactions (8). The localization of monomer and initiator in the same phase can, 
however, lead to secondary initiation reactions through monomer enhanced decomposition 
(9). 

When the initiator and monomer are segregated (oil soluble initiator), we must 
consider the reactions in the organic and aqueous phases, as well as the interfacial layer. 

Mechanism 

The mechanism, which will be presented as an elementary reaction scheme in the 
following section, can be described as follows (7, 11): a chemical initiator decomposes in 
the continuous phase through thermal bond rupture and liberates two active radicals (step 
1). These radicals can deactivate by reacting with either emulsifier, if radically active 
groups are present, or hydrocarbon (steps 2, 3). Since low efficiencies of initiation have 
been reported (f = 0.02-0.2; Ref. 7), these radical annihilation reactions are more probable 
than propagation with monomer which is marginally soluble in the organic media (step 4). 
A typical water soluble monomer such as acrylamide will, however, have a solubility in 
organic media of approximately 1% (step 8), and the solubility increases in the presence of 
emulsifier. Although this concentration is negligible from a mass balance perspective, 
this level is sufficient to have important kinetic consequences. Oligoradicals are formed 
(step 5) and as their chain length increases, their solubility limit in the organic phase is 
exceeded and precipitate across the interfacial boundary into the monomer droplets. 
Experimental evidence (7) has shown that the oligoradial precipitation is mass transfer 
controlled reaction (steps 6, 7). Once in the interior of the monomer droplet, the 
oligoradicals will undergo the normal chain addition, transfer and termination reactions 
(steps 9-12). Figure 4 illustrates these reactions. 
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Figure 3. Schematic diagram of an inverse-microsuspension polymerization reactor. 
The circles designate monomer droplets, O— is an emulsifier molecule, M a 
monomeric species, I an initiator, R^-* a primary radical, and Ρ a dead polymer chain. 
An impeller is added at the right of the reactor to designate the thermodynamic 
instability of the system and the need for energy input to maintain emulsification. 
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Figure 4. Elementary radical reactions in inverse-microsuspension polymerization. I, 
RiN#, HC, Ε, M and Ρ designate initiator, primary radicals, hydrocarbon, emulsifier, 
monomer and dead polymer respectively. The symbol O— is an interfacial emulsifier 
molecule. A small fraction of the monomer is also observed within the interfacial 
layer. The dashed arrows indicate mass transfer between the continuous (organic) and 
dispersed (aqueous) phases 
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Until this stage the mechanistic discussion has been general for inverse-
microsuspension polymerizations. However, there are several unique phenomena which 
have been observed for polymerizations in paraffinic media with fatty acid esters of 
sorbitan as emulsifiers. First, the transfer to monomer constant is lower for water-in-oil 
polymerizations than in solution. The magnitude is dependent on the type of organic 
phase and monomer, with certain acrylic monomers acting as cosurfactants (12, 13). In 
such an interfacial configuration, the olefinic groups are oriented toward the organic 
phase, and the α, β carbons are less accessible to radical attack. Secondly, unimolecular 
termination with the hydrophilic head of the emulsifier occurs if the water soluble moiety 
contains extractable groups. For example, sorbitanmonooleate has five labile hydroxy 
groups on the hydrophilic level (step 13). This interfacial reaction generates a dead 
polymer molecule and an emulsifier radical. The latter has two courses of reaction. The 
emulsifier radical can either heterodifTuse into the organic phase and be consumed by 
hydrocarbon radical scavenging species (step 15), or it can propagate with interfacial 
monomer (step 14). Experimental evidence has shown that the latter reaction consumes 
approximately twenty percent of emulsifier radicals, with the remainder deactivated in 
the oil phase (7). If propagation of the emulsifier radical occurs, the chain length of the 
macroradical will increase rapidly and the polymer will become predominantly water 
soluble. The macroradical will then be absorbed into the interior of the droplet where it 
can undergo the classical free radical reactions and eventually terminate. However, the 
macromolecule contains a terminal emulsifier unit. If the emulsifier contains greater 
than one radically active functional group, the molecule can undergo long chain branching 
reactions (step 16). These reactions are shown in Figure 5. 

Based on the preceding discussion, the following elementary reaction scheme has 
been elucidated for the inverse-microsuspension polymerization of acrylic water soluble 
monomers with oil soluble initiators (10,11). 

Organic Phase Reactions: 

I -» 2R* 
in, o 

2. k, 

R # + Ε -* inert products 
in, ο 

k4 
R # + HC -> inert products 

4. k 
Ρ 

R # + M -> R* 
in, ο ο 1,0 

5. k 
ρ 

R # + M R* , 
r,o ο r + l,o 

where I, R # i n , HC, Ε and R e

r are the symbols for initiator, primary radicals, hydrocarbon, 
emulsifier, monomer and macroradicals, respectively. The subscript V designates an oil 
phase species. 

 S
ep

te
m

be
r 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
2

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



32 POLYELECTROLYTE GELS 

(g) 
Figure 5. Interfacial reactions occurring within an inverse-microsuspension 
polymerization particle. Each figure shows a section of a particle, the region of higher 
curvature being the aqueous phase with a sorbitanmonooleate molecule situated at 
the interface. In figure 5a, a macroradical approaches the interfacial emulsifier and 
abstracts a hydrogen from the labile hydroxy group on the hydrophilic head of the 
emulsifier generating a dead polymer chain an emulsifier radical (5b). This emulsifier 
radical has two courses of reaction: heterodiffusion to the organic phase followed by 
termination with hydrocarbon (HC) radical scavenging species (5c) or propagation 
with interfacial monomer (5d). For the latter, as the chain length increases the 
polymer becomes predominantly water soluble and is absorbed into the interior of the 
droplet. There it undergoes the classical free radical propagation and transfer 
reactions and will eventually terminate (5e). If the terminal emulsifier group on the 
macromolecule contains additional radically active groups, such as unsaturated 
carbons or hydroxy groups, it will become a candidate for long chain branching 
reactions (50. In such a reaction two linear chains join at the terminal group (5g). If 
all chains would undergo such a reaction it would be possible to double the average 
molecular weight of the final polymer. 
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Mass Transfer Between Phases: 

6. kr 

R # J R # 

in, ο in,w 

7. k 
r, r 

R* -> R* 
r, o r,w 

M ^ M 
ο ν, 

where the subscript V denotes a water phase concentration. k r < r is the mass transfer 
constant for an oligoradical of length r. kr̂  r will tend to kr at small chain lengths. 

Aqueous Phase Reactions: 

9. k 
ρ 

R* + M -> R* 
in, w w 1, w 

10. k 
Ρ 

R* + M -* R* , 
r, w w r +1, w 

"· k

f m 

R* + Μ -» Ρ + R* 
r, w w r 1, w 

R* + R* -» Ρ + Ρ 
r, w s, w r s 

where P r represents a dead polymer chain of length r. 

Interfacial Reactions: 

14. k 
Ρ 

E * + M "R* 
w 1, w 

15. kK 

5 
E # + HC. -» inert products 

imp 

where ΓΕ is the surface emulsifier concentration, Ε · is an emulsifier radical, H C i m p 

represents a hydrocarbon impurity or radical scavenging species and "R# is the symbol for 
a macroradical with a terminal emulsifier group. Terminally unsaturated 
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macromolecules are generated if the emulsifier contains a labile group(s) on the 
hydrophilic head so it may act as a unimolecular terminating agent for the macroradical 
(step 13). The latter are incorporated onto the terminal unit of the polymer chain through 
the propagation of emulsifier radicals (step 14). It is obvious that both chemically initiated 
macroradicals (R*) and those with terminal emulsifier groups ( " R # ) can undergo the 
classical free radical polymerization reactions (steps 9-12). Additionally, the emulsifier 
containing a macroradical can participate in long chain branching reactions, provided it 
has additional radically active functional groups (the first is consumed in the transfer to 
emulsifier reaction). These groups would include labile hydrogens and unsaturated 
carbons on either the hydrophilic or hydrophobic moiety of the molecule 

Long Chain Branch Formation: 

16. *R*r,w + "R#s,w k* "R*r + s,w 

R s,w R r+s,w 

Kinetic Model 

Initiation 

Balances on primary radicals in the organic and aqueous phases: 

d [ R #

N 1 

~ t r = ° = 2 " d " 1 " V ^ N . c W - k 4 [ R - N t 0 ] [ H C ] - K L [ R i N o l [EJ 

k / [ R * 1 χ 

ν ν Φ L n i N , w y 
ο T r 

d [R* 1 k / [ R * 1 ν 

w T r 

Where Ii, R#ÏN> M and HC designate the initiator, primary radicals, monomer and 
hydrocarbon, respectively. The subscripts V and "w" designate organic and aqueous 
species, V 0 is the volume of the organic phase, k r a mass transfer constant of primary 
radicals between the organic and aqueous phases and φ Γ the primary radical partition 
coefficient. 

The partitioning of monomer between the continuous and dispersed phases is 
modelled by the following equation: 

[Μ0] = φ Μ [ Μ ν ] 

where M w is the monomer partition coefficient. 
The rate of initiation (Ri) can be defined as the propagation rate of primary radicals 

with monomer (equation 3) or in terms of the efficiency of initiation and decomposition of 
the initiator (equation 4): 

R . = k [M ] [R* 1 
I ρ w iN,w 

(3) 

orR. = 2fk.[I] (4) 
l α 
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By combining equations (1) to (4) we can solve for the efficiency of initiation (f): 

f = 
1 V 
1 ο 

k * 

k.[HCl M E J 
+ 

a a 
sp sp 

V w (5) 

where Asp is the specific interfacial area, related to the total interfacial area (Ar) by: 

Asp = A T / V 0 

and kr is the overall primary radical mass transfer constant: 

kr = k r * A T 

Rate of Polymerization: Overall Macroradical Balance 

d[R#] 
dt 

- 0 = Rj - k ^ l U R * ! + ["R*]) - k ^ t R V g + k f m [ M J ΓΈ#] (6) 

where "R# is a macroradical with terminal unsaturation (terminal emulsifier group) and 
R # is a macroradical with no terminal unsaturation. Γ Ε is the interfacial emulsifier 
concentration. 

Macroradical Balance on Chains with Terminal Emulsifier Groups 

j = 0 = kJE^ltM] - k .rR*l([R*l + [Έ*]) - k - [Έ*1 Γ„ 
dt Ρ w re Ε 

- k f m [ M w ] [ ^ ] 
(7) 

where 

[R#I = Σ iK] ( 8 ) 

r = l 

r = l 

[R*T1 = [R*l + W ] 

Emulsifier Radical Balance 

ΓΈ·)= Σ n f i ( 9 ) 

(10) 

d[E*l 
— =0 = k f E [ R ; ] r E - k p [ E ' ] [ M w } - k 6 [ H C . m p ] [ E « ] (ID 

Combining equations (6) to (11), a quadratic equation can be derived for the total radical 
concentration: 

R, + k [E*][Mw] - k ^ t R ' / - k f f i pÇl Γ Ε = 0 ( 1 2 ) 
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If unimolecular termination with interfacial emulsifier is considered as the dominant 
macroradical consumption reaction, the following equation for the rate of polymerization 
(Rp) can be derived: 

2fk,k [Il[M] 
R = ί - ϋ (13) 

Ρ ( l - f ) k n r F e ρ fc. 

where fe is the efficiency of initiation of emulsifier radicals and is given by: 

1 
· " k JHC. ] 

i + 5 imp (14) 
k p [M w ] 

where ks is a rate constant describing a reaction between emulsifier radicals and 
hydrocarbon impurities (HC jm p). 

By comparison, experimental investigations have found the following rate 
dependence (Table 1): 

R p a [IJi[M]i[E]-a 

where a depends on the emulsifier. 
Figure 6 shows a conversion-time plot for an acrylamide polymerization at different 

levels of AIBN (Azobisisobutryonitrile) initiator. The agreement between the kinetic 
model and experimental data are good for both the initial rate region, where the first order 
dependence is predicted, and the high conversion region. Similar agreement is observed in 
Figure 7 for the copolymerization of acrylamide and dimethylaminoethyl methacrylate. a 
quaternary ammonium monomer. 

In Figure 8 the measured composition drift for an inverse-microsuspension 
copolymerization of acrylamide and dimethylaminoethyl methacrylate is compared with 
predictions based on reactivity ratios measured in solution polymerization. The data lie 
within the 95% confidence envelope, and we can conclude that inverse-microsuspension 
and solution polymerization are kinetically equivalent with respect to propagation. These 
data supports the hypothesis of nucleation and polymerization in monomer droplets. 

Figure 9 shows the dependence of the rate of polymerization on the emulsifier 
concentration. As the emulsifier saturates the interface at low levels of 
sorbitanmonooleate, the addition of further emulsifier increases the concentration in the 
continuous phase. The excess emulsifier increases the consumption of primary radicals 
and lowers the efficiency of initiation (equation 5). A prior investigation has also shown 
that increasing the level of agitation generates a larger interfacial area (Asp) increasing 
both the efficiency (equation 5) and rate of polymerization (7). 

The efficiency of initiation has also been observed to increase as the solubility of the 
acrylic water soluble monomer rises (18). In such cases a larger fraction of primary 
radicals are consumed by propagation (step 4) and a smaller amount by organic phase 
radical scavengers (steps 2, 3). The preceeding evidence is strong support for the 
oligoradical nucleation postulate. 

The elucidation of monomolecular termination with emulsifier or the "reactive 
interface" is significant in two regards; it explains the kinetic observations of four 
independent laboratories who have reported a first order dependence of the polymerization 
rate on initiator concentration (Table 1) and has practical applications. For example, the 
kinetic model predicts that the linear molecular weight of a polymer can be increased up to 
100% without reducing the latex stability by appropriately selecting the interfacial recipe. 
Normally, modifications to the recipe which improve stability, such as the addition of a 
cosurfactant, reduce molecular weight. Figures 10 and 11 show an increase in molecular 
weight with conversion when sorbitanmonooleate is used as an emulsifier. When 
sorbitanmonostearate is employed molecular weights are 30% lower. Sorbitanmonooleate 
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TIME (min) 

Figure 6. Conversion time data and kinetic model predictions (—) for an acrylamide 
polymerization with azobisisobutyronitrile as an initiator. The temperature was 47 "C, 
monomer concentration 5.75 mol L" 1 of water, emulsifier concentration 
(sorbitanmonooleate) 0.103 mol L - 1 of oil, aqueous to organic phase ratio 1:1, and 
agitation 1000 rpm. Initiator concentration 1.92 (A), 4.02 (•), 6.03 (φ) , and 7.92 (x). 

TIME (minutes) 

Figure 7. Conversion time data (•) and kinetic model predictions (-) for an 
acrylamide/dimethylaminoethyl methacrylate copolymerization at 60 *C. Experimental 
conditions [Monomer] = 6.90 mol/L^, [Azobisisobutyronitrile] = 3.329 ' 10"3 mol/L0, f10 

= 0.875, V W / V Q - 0.74 (10). 
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ο.β ι 1 1 " — ι — ι — « — « — ι — « — ι 
0 0.5 1.0 

X 
Figure 8. Drift in monomer composition with conversion for an acrylamide-
dimethlaminoethyl methacrylate copolymerization at 50°C. (o): Experimental data 
measured by HPLC (17), ( ): Predicted composition based on the reactivity ratios 
measured in solution, (-): 95% confidence limits based on the reactivity ratios 
measured in solution (10). 

TIME (min) 

Figure 9. Conversion-time data and kinetic model predictions (-) for an acrylamide 
polymerization with sorbitanmonooleate at 0.103 (A) and 0.211 (X) mol L - l of oil. 
Other conditions are the same as in Figure 6, with an initiator level of 4.02 mmol L - * 
of oil. 
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0.4 0.6 
CONVERSION 

Figure 10. Experimental with average molecular weight (MWW) data ( φ ) and model 
predictions for a reaction under the following conditions: [Acrylamide] = 5.75 mol/I^, 
[Sorbitanmonooleate] = 0.103 mol/L0 [Azobisisobutyronitrile] = 4.02 mmol/l^, V W / V Q = 
1:1, Temperature 47 * C, Agitation 1000 RPM (7). 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
CONVERSION 

Figure 11. Number and weight average molecular weights for polymerizations with 
sorbitanmonooleate (—) and sorbitanmonostearate ( ). Conditions are identical to 
those in Figure 6 (7), with an initiator concentration of 4.02 mmol/L"1 of oil. 
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Table 1. Reports of a first order dependence of the polymerization rate on the 
initiator concentration. All investigations were heterophase water-in-oil 
polymerizations of acrylamide 

Investigator Reference "a" in Rp <χ 

Kurenkov 14 1.0 

Baade 15 1.0 

Hunkeler 7 0.95-̂ 0.99 

Candau 16 0.99 

and sorbitanmonostearate are chemically identical emulsifiers with the exception that the 
stéarate does not contain an unsaturated carbon. This double bond is radically active and 
allows macromolecules with terminal oleate groups to undergo long chain branching 
reactions, whereas the stéarate terminated molecules are inert. Such behavior is a strong 
indication that the monomolecular termination reaction, which manifests itself as a first 
order dependence of polymerization rate on initiator concentration, is indeed caused by 
transfer to emulsifier. 

In summary, the monomolecular termination reaction influences the 
polymerization mechanism in two manners. A second termination step (13) exists which 
can compete with, and often dominate over, the conventional bimolecular radical 
annihilation reaction (step 12). Furthermore, the transfer product, an emulsifier radical, 
acts as a secondary source of initiation. This reaction generates up to 20% of the polymer 
chains and the effect is most pronounced at the outset of the reaction (7). Therefore, the 
first order rate dependence on initiator concentration is a consequence of modifications to 
both the chain initiation and termination mechanisms. 

Conclusions 

A mechanism has been developed for the inverse-microsuspension polymerization of 
acrylic water soluble monomers. This reaction scheme includes three previously 
unidentified reactions: the heterophase transfer of primary and oligoradicals; 
unimolecular termination of macroradicals with interfacial emulsifier; and a secondary 
initiation from emulsifier radicals which generates macromolecules which are candidates 
for long chain branching reactions. It has been demonstrated that by appropriately 
selecting the interfacial composition it is possible not only to influence latex stability but 
also the molecular properties of the macromolecule. 

A mechanism or kinetic model for heterophase water-in-oil polymerizations must be 
specific to the polymerization domain. General models will have limited utility, and 
Inverse-Suspension, Inverse-Emulsion and Inverse-Microemulsion should be developed 
independently as has been the useful precedent for "direct" oil-in-water polymerizations. 
Furthermore, the physical and colloidal phenomena cannot be described without explicitly 
considering the unique chemistry of the reagents, particularily the type of organic phase 
and emulsifier. 
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Chapter 3 

Structure and Properties of Surfactant-Bridged 
Viscoelastic Hydrogels 

Abdulkadir J. Dualeh1 and Carol A. Steiner 

Department of Chemical Engineering, City College of the City University 
of New York, 140th Street and Convent Avenue, New York, NY 10031 

Surface-active graft copolymers form viscoelastic hydrogels in the 
presence of unmicellized surfactant. These gels have been character
ized with respect to their volume, rheological properties, and the 
nature and structure of the intermolecular linkages as a function of 
composition and temperature. The linkages are found to resemble 
comicelles composed of surfactant molecules and hydrocarbon side 
chains from the polymer. The composition of the comicelles varies 
in a predictable manner with that of the bulk solution, by analogy 
with comicelles of monomeric surfactants. This correlation in turn 
governs the bulk properties of the network. 

Interest in the solution properties of surface-active graft copolymers has 
grown in recent years with the synthesis of new such polymers and the 
recognition that these polymers may interact with other components of a 
solution, such as surfactants and dispersed particles, in a unique and 
potentially useful manner. On their own in solution, water-soluble 
surface-active graft copolymers may aggregate either inter- or intra-
molecularly, either increasing or reducing the apparent intrinsic viscosity of 
the macromolecules (1—11) depending on the nature of the solvent and 
whether or not the critical overlap concentration has been reached. In the 
presence of suspended particles, these polymers adsorb at the solid/liquid 
interface, promoting steric stabilization of the suspension (72). In 
surfactant solutions, the hydrophobic moieties of surface-active graft copo
lymers act as nucleation sites for adsorption of surfactant aggregates. This 
adsorption can result in either the break-up or enhancement of intermolec
ular hydrophobic interactions, depending on the composition of the solu
tion and hence of the adsorbed aggregates (12—16). 

Current address: Ciba-Geigy Corporation, MR/2, Saw Mill River Road, Ardsley, NY 10502 

ΟΌ97^156/92Λ)480ΜΧ)42$06.00Α) 
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3. DUALEH & STEINER Surfactant-Bridged Viscoelastic Hydrogels 43 

Besides having unique solution properties, surface-active graft copoly
mers also have the ability to form stiff, water-swollen hydrogels at polymer 
levels as low 0.6% by weight (13, 14). These gels may be either charged 
or nonionic, depending on the structure of the starting polymer and the 
composition of the solution from which the gels form. The synthesis, 
structure, and properties of a group of hydrogels formed from one particu
lar surface-active graft copolymer will be the subject of this report. 

Hydrogels in general, and polyelectrolyte gels in particular, are valuable 
in many industrially important applications, including superabsorbent tech
nology, chromatographic separations, and controlled drug delivery devices. 
The various properties exploited in these applications are, respectively, 
their high swelling ratios, preference for retaining specific solutes, and abil
ity to act as reservoirs for drugs. Any improvement in the method of 
preparation or the discovery of other polymer structures which behave like 
polyelectrolyte gels is of fundamental interest. 

Polyelectrolyte gels are generally made by covalently crosslinking the 
polymer chains with afunctional monomers. Alternatively, and of greater 
relevance to the present study, polymeric hydrogels can be made without 
covalently linking the polymer chains. These networks are held together 
physically by secondary forces (van der Waals, hydrogen bonding, etc.) 
among some segments of the polymer chain. The linkages are weak com
pared to covalently linked gels and can thus be made and broken relatively 
easily by gentle changes in the environment. At least two conditions are 
required in order to form gels of this type from aqueous solutions. First, 
some segments of the polymer must prefer to associate with themselves 
more than with water molecules or other segments of the polymer. 
Second, the bonds formed must be strong enough to hold the chains 
together despite thermal motion of the chains. In some cases, however, 
favorably interacting segments may be prevented from doing so by physical 
limitations imposed by the structure of the chain. Factors such as chain 
flexibility and tacticity contribute strongly. It is known, for example that 
tacticity plays an important role in the ability of polymethacrylic acid to 
form gels. All of these factors must be taken into consideration in select
ing a starting polymer for the formation of non-covalently bonded hydro-
gels. 

We have made mechanically stable hydrogels by contacting hydrophobi-
cally modified hydroxyethyl cellulose (HMHEC), an amphiphilic nonionic 
copolymer, and the surfactant sodium dodecyl sulfate (SDS) in aqueous 
solution. These hydrogels form spontaneously at certain specific concentra
tions of copolymer and surfactant, without any chemical reaction to 
crosslink the polymer chains. The materials exhibit Theological behavior 
similar to that of covalently crosslinked polyelectrolyte gels; however they 
respond differently to changes in ionic strength and temperature. These 
properties, coupled with the mechanical stability of the gels, make these 
new materials useful for industrial exploitation 
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Experimental 

The polymer hydrophobically modified hydroxyethylcellulose (HMHEC), 
MW 10 , was obtained from Aqualon Co., Wilmington, DE. Its main 
chain, hydroxyethyl cellulose (HEC), is composed of anhydroglucose units 
rendered water soluble by addition of ethylene oxide (EO) groups. The 
HEC is then modified with C 1 2 alkyl grafts at sufficiently high level to 
render the polymer insoluble in water. Sodium dodecyl sulfate (SDS), 99% 
pure, was obtained from Fluka and used as received. The critical micelle 
concentration was found by conductivity to be 8 χ 10~3 M. Sample 
preparation and methods are detailed elsewhere (14). 

The bulk properties of the gels were investigated using dynamic Theo
logical measurements and observation. Microscopic investigation of the gel 
structure was carried out using two different fluorescence techniques, 
described elsewhere and below. The first, fluorescence of pyrene, makes 
use of the fact that certain characteristics of the fluorescence spectrum of 
pyrene provide a quantitative measure of the hydrophobicity of the 
pyrene's environment (17). Using this method we were able to establish 
that our hydrogels are characterized by distinct hydrophobic regions within 
an aqueous network. The second method involves measuring the extent of 
interaction between a fluorescence probe and quencher which are chosen 
because of their relative insolubility in water, so that quenching only takes 
place within the hydrophobic regions of the gel. The resulting fluores
cence spectra provide a measure of the size, or aggregation number, of 
these regions, if they exist, according to the following relation (18): 

In (I0/I) = [Q]/[M] (1) 

where IQ and I are the fluorescence emission intensity of the probe 
without and with quencher, respectively, [Q] is the quencher concentration 
and [M] is the concentration of aggregates in the sample. The slope of 
this plot is thus the reciprocal of the molar concentration of aggregates, 
and the aggregation number is given by [M] divided by the total moles of 
aggregated species, e.g. surfactant molecules and hydrophobic side chains. 
The number of alkyl grafts and surfactant molecules making up each 
aggregate can be obtained from: 

N s = ([surf]0 - [surf]free)/[M] (2) 

N a = ([alkyl]0 - [alkyl]free)/[M] (3) 

where [surf]o and [alkyl]Q are the total surfactant and alkyl graft concentra
tions in the gel, respectively, and [surfL and [alkylL are, respectively, 
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3. DUALEH & STEINER Surfactant-Bridged Viscoelastic Hydrogels 45 

the surfactant and alkyl concentrations in the gel that are not part of an 
aggregate, and can be estimated as detailed elsewhere (14). 

Results and Discussion 

A disagreement often occurs about what is and is not a "true gel." Some 
researchers insist that a true gel must be chemically crosslinked in a per
manent network, others look for a long plateau in the storage modulus vs 
frequency spectrum, and still others consider a gel to be a mass of poly
mer that swells isotropically without dispersing in an excess of solvent. 
Our gels fall into the last category. The gels which we will be discussing 
here are one piece, viscoelastic, flexible, clear and macroscopically homo
geneous. These gels fill the container in which they are formed, but 
retain the shape of the container (typically a right circular cylinder) for at 
least several days after removal from the vessel. The swollen volume of 
the gels depends on the composition of the solvent; however in some sol
vents their volume is remarkably stable, even upon immersion for a period 
of several days. The rheological properties of the gels are shear rate 
dependent, but a long frequency range exists over which the storage 
modulus, while not exactly constant, varies only slightly. 

Effect of Solution Composition. HMHEC gels may or may not form depend
ing on the initial composition of the solution. Upon addition of HMHEC 
to pure water, in the absence of surfactant, the copolymer precipitates out 
of the solution in the form of individual swollen globules. Above 1 χ 
10~3 M SDS and below the critical micelle concentration of the surfactant, 
mixtures of HMHEC and SDS form a polymer-rich gel phase and a super
natant phase composed primarily of surfactant and water. At surfactant 
concentrations near the cmc, the solutions are one phase but exhibit recoil 
on pouring. The solutions remain clear on further addition of SDS but 
cease to exhibit recoil on pouring and can pass through a filter. At 
higher surfactant levels no gel phase forms; all the polymer is soluble in 
the surfactant solution. In contrast, HEC is quite soluble in both water 
and SDS, forming one- phase viscous or non-Newtonian solutions at con
centrations comparable to those at which a gel formed with HMHEC. 
Thus it is clear that the HMHEC/SDS gels are characterized by linkages 
involving both the hydrophobic side chains and the surfactant. The pyrene 
fluorescence experiments demonstrated that these linkages, or some other 
component of the network, are significantly more hydrophobic than if the 
network were homogeneous. It was our aim to determine the nature of 
polymer and surfactant interactions that give rise to these hydrophobic 
regions and to network formation. 

Typical rheological behavior of the gels is shown in Figure 1, showing 
the storage (G') and loss (G") moduli as a function of frequency for a 
HMHEC gel made from a solution containing 5.6 mM SDS and 0.04 
weight percent polymer at 25 ° C. In contrast to chemically cross-linked sys
tems, which are characterized by a true plateau over a long range of 
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frequency in the G' vs frequency spectrum, we observe a shallow but finite 
slope in G' over the frequency range 10-60 rad/s. It can also be seen 
that over the frequency range studied, G' is everywhere greater than G", 
i.e. no terminal zone is reached. The behavior seen here is characteristic 
of a temporary network of interactions whose stability depends on the 
stresses to which the interactions are subjected. 

In chemically cross-linked systems, the plateau value of the storage 
modulus (G ) is inversely proportional to the molecular weight between 
crosslinks (M )̂ (79). By analogy, we can consider the molecular weight 
between our temporary linkages, Mj(w), to observe the same inverse rela
tionship with the value of G' at that frequency, G'(w). G'(w) was 
obtained from our data at 30 and 50 rad/s by averaging the 6 values of G' 
spanning each of those frequencies. This procedure was used to minimize 
the effect of random scatter, which became considerable at the high end of 
the frequency scale. At constant polymer concentration and applied fre
quency, the storage modulus decreases with increasing surfactant concentra
tion as shown in Figure 2; thus some of the intermolecular linkages must 
disappear as surfactant is added to the system. 

Based on all of the above methods of analysis and observation of 
H M H E C gels made with sodium dodecyl sulfate (SDS), we conclude that 
the structural element holding the gel together takes the form of adsorbed 
aggregates resembling comicelles consisting of both SDS and hydrocarbon 
side chains from the polymer. When HMHEC is placed in contact with 
SDS and water, the side chains act as nucleation sites for the adsorption 
of surfactant, thereby shielding themselves from unfavorable interactions 
with the water. While we have not as yet been able to characterize the 
distribution of comicelle sizes which obtain at a particular bulk composi
tion, the average size is within the expected range for comicelles of SDS 
and monomelic surfactants such as poly(oxyethylene) lauryl ethers, with 
structures similar to that of the side chains on our polymer (20). 

The data present a consistent picture. Above the critical micelle con
centration (cmc) of the surfactant, when the bulk SDS concentration is 
high enough to form pure SDS micelles, the polymer is readily solubilized 
and no gel forms. Below the cmc, a stiff gel forms whose storage 
modulus is an inverse function of the total surfactant concentration, so the 
extent of intermolecular interaction increases as the surfactant concentra
tion goes down. This relationship is also reflected in the fact that the 
total volume of the gel phase increases with SDS concentration below the 
cmc, up to the limit where the polymer forms a one-phase solution at or 
just above the cmc. Thus far below the cmc, where pure SDS micelles 
cannot form, side chains from the polymer become incorporated into 
comicelle-like aggregates which bridge macromolecular chains, resulting in 
the formation of a network. At higher surfactant concentrations, more 
total aggregates can form, so the average number of side chains per aggre
gate goes down. This reduction results in a higher molecular weight 
between linkage points and the observed lower G' and higher gel volume 
(Figure 3). We have been able to verify using the fluorescence quenching 
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Figure 1. Typical dynamic response of hydrogels. Δ, storage 
modulus, G'; A, loss modulus, G". 
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Figure 2. Effect of SDS concentration on the storage modulus 
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technique described above that the number of alkyl grafts in an aggregate 
lies on a smooth curve when plotted against the storage modulus evaluated 
at 30 rad/sec (Figure 4). Thus, strong evidence exists of the intimate rela
tionship between the structure of the network and the structure of the 
aggregates. 

Effect of Temperature. Preliminary experiments have been conducted to 
determine the effect of temperature on gel volume. As noted above, the 
gel volume gives a good indication of the extent of intermolecular interac
tion in the system, and comparison of the results with what is known 
about the behavior of monomeric surfactant comicelles will provide 
independent confirmation of our hypothesis on the nature of these interac
tions. We used two methods of preparing the gels to study the effect. In 
method 1, a graduated cylinder containing a preformed gel (gel made at 
25 ° C) in contact with its supernatant was immersed in a constant tem
perature bath at 50 ° C and the gel volume monitored. It took about 5 
hours for the gels to attain a fixed, final volume. In method 2, the poly
mer was added to a preheated (50 ° C) surfactant solution and maintained 
at 50 ° C. The solutions were mixed for the same period as those made at 
room temperature and then allowed to stand and equilibrate in the con
stant temperature bath, leading to the formation of gels. The final gel 
volume was generally reached in less than 1 hour, which is also the typical 
equilibration time for gels mixed up and equilibrated at 25 ° C. 

At each of two different solution compositions studied, we found 
repeatedly that the final gel volume was independent of the method of 
preparation. This finding points to the existence of a thermodynamically 
determined final gel volume. It also demonstrates that the polymer chains 
in the preformed gel are mobile, albeit constrained, and can rearrange to 
their equilibrium configuration at ambient conditions given sufficient time. 
The discrepancy in equilibration times for the two methods of preparation 
is a reflection of the degree to which the chains are constrained in the 
gel. 

The effect of raising the temperature of HMHEC hydrogels in 4.8 mM 
SDS or 5.6 mM SDS from 25 ° C to 50 ° C is to decrease the equilibrium 
gel volume by 7.9% or 7.5%, respectively. The preformed gels visibly 
shrink when heated, and the final volume is stable for a period of at least 
several days. 

We have seen that the gel volume is inversely related to the number 
of crosslinking hydrophobic aggregates in the network. Recall, too, that 
the number of linkages goes down with increasing bulk surfactant concen
tration, so that not all surfactant aggregates act as linkages. Put another 
way, as the amount of surfactant available to form aggregates is increased, 
both the total number of aggregates and the ratio of surfactant to side 
chain in each aggregate increases, giving rise to fewer crosslinking hydro
phobic aggregates overall in the network and a higher gel volume. In 
light of this, and given the known effect of temperature on the cmc of 
ionic surfactants, we offer the following explanation for the observed 
decrease in gel volume with temperature. 
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Figure 3. Correlation between rheological properties and gel 
volume. 
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Figure 4. Effect of aggregate composition on modulus. 
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We postulate that the lower gel volumes at high temperature are due 
to a lower number of micellizable surfactant molecules, hence aggregates, 
available to act as intermolecular linkages between polymer chains. The 
cmc of ionic surfactants increases by as much as a factor of 10 with an 
increase in temperature of about of 70 β C (27). By analogy, the effective 
concentration of adsorbed (i.e. aggregated) surfactant in our HMHEC/SDS 
systems goes down with increasing temperature. It is true that the hydro
phobic grafts will themselves become more soluble in water as the "hydro
phobic effect" is diminished and water acts more like a "normal fluid" 
with increasing temperature. The effect will be fewer alkyl grafts needing 
to avoid water, creating a tendency towards formation of gels with higher 
volumes than the 25 ° C controls at the same composition. Further, the 
solubility of the hydrophobes needs to increase by only ~1/N (where Ν is 
the total aggregation number; most of the molecules comprising the aggre
gate are surfactant) that of surfactant molecules to compensate for the 
tendency towards lower gel volume caused by the increase in surfactant 
solubility. Nevertheless, lower gel volumes are observed in our experiments 
so apparently the thermal solubility increase of the hydrophobes is low 
compared to that of the surfactant. We are currently investigating the 
total number of aggregates in the gel as well as the effect of temperature 
on the solubility of POE surfactants in water in an effort to permit better 
quantitative analysis of our results. 

Effect of Salt. The effect of salt on the final gel volume was investigated 
by adding 0.1M NaCl to the HMHEC/SDS solutions during mixing. All 
solutions were studied at 25 ° C. We saw no effect of NaCl on the final 
gel volume at either of 2 bulk compositions studied. This result might 
once again be explained by looking at the effect of NaCl on the surfactant 
cmc and aggregation number. In general, salts are known to reduce the 
cmc of ionic surfactants. SDS is well characterized in this respect. In the 
absence of a cosurfactant, NaCl concentrations of up to 0.4 M reduce the 
cmc of SDS by an order of magnitude (22). However, the aggregation 
number of SDS micelles also rises from 55 to 162 on addition of salt (25), 
diminishing the effect of the lower cmc on the total number of aggregates 
that form. We are not aware of any study of the effect of salt on the 
cmc and aggregation number in solutions containing both SDS and a 
cosurfactant. It appears that in our system, the opposing effects of reduc
ing the cmc and increasing the aggregation number balance each other in 
such a way as to leave the number of crosslinking aggregates in the net
work unaltered. 

Conclusions 

We have seen that hydrogel networks may be made using surface-active 
graft copolymers, and that the microstructure and bulk properties of these 
networks may be easily manipulated. We are now conducting further 
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temperature and salt studies, as well as neutron scattering studies to deter
mine the average size of the aggregates, in an effort to characterize these 
networks more completely. It remains now to seek out practical applica
tions for these new materials which exploit their unique two-phase struc
ture. The fact that pyrene partitions into the hydrophobic microdomains 
suggests that these materials may be used to advantage in separations or 
controlled release applications, where solutes may be sequestered in or 
released from the microdomains in a manner dependent on their relative 
solubilities in the two phases of the gel. Investigations into these areas 
are currently under way. 
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Chapter 4 

Characterization of Polyelectrolytes 

D. Hunkeler1, X. Y. Wu, and A. E. Hamielec 

Institute for Polymer Production Technology, Department of Chemical 
Engineering, McMaster University, Hamilton, Ontario L8S 4L7, Canada 

A series of polyacrylamide-co-sodium acrylates were 
prepared through alkaline hydrolysis of well fractionated 
polyacrylamides. The polymers were subsequently analyzed 
by light scattering and viscometry. The dilute solution 
properties such as the specific refractive index increment, 
intrinsic viscosity, and Mark-Houwink parameters were 
found to systematically depend on the ionic content of the 
copolymer. These relationships were used to develop reliable 
techniques for the molecular weight characterization of 
polyelectrolytes. A comparison of molecular weights of the 
polyelectrolytes with the parent nonionic polyacrylamides 
from which they were derived showed good agreement. 

The molecular weight characterization of polyelectrolytes is relatively 
difficult, since variations in copolymer composition alter the 
electrostatic environment and hence the size and structure of the 
polymer chain. Hydrolyzed polyacrylamide is therefore often used for 
methods development since it has a random distribution of charged 
groups along the backbone, and the molecular weights of the parent 
polyacrylamide can be estimated accurately by conventional 
techniques. 

Copolymers of acrylamide and sodium acrylate are used in 
aqueous solutions as drag reduction agents, flocculants and 
thickeners. These copolymers are also employed in tertiary oil 
recovery as thixotropic aqueous polymer emulsions. These solutions 
are pseudoplastics and exhibit typical polyelectrolyte behavior with 
respect to salinity. The polymers can be prepared by direct 
copolymerization or derivatization from polyacrylamides. When the 
ionogenic monomer is introduced through a free radical addition 
mechanism, long acrylate and amide sequences form, with the 
microstructure conforming to Bernouillian statistics (1,2). By 

1Current address: Department of Chemical Engineering, Vanderbilt University, 
Nashville, TN 37235 

0097-6156/92y048O-O053$07.75A) 
© 1992 American Chemical Society 
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54 POLYELECTROLYTE GELS 

comparison, polymers produced through alkaline saponification of the 
amide side chain are atactic (3) and have a relatively uniform charge 
density distribution which maximizes the viscosity increase for a given 
molecular weight and improves the polymer's performance (4). 

Typical of polyelectrolytes, the solution behavior of 
polyacrylamide-co-sodium acrylate has several peculiarities. For 
example, the intrinsic viscosity, radius of gyration, and second virial 
coefficient all show maximums at 50-70 percent acrylate levels (5,6). 
The maximum is due to a combination of electrostatic repulsion and 
intramolecular hydrogen bonding, the latter diminishing as the amide 
groups are hydrolyzed. The viscosity also reaches a limit at a degree of 
neutralization of approximately sixty percent. Above this level 
counterion shielding has been postulated to reduce the electrostatic 
repulsion (7). 

The purpose of this research is to develop valid characterization 
methods for copolymers of acrylamide and sodium acrylate. Initially a 
series of polyacrylamides will be synthesized and fractionated to yield 
narrow molecular weight distributions. The fractions will first be 
measured in their nonionic form where light scattering and 
viscometry are more reliable and accurate than for ion containing 
polymers. The polyacrylamides will then be hydrolyzed to various 
degrees and analyzed in their ionic form. The measured weight 
average chain lengths will be used to evaluate the absolute accuracy of 
the polyelectrolyte characterization method. In anticipation that the 
results of these studies could be applied to GPC calibration, we employed 
aqueous N a 2 S 0 4 solution as a solvent for polymers in these 
measurements and chose the Mw range of PAM fractions from 1.4 x lO 4 

to 1.2 xlO 6 daltons. 

Experimental Methods and Procedures 

Polymer Preparation. Polyacrylamides (PAMs) were synthesized by 
aqueous free radical polymerizations using potassium persulfate (BDH 
Chemicals, 99% purity) as an initiator and ethanol mercapton (BDH 
Chemicals) as a chain transfer agent. The polymers were 
heterodisperse in molecular weight, with polydispersities between 2.0 
and 2.5 as determined by Size Exclusion Chromatography (SEC). SEC 
chromatograms were measured with a Varian 5000 liquid 
chromatograph, using Toya Soda columns (TSK 3000,5000,6000 PW) and 
an aqueous mobile phase (0.02 M Na2S04 (BDH Chemicals), 0.1 wt% 
Sodium Azide (Aldrich) and 0.01% wt% Tergitol NPX (Union Carbide 
Corp.)). The chromatograms were recorded on a Varian CDS 401 Data 
Station. Molecular weight calibration was done using universal 
calibration with seven narrow polyethyleneoxide standards (Toya Soda 
Manufacturing Co., Ltd.) and two broad MWD PAM samples. Peak 
broadening correction was performed using standard methods (8,9). 

The synthesis conditions did not lead to preliminary hydrolysis as 
was determined by the l ^ C NMR spectra. The spectra were recorded for 
a 10 wt% D2O solution at 125.76 MHz and 70.9°C in the Fourier transform 
mode with inverse gate decoupling. The pulse width was 6.8 ms with an 
acquisition time of 0.557s. 
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Fractionation. Polymer fractionation can be performed by a variety 
of techniques based on differential solubility, sedimentation, diffusion 
and chromatographic exclusion. For the large scale fractionation of 
high molecular weight polyacrylamide, fractional precipitation is 
preferred since it provides good separation efficiency and high yields, 
without requiring excessively dilute solutions. Previous investigations 
on polyacrylamide fractionation have used several nonsolvents 
including methanol (70-72), isopropanol (7J), acetone, dioxane and THF 
(14). Wu (15,16) found acetone to have the highest solvent power by 
the solvent-precipitation-fractionation (SPF) Method. Wu also observed 
the narrowest polydispersity for fractions separated with mixtures of 
water and acetone as a nonsolvent. However, at high molecular weights 
methanol performed better, providing a more uniform polymer 
distribution between the lean and rich phases. A summary of the 
fractionation conditions and procedures used in this research is given 
in Table I. This method is the first large scale procedure to be applied to 
polyacrylamide, although large scale apparatus have been used before 
(7 7). Figure 1 illustrates the magnitude in the reduction in 
polydispersity due to fractionation for fractions generated in this 
research. 

Polymer Hydrolysis. The fractionated polyacrylamides were 
hydrolyzed in an aqueous solution containing 4 wt% polymer. The 
reaction was performed in a three neck round bottom Pyrex flask. The 
centre opening was tightly fit with a glass agitator equipped with two, 
one-inch teflon blades. The agitator was connected to an external 
motor (Type RZRI-66, Caframo). The two side necks housed a 
thermometer and served as a sample withdrawal port. The flask was 
immersed in a constant temperature bath, operating at 30±Ό. 5 ° C . The 
aqueous polyacrylamide solutions were maintained in the bath for one 
hour prior to hydrolysis. Distilled deionized water with 0.5 M NaOH (BDH 
Chemicals) was used as the reaction medium. Experiments were carried 
out for six hours, with aliquots withdrawn periodically at approximately 
fifteen minute intervals. 

Hydrolysis was performed on five nonionic fractions with 
nominal molecular weights of 30,000, 120,000, 400,000, and 1,000,000 
daltons. At each molecular weight a range of polymer compositions 
from zero to fourty percent sodium acrylate was obtained. These 
polymers were precipitated in an excess of methanol (70-100 hrs). 
Methanol proved to be an ideal non-solvent since it solubilized the 
unreacted sodium hydroxide. For low molecular weights samples were 
centrifuged for 1/2 hour at 5000 rpm to recover the fine powder of 
hydrolyzed polyacrylamide (HPAM). Samples were dried under vacuum 
to constant weight, and prepared for analysis after being cooled to room 
temperature and removed from the oven. The unused portion of the 
sample was stored in a sealed glass desiccator over silica gel. 

Copolymer Characterization. The composition of copolymers of 
acrylamide with sodium acrylate can be measured using a variety of 
chromatographic, spectrometric, elemental or titrative techniques. 
Early investigations into these copolymers measured the extent of 
hydrolysis by potentiometric (7,18-23) or conductiometric titrations 
(24). Elemental analysis (C-H-N) is also common (25,26). However, it is 
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Table I 

Fractionation Conditions 

Solvent Distilled deionized water. 

Non-solvent Acetone, Methanol (BDH, Reagent 
grade) 

Temperature 23 ± 2°C 

Polymer concentration 1-8 wt% of initial solution* 

Reservoir Polyethylene: 20L, 50L 

Agitation 1/8 HP heavy duty lab stirrer with torque 
limiting controller (Series H, G.K. Heller 
Corp. Floral Pk. NY.) 

Non-solvent addition Dropwise 

Length of non-solvent addition 2-48 htt 

Settling time 2 - 7 days 

Method of phase separation Supernatant layer was siphoned off and 
refractionated 

Polymer concentration was reduced for higher molecular weight samples to maintain low 
viscosities and high fractionation efficiencies. 

Larger amounts of non-solvent were needed to separate lower molecular weight polymers 
and refractionated samples. 

2430 462000 
MOLECULAR WEIGHT 

Figure 1: Unnormalized SEC chromatograms showing the reduction in 
polydispersity upon fractionation. Dashed line: original polymer, Solid 
lines: fractions 1-4. 
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sensitive to trace residuals of water which are difficult to completely 
remove. NMR techniques have been reported (1-3) and give 
excellent results for low to moderate molecular weight polymers, but 
require extensive data acquisition for chain lengths above 
approximately one thousand. Infrared methods have been developed 
(5,27,28) and while they provide quick estimates of the composition, 
their reliability and reproducibility are poor (29). Recently Maurer 
and Klemann (30) have used ion chromatography and found it provided 
excellent agreement with atomic absorption spectroscopy (for N a + ) . 
Indeed, the elemental analysis of Na + directly is insensitive to residual 
water, but we have found it to underpredict the degree of ionization, 
likely because of incomplete neutralization. Elemental sodium methods 
are also susceptible to contamination by sodium ions, either from 
insufficient washing of NaOH or residual on the glassware. Therefore, 
although elemental methods have the best reproducibility, their 
absolute accuracy is insufficient. 

In contrast with atomic absorption spectroscopy, the titration 
methods are insensitive to the carboxyl forms, either in H + form or in 
N a + form, and are also insensitive to the viscosity of solution. Hence, 
titrations are more reliable in analyzing the hydrolysis degree of 
HPAM. 

In this work both potentiometric and conductiometric electrodes 
were placed in the titration reservoir. This resevoirwas equipped with 
a flow-through jacket to control temperature, and sealed such that an 
inert nitrogen atmosphere could be maintained over the sample. 
Entrance holes for the probes and titrant were included. Homogenized 
aqueous solutions of polyacrylamide-co-sodium acrylate were titrated 
with 1.0 M HCL (BDH Chemicals; reagent grade), and backtitrated with 
0.1 M NaOH (BDH Chemicals; reagent grade). The potentiometric and 
conductiometric calculation gave compositions within one percent of 
each other. Duplicate titrations were performed on a representative 
number of samples to estimate the reproducibility. 

Viscometry. The intrinsic viscosities of polymers in 0.2 Na2S04 were 
obtained from the quadratic form as well as the conventional form of 
Huggins equation by the least squares technique (31,32). The efflux 
time was measured with a No.75 Cannon-Ubbelohde semi-micro dilution 
viscometer at 25 ± 0.05°C. 

D ia ly s i s . A cellulose dialysis membrane (Spectra/Por 6) with a 
molecular weight cutoff of 1000 was purchased from Spectrum Medical 
Industries, Inc. (Los Angeles, CA). A small pore size was selected to 
prevent oligomers from diffusing into the dialysate. Prior to use the 
membranes were conditioned in the dialyzing buffer (0.2 M Na2S04) for 
one hour, and rinsed with distilled deionized water. 

Polymer solutions were prepared at a concentration suitable for 
light scattering (33). One hundred mL of these solutions were pipetted 
into the membrane which was sealed at one end with a dialysis tubing 
enclosure. After the second end of the membrane was secured, it was 
submersed in three litres of saline solution. This solution was housed in 
a four litre polyethylene container, isolated from the atmosphere. 

After a predetermined time the vessel was opened and the 
membrane removed. Several concentrations of the polymer were 
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prepared by diluting the dialyzed solution with the dialysate. The 
samples were immediately analyzed by light scattering or differential 
refractometry. 

Light Scattering. The molecular weight of each fraction was 
measured using a Chromatix KMX-6 LALLS photometer, with a cell 
length of 15 mm and a field stop of 0.2. These parameters corresponded 
to an average scattering angle of 4.8°. A 0.45 μπι cellulose-acetate-
nitrate filter (Millipore) was used for the polymer solutions. A 0.22 μπι 
filter of the same type was used to clarify the solvent. Distilled 
deionized water with 0.02 Na2S04 (BDH Chemicals, analytical grade) was 
used as the solvent. 

For characterization of dilute solution properties of 
polyacrylamide-co-sodium acrylate, Wu (16) has determined that 
polyelectrolyte interactions are suppressed for Na2S04 concentrations 
of 0.2 mol/L. This salt concentration was consequently selected as a 
solvent for the light scattering characterization performed in this 
investigation. 

The refractive index increment of the polymer in solution was 
determined using a Chromatix KMX-16 laser differential refractometer 
at 25°C and a wavelength of 632.8 nm. The dn/dc was found to be 0.1869 
for acrylamide homopolymers. 

Results and Discussion 

I. Characterization of Polyacrylamide. Eight PAM fractions with 
polydispersity indices 1.2 - 2.0 were obtained by fractionation. The 
homopolymers were subsequently analyzed by viscometry and light 
scattering with the intrinsic viscosities and weight-average molecular 
weights summarized in Table II. The reduced specific viscosities, ^sp/c, 
when plotted versus concentrations gave straight lines with regression 
coefficients of 0.999 - 0.9999. The intrinsic viscosities from the 
quadratic equation were not significantly different from those from the 
conventional equation, with an average deviation of 0.46%. 

The Mark-Houwink constants, Κ and a, were estimated ŵith the 
Error-In-Variables method (34,35). The variances in molecular weight 
were evaluated from Hunkeler and Hamielec's data (33), while those in 
intrinsic viscosity were calculated from the present data using Chee's 
equation (31). The variance in concentration was assumed to be 
negligible. The following equation has been established for PAM in 0.2 
M Na2S04 at 25±0.05°C: 

pl]= 2.43x10-4 Mw0-69 (1) 

The 95% confidence intervals for parameters Κ and a are: 

Κ =2.43x10-4 ± 0.36x10-4 
a = 0.69 ± 0.014 

The double logarithm plot of [Ή] vs M w is given in Figure 2. The "a" 
value is consistent with that obtained by Kulicke (36) in 0.1 M Na2S04 
(0.7). 
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Table II 

M w , PDI and [η] of PAM fractions 

Sample F l F2 F3 F4 F5 F6 F7 F8 

M w 1.244E6 9.90E5 4.01E5 2.01E5 9.90E4 3.60E4 2.69E4 1.39E4 

PDI 1.8 2.0 1.8 1.7 1.6 1.5 1.3 1.2 

[njdl/g 3.804 3.555 1.733 1.096 .6502 .3220 .2741 .1754 

MW Ig/moU 

Figure 2: Plot of log [*] vs. log M w for PAM in 0.2 M Na2S04 at 25°C 
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II. Light Scattering Characterization of Polyacrylamide-Co-
S ο d i u m - A c r y 1 a t e 

Light Scattering of Polyelectrolytes. When performing light 
scattering on polyelectrolyte samples, the effect of ionogenic 
monomers is manifested in an apparent second virial coefficient and 
refractive index increment. Nonetheless, the light scattering equation 
derived for nonionic polymers (3 6-3 8) can be generalized for 
polyelectrolytes (39) provided the following criterion are met: 

1) The local fluctuations in concentration, density and 
refractive index are electrically neutral (40). 
2) The refractive index increment is obtained at constant 
electro-chemical potential of the counterions in the solution 
and the environment of the polymer coil (41). 

The second criterion is satisfied by dialyzing the polymer and 
aqueous salt solutions against each other. At 'Donnan Equilibrium' the 
chemical potential of the counterion will be the same at all locations in 
the solution. Therefore, to correctly measure the molecular weights of 
polyelectrolytes we must first determine dn/dc^ as a function of the 
copolymer composition. 

Determination of the Refractive Index Increment at Constant 
Chemical Potential. In order to determine the time required for 
Donnan equilibrium of the sodium ion in this particular solvent-
membrane combination, several parallel experiments were performed. 
A polyacrylamide-co-sodium acrylate (PAM-NaAc) with thirty percent 
ionic content and a nominal molecular weight of 400,000 daltons was 
selected as a representative sample. A 0.15 wt% polymer solution was 
prepared and separated into six samples, which were dialyzed for 0, 24, 
48, 72, 96 and 120 hours, respectively. After these periods the solutions 
were diluted and refractive index increments were determined against 
the dialysate. The equilibrium dialysis time was found to be 72 hours, 
although for subsequent measurements a dialysis time of 120 hours was 
used. 

The refractive index increment at constant chemical potential was 
determined as a function of the extent of hydrolysis (Table III and 
Figure 3). The observed decrease in dn/dc^ with acrylate content, a 
manifestation of the negative selective sorption of sodium sulphate, has 
been reported previously (5,22,28). Only Kulkarni and Gundiah (42) 
have found a contradictory dependency. None of these authors have 
used the same solvent as in this work, and therefore direct comparison 
of the magnitude of dn/dc is not possible. Nonetheless, the validity of 
these measurements will be confirmed in the next section. 

The equation: 

dn/dc^ f PAM-NaAc = 0.1869 ( F N a A c ) " 0 0 7 6 (2) 

has been fit from this data so that the refractive index may be computed 
at any specific copolymer composition (F) between zero and thirty 
three percent sodium acrylate (NaAc). 
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Table III 

Refractive index increments at constant chemical potential for various 
compositions of polyacrylamide-co-sodium acrylate 

Acrylate content in copolymer 
(mol %) 

(dn/dc)p 

0.0 

6.4 

9.6 

15.0 

33.0 

0.1869 

0.1624 

0.1551 

0.1503 

0.1464 

0.20 

10 20 30 
HYDROLYSIS DEGREE 

Figure 3: Refractive index increment at constant chemical potential as a 
function of the acrylate level in polyacrylamide-co-sodium acrylate. Solid line 
is the regressed equation; dashed lines are the 95% confidence limits. 
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Evaluation of the Molecular Weight Method for 
Polyacrylamide-co-sodium acrylate. Light scattering 
measurements were made for each of the five narrow polymer 
standards. A typical result, showing the Rayleigh factor as a function 
of composition, is given in Figure 4. From these linear plots the weight 
average molecular weights (M w ) were regressed. The molecular weight 
data were normalized with respect to composition, with the 
corresponding chain lengths summarized in Table IV. The 
polyelectrolyte chain lengths deviate on average by 7.68% from the 
original polyacrylamide homopolymer. Such an agreement is well 
within the random errors of aqueous light scattering ( ± . 1 0 % ) ( 3 2 ) . We 
can conclude, therefore, that the measured molecular sizes of the ionic 
and nonionic polymers agree. It is worthwhile to note that without the 
correct refractive index increment, the estimation of the molecular 
weight of a thirty percent hydrolyzed polyacrylamide is 62% 
underpredicted! Therefore, the polyelectrolyte method, and the specific 
refractive index increments at constant chemical potential are accurate 
and reliable. Furthermore, it is sufficient to correct the optical 
constant for dn/dc^ in order to obtain accurate molecular weights of 
polyelectrolytes. 

The following procedure is recommended for the molecular 
weight characterization of polyacrylamide-co-sodium acrylate: 

A dilute solution of the polyelectrolyte should be prepared at an 
appropriate concentration for light scattering (32) in a solvent of high 
ionic strength, for example, 0.2 M Na2S04. The polymer solution should 
subsequently be dialyzed against the saline solution for an equilibrium 
period in a membrane of small pore size. The dialysis will equilibrate 
the electrochemical potential of the counterion between the bulk 
solution and the domain of the polymer coil. Several dilutions of the 
base polymer solution should then be prepared by combining the 
dialyzed solution and the dialysate (These new polymer solutions will 
also be in electrochemical potential equilibrium with the dialysate 
since they are prepared from mixtures of two solutions with the same 
activity of N a + ions). The excess Rayleigh factors (Rq) can then be 
measured by light scattering over the range of concentrations (c) 
prepared: 

Re =R9c - R 0,Dialysate (3) 

With an estimate of the copolymer composition (F), the specific 
refractive index increment at constant chemical potential, (dc/dc^, 
can be calculated and used to compute the optical constant (K 0 ) : 

K 0 = 2jL 2 n 2 (dn/dc) 2

u (4) 

λ 4 Na 

where η is the refractive index increment of the solvent, Na is 
Avogadro's number, and λ is the wavelength of radiation. The weight 
average molecular weight (M w ) can subsequently be regressed from 
measurements of the excess Rayleigh factors at several polymer 
concentrations, using the classical light scattering equation valid for 
low observation angles: 
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CONCENTRATION (g/mU-IO* 

Figure 4: Light scattering plots showing the equivalence of 
molecular weight determination for polyelectrolytes and the nonionic 
polymer from which they were derived. (O): Polyacrylamide, (•) : 
HP AM with 9.53% hydrolysis, (Δ): HPAM with 33.7% hydrolysis 

Table IV 

A comparison of the polyelectrolyte and nonionic molecular 
weight characterization procedures 

Molecular weight of 
polyacrylamide 
measured by the 
nonionic method 

Molecular weight measured on 
polyacrylamide-co-sodium 

acrylate by the 
polyelectrolyte method 

(nonionic polyacrylamide) ( 10% hydrolysis) (30% hydrolysis) 
Percent Deviation 

from Nonionic 
( 10% hydrolysis) (30% hydrolysis) 

379 482 402 21.4 5.7 
1,676 1,633 1,702 2.6 1.5 
3,282 3,413 3,439 3.8 4.6 
6,563 6,412 5,959 2.4 10.1 
13,859 13,845 10,446 0.1 24.6 

Average deviation 7.68% 
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Κο£ = L + 2 A 2 c (5) 

Re M w 

where A 2 is the experimentally measured second virial coefficient, an 
estimate of the interaction potential between two polymer coils in a 
given solvent. 

III. Viscometric Characterization of Hydrolyzed 
Polyacrylamide. In this section the intrinsic viscosity of HPAM, as 
well as the Mark-Houwink parameters will be correlated with the 
copolymer composition. These relationships will then be used to 
calculate weight average molecular weights. A comparison of MW's 
determined from viscometric data with those measured by an absolute 
characterization procedure (light scattering) will be used to evaluate 
the accuracy of the new correlations. 

Viscosity and the Square Root Law. As shown by the straight 
lines of ^sp/c vs concentration in Figure 5, HPAM in 0.2 M Na2S04 
behaves like nonionic polymer. However, the intrinsic viscosity of 
polyelectrolytes is uniquely dependent on the polymer composition and 
the salt concentration. Therefore, for a HPAM of a given molecular 
weight and a fixed salt level, the intrinsic viscosity will strictly vary as 
a function of the degree of hydrolysis (HD). This dependency has been 
verified experimentally (5,7,25,43-47); plots of H] vs HD are bell-shaped 
with a maximum [Ά] at about HD = 40-50%. Kulkarni (7) has 
demonstrated that the data can be linearized by plotting vs HD 1 / 2 
This square root law has also been found to be valid between 0 and 40% 
hydrolysis (Figure 6). It is described by the following emperical 
equation: 

pl] = A*HD^/2 + β (6) 

where A and Β are the slope and intercept of a plot of H ] vs H D ! / 2 , 
respectively. Although they are constant for a series of HPAM samples 
from the same parent PAM, the A and Β will vary with the M w of parent 
PAM as shown in Table V. 

Obviously, both A and Β are functions of the molecular weight of 
the parent PAM (Mwo) and therefore can be related to the intrinsic 
viscosity of the parent PAM (Hlo) . The plots in Figure 7 and Figure 8 
reveal fairly good linear relationships between A, Β and HJo. The data 
calculated from Kulkarni's results are also plotted in the figures. The 
same trends have been observed. 

The following equations have been regressed for the parameters 
A and Β as a function of the intrinsic viscosity of the parent 
polyacrylamide: 

A = f( plJo ) = 0.294 pl] 0 - 0.0246 
Β = f( pl]o ) = 0.266 HJo + 0.144 

(7) 
(8) 
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T ' Γ 

C (dl/g) 

Figure 5: Reduced specific viscosity vs. concentration of 
polyacrylamide fraction F3HY in 0.2 M Na2S04 at various degrees of 
hydrolysis (HD). (O): HD = 6.4%, (Δ) : HD = 9.5%, (•) : HD = 14.9%, (o): 
HD = 23.0%,(V): HD = 26.0% 
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τ • 1 ' r——' 1 1 1 1 r 

ι.βΙ · I ι ι . ι . ι . ι . ι . I 
0.0 1.0 2.0 3.0 4.0 S.O CO 7.0 

H D i / 2 

Figure 6: Dependence of intrinsic viscosity of HPAM on the square root of 
the hydrolysis degree: ©, F7HY; Δ, F5HY; • , F4HY; φ , HY2; +, F3HY; 0 , 
HY5; and F2HY. 
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Table V 

Parameters A and B in equation (β) for HPAM from the 

PAM with various molecular weights 

Sample [ηΐο A Β 

F7HY 0.2741 0.0462 ± 0.011 0.201 ± 0.056 

F5HY 0.6502 0.159 ± 0.027 0.363 ± 0.137 

F4HY 1.096 0.300 ± 0.098 0.428 ± 0.495 

HY2* 1.257 0.348 ± 0.026 0.428 ± 0.128 

F3HY 1.733 0.507 ± 0.085 0.634 ± 0.375 

F2HY 3.555 1.010 ± 0.173 1.109 ± 0.872 

•Mwo = 246900; PDI = 1.8 
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Figure 7: Slope of ( H l - H D 1 / 2 plot) for HPAM vs. [η] of the parent 
PAM (Θ): mis work, (Δ): Kulkarni's work 
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Figure 8: Intercept of ( H J - H D 1 / 2 plot) for HPAM vs. [ η ] of 
parent PAM (Θ): this work, (Δ) Kulkarni's work 
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Hence, an empirical equation of the intrinsic viscosity, H ], as a 
function of the intrinsic viscosity of the parent polyacrylamide, F U o , 
and the hydrolysis degree (HD) can be obtained for HPAM in 0.2 M 
Na2S04 at 25.0°C by combining equations (6-8): 

From equation (9) one can readily estimate the intrinsic viscosity of 
HPAM of any composition in the range of 6 - 40% without a direct 
measurement provided the intrinsic viscosity of the parent 
polyacrylamide and copolymer composition are known. 

Mark-Houwink Equations for H P A M 

In the Mark-Houwink equation the parameters Κ and a are constant 
only if the polymer composition, solvent and temperature are 
unchanged. For HPAM under the given conditions, Κ and a are 
functions of the hydrolysis degree. Klein et al. (46) observed a 
maximum value of exponent a at about 40% HD and a minimum value of 
Κ at about 20% HD. McCarthy et al. (43) showed some changes in the 
values of Κ and a with HD but did not show definite trends. 

Since the intrinsic viscosities of HPAM, especially those for high 
molecular weight samples, strongly depend on HD, it is necessary to 
choose HPAM samples with exactly the same HD to determine the 
parameters Κ and a. Because of the difficulties in preparing HPAM 
samples with exactly desired HD, interpolation from equations, such as 
the square root law, will be very useful. 

Using the square root law (Equation 6) for various molecular 
weights, the intrinsic viscosities of HPAM at HD = 6, 10, 15, 20, 25, 30, 35, 
40% were obtained. Assuming that all hydrolyzed acrylamide groups 
are in N a + form, the molecular weights of HPAM were calculated from 
the stoichiometric equation: 

where χ is the mole fraction of hydrolyzed groups (x=HD/100). 
Correlating the intrinsic viscosities and the molecular weights, a set of 
Mark-Houwink constants has been determined and are listed in Table 
VI. Some examples of log-log plots of [Ή] and Mw are given in Figure 9 
for HPAM with various compositions. 

Using polynomials to regress the data from Table VI, two 
empirical equations were obtained for Κ and a of HPAM. The 
polynomials were used since they provided a lower residual than other 
curves investigated, including exponentials. The equations, parameters 
and 95% confidence intervals are summarized below: 

pl] = (0.266+0.294HD1/2)[Tl]o+0.144-0.0246HD1/2 (9) 

M W S = M W PAM/71.08(94.04X + 71.08(1 - x)) (10) 

where 
a = Co + CiHD + C2(HD2)+ C3(HD3) 
Co = 0.625 ± 0.007 
Ci= 8.86x10-3 + 1.27x10-3 
C2 = -2.405x10-4+ 0.617x10-4 
C3 = 2.48x10-6 ± 0.89x10-6 

(11) 
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Table VI 

Mark-Houwink constants K and a for HPAM with various HD 

HD(mol%) a K(10-*) Regression 
Coefficient 

6 0.669 3.31 0.9982 

10 0.694 2.85 0.9991 

15 0.712 2.57 0.9995 

20 0.725 2.41 0.9997 

25 0.734 2.30 0.9997 

30 0.742 2.22 0.9998 

35 0.748 2.16 0.9997 

40 0.753 2.12 0.9997 
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î.oo ι 1 r 

L O G Mw 

Figure 9: Plot of log pi] vs. L o g M w for HPAM at various hydrolysis 
degrees (Θ): HD = 10%, (Δ): HD = 20%,(a): HD = 35% 
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log K = do + diHD + d2(HD2) + d3(HD3) (12) 
where do = -3.36 ± 0.024 

di = -2.39x10-2+ 0.42x10-2 
d2 = 6.96x10-4 ± 2.05x10-4 
d3 = -7.37x10-6 + 2.95x10-6 

The regressed equations (11 and 12) show a good fit with the Mark-
Houwink parameters (Figure 10). Therefore, one can accurately 
calculate the values of Κ and a at any polymer composition of interest 
over the range 6 - 40% acrylate from these polynomials. The reliability 
of these Mark-Houwink parameters will be demonstrated in the 
following section of the paper. 

Molecular Weights of Hydrolyzed Polyacrylamide. T h e 
molecular weights of HPAM samples were calculated using the Mark-
Houwink equations (as M w v ) established in this work as well as from 
the stoichiometric equation (as M W s ) based on light scattering 
measurements. In the viscometric calculations the values of Κ and a 
were obtained from the polynomials (equations 11,12) with the Hi's and 
HD's obtained experimentally. The two kinds of molecular weights 
together with those measured by light scattering are listed in Table VII. 

An average error in molecular weight determination of 4.7% is 
relatively low as compared with light scattering, osmometry and GPC. 
The agreement between the viscometric method and stoichiometric 
method is good even for the samples of high polydispersities (e.g. HY5). 
This suggests that the polynomial equations for the Mark-Houwink 
parameters and equation (5) which relates the intrinsic viscosity to the 
copolymer composition are reliable. For broader samples (Mw/Mn > 2.5) 
a polymolecularity correction might be necessary to reduce the error 
(43,48-50). 

Recommended method for the Calculation of Molecular 
Weights from Viscometric Data. The molecular weight of a 
hydrolyzed polyacrylamide can be based on either the viscosity of the 
copolymer, if it is available, or on the viscosity of the parent 
polyacrylamide from which the copolymer was derived. The two 
possible cases are summarized below: 

1· If H l H P A M is known, the molecular weight can be calculated from 
the Mark-Houwink equation (equation 1) provided the hydrolysis 
degree has been determined. In this case the parameters Κ and A are 
calculated at the exact HD from the polynomials given by equations (11) 
and (12). 

2. If ["Π]ΡΑΜ is known the molecular weight of the copolymer can be 
calculated directly from equations 1 and 10. The latter requires a 
measurement of the hydrolysis degree. 

Mark-Houwink Constants. As shown in Table VI and Figure 10, the 
value of Κ decreases exponentially with an increase in the hydrolysis 
degree. This is similar to Klein's data (4 6). As a measure of the 
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0.34E-3 

0.33E-3 

0.32E-3 

0.31E-3 

0.3E-3 
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r— 

01 0.27E-3 

S 0.26E-3 

0.2SE-3 
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Figure 10: Mark-Houwink constants K and a for HPAM at various 
hydrolysis degrees ( ); from correlated polynomials, (Θ): data point 
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Table VII 

Molecular weight of Polyacrylamide-co-sodium acrylate from: the Mark-Houwink equations 

(Mw v), the stoichiometric equation (equation 7) (MW9) 

and from light scattering (M w LS) 

D (mol%) [q](dl/g) M W LS Mwv M w e ERR (%)» 

F7HY 
10.77 0.3524 35800 28300 27800 1.53 
36.00 0.4692 31700 28800 30000 -4.19 
36.08 0.4872 / 30200 30000 0.64 

F5HY 
10.30 0.8468 119600 101500 102300 -0.80 
16.70 1.049 / 112300 104300 7.61 
34.42 1.303 / 114700 110000 4.30 
39.20 1.342 135500 112900 111500 1.22 

F4HY 
9.68 1.353 247000 205000 207300 -1.08 
31.90 2.200 / 238600 221700 7.62 
34.90 2.127 268000 219900 223700 -1.67 

HY2 
4.86 1.355 / 267400 250800 6.62 
8.42 1.451 / 241100 253600 -4.92 
12.10 1.601 / 235800 256600 -8.10 
22.80 2.137 / 262200 265100 -1.11 
36.00 2.486 / 267300 275600 -3.01 
41.50 2.677 / 273100 280000 -2.46 

F3HY 
6.40 1.961 / 421400 409300 2.97 
9.53 2.075 468000 383800 413300 -7.15 
14.90 2.640 / 431200 420300 2.59 
23.20 3.242 / 459800 431100 6.68 
26.00 3.470 / 479700 434700 10.35 
33.10 3.372 467000 417200 443900 -6.00 

HY5b 

9.46 3.979 / 925500 1061500 -12.81 
11.50 4.228 / 969500 1068300 -9.25 
20.15 5.329 / 974700 1097000 -11.16 
36.60 6.893 / 1126800 1132500 -0.51 

F2HY 
10.30 4.354 1014000 1076500 1022900 5.24 
32.20 6.709 / 1064500 1093000 -2.60 
33.40 7.067 822000 1122000 1096800 2.30 

average absolute error (%) 4.70 

a Err(%) = (M^ - MwJ/Mws X 100% 
b HY5 is from iinfractionated PAM with PDI 2.5 
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flexibility of the polymer chains, Κ is proportional to the viscosity 
constant φ (50,51). 

K ~ φ (13) 

where φ = φο (1-2.63ε + 2.86ε 2 ) (14) 
for nondraining polymer coils. Since φ will become smaller when the 
polymer chains become more rigid, it is reasonable for Κ to decrease 
when the concentration of charged groups increases. 

The values of the exponent a obtained in this work are in the 
range, 0.67 to 0.76. This is in agreement with the theoretical predictions 
(50) for unbranched, non-solvent-draining coils with excluded volumes 
and implies that 0.2 M N a 2 S Û 4 is not a good solvent for polyacrylamide 
or poly(acrylamide-co-sodium acrylate). Therefore the polymer chain 
has a random coil conformation in this solvent. 

The constant Κ and exponent a are also not independent 
parameters since from the theoretical derivation, "a" is a function of 
"ε": 

a = 0 . 5 ( 1 + 3 ε ) (15) 

Hence, Κ and a have a certain relationship as summarized by Elias (50) 
for various coil-like polymers: 

logK = C i - C 2 a (16) 
where C i and C2 are positive constants. Our data show a similar 
relationship between Κ and a for the copolymer with various 
compositions as follows and in Figure 11: 

log Κ = -1.946-2.302a (17) 
(In our case constant C i is negative). The agreement again implies a 
coil-like conformation of poly(acrylamide-co-sodium acrylate) in the 
salt solution. 

C o n c l u s i o n s 

The first large scale fractionation method for polyacrylamides is 
reported. This procedure has been optimized to prepare a series of 
narrowly distributed polymer standards with molecular weights 
between 10,000 and 1,000,000. The homopolymers were subsequently 
hydrolyzed to between 5 and 40% sodium acrylate content through a 
saponification reaction. 

It has been found that the classical light scattering theory, 
derived for nonionic scattering bodies, can be applied to 
polyelectrolytes provided the specific refractive index increment 
(dn/dc) is evaluated at constant electrochemical potential ( μ ) . 
Equilibrium is obtained by dialyzing the polymer solution against the 
dialysate (0.2 M Na2S04 for polyacrylamide-co-sodium acrylate) for a 
predetermined equilibrium period, specific to the pore size of the 
membrane used. From such measurements at various copolymer 
compositions (F), the following empirical relationship is established: 

dn/dc V , P A M - N a A c = dn/dc) P A M (FNaAc) a (18) 

where a was found to be -0.076. 
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4. HUNKELER ET AL. Characterization of Polyelectrolytes 77 

Figure 11: logK vs. exponent a of HPAM at various hydrolysis 
degrees (HD) from top left to bottom right, the data points are at: HD = 6, 
10, 15, 20, 25, 30, 35, 40% 
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78 POLYELECTROLYTE GELS 

The validity of the specific refractive index increment at 
constant chemical potential is established through light scattering 
measurements of the weight average chain length of the hydrolyzed 
polyacrylamides. These chain lengths were then compared with the 
chain lengths of the parent nonionic polymers from which they were 
derived. Excellent agreement is observed, implying the polyelectrolyte 
characterization method developed, specifically the dn/dc^'s, are 
accurate and reliable. 

Mark-Houwink constants for poly acrylamide and 
poly(acrylamide-co-sodium acrylate) in 0.2 M Na2S04 were also 
measured. The dependence of Κ and a on the copolymer compositions 
was found for the range of acrylate content 6 - 40 mol%. A relationship 
between intrinsic viscosity and acrylate content in the form of the 
square root law was also found. A method was therefore developed from 
which the molecular weight of polyacrylamide-co-sodium acrylate can 
be estimated without recourse to direct light scattering measurements. 
Knowledge of the hydrolysis degree and intrinsic viscosity of the 
parent polymer are sufficient. This method has been evaluated against 
experimental data, and good agreement is observed. 
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Chapter 5 

Polyethylene Film Acrylic Acid Grafted 
by Electron-Beam Preirradiation Method 

Properties of Grafted Materials 

J. Harada1,2, R. T. Chern1, and V. T. Stannett1 

1Department of Chemical Engineering, North Carolina State University, 
Raleigh, NC 27695-7905 

2Tsukuba Research Laboratories, Mitsubishi Paper Mills, Ltd., 46 Wadai, 
Tsukuba City, Ibaraki 300-42, Japan 

The properties of acrylic acid grafted high density polyethylene films 
prepared by the electron beam preirradiation method have been 
studied. At high extents of grafting, the products are essentially 
poly(acrylic acid) hydrogels which are crosslinked by polyethylene. 
The hydrogels have a rubberlike elasticity. Although the tensile 
strength decreased with the extent of grafting, the highest grafted 
material which contained only 0.6 wt% polyethylene (on a dry basis) 
still had a tensile strength of 4.0 MPa at an elongation of about 790% 
after the sample was equilibrated with water. The water absorption 
capacity was also affected by the preirradiation dose, with the 8 Mrad 
irradiated sample exhibiting the highest water uptake. 

Grafting of hydrophilic monomers throughout the whole thickness of non-porous 
hydrophobic polymer films is known to lead to hydrophilic membranes. These 
hydrophilic membranes have been considered as biomedical materials because of 
their excellent biocompatibility, high water permeability, and characteristics desirable 
for enzyme immobilization and controlled release of drugs (1). The polarized gels 
have also been studied for use as mechano-chemical materials (2, 3), including pH 
sensors, polymer actuators, and separation membranes. 

The grafting reaction, including the use of high energy radiation, of acrylic acid 
or methacrylic acid onto polyethylene has been studied by many researchers because 
of its simplicity, high grafting ratio, and many application possibilities. These 
applications include water absorbents (4-7), battery separators (8-16), ion exchange 
and ion trap materials (17-21), selective separation membranes (19, 22, 23), anti
static materials, deodorant materials, enzyme-immobilization substrates (24,25), 
metal coatings (26), and so on. 

In this paper, we will present the properties of acrylic acid grafted polyethylene 
films, prepared by the electron beam preirradiation method at a comparatively high 
reaction temperature, high irradiation doses, and under redox reagent-free conditions 
(27, 28). 

0097-6156/92/0480-0080$06.00Α) 
© 1992 American Chemical Society 
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5. HARADA ET AL. Acrylic Acid Grafted Polyethylene Films 81 

Experimental 

High density polyethylene (HDPE) film (d = 0.963 g/cm3, 95 mm thick, 
crystallinity=70%, Mitsubishi Chemical Product) was used. Acrylic acid (Aldrich, 
containing 200 ppm hydroquinone monomethylether as a stabilizer) was used without 
purification. Potassium hydroxide and sodium hydroxide were A.C.S. reagent grade 
(Aldrich). 

An electron curtain type electron beam accelerator (175Kv, Energy Sciences 
Inc.) was used. The preirradiation was conducted under nitrogen atmosphere and 
room temperature. The maximum irradiation dosage for a single pass was 16 Mrad. 
For doses larger than 16 Mrad, the sample was exposed several times from both sides 
of the sample. According to the dose-depth profile at 175Kv (29), the irradiation 
dosage was expected to be almost the same (>95%) throughout the sample thickness. 

The gel fraction of irradiated polyethylene was determined by weighing the 
sample after 48 hours of extraction in hot toluene. 

Monomer solutions were aqueous and were bubbled with nitrogen in die 
Erlenmeyer flask for at least 30 minutes to degas the solution before the grafting 
reaction. The irradiated polyethylene samples were dropped into the reaction flask 
which was kept in an isothermal (75° C) water bath. Nitrogen bubbling was 
continued during the grafting reaction. After reaction, the grafted samples were taken 
out and washed by running hot water for one day, followed by vacuum drying for 48 
hours at 55° C. By this washing method, the grafted polymer weight reached almost 
the same value (within 2 wt. %) as the complete extraction results (2 days water reflux 
and 2 days methyl alcohol extraction). Grafting ratio (%) was calculated according to 
the following equation, 

100* (weight after grafting - original weight) / original weight 

Strictly speaking, the "grafting ratio" is actually the fractional unextractable 
poly(acrylic acid). 

A microtome was used to slice the grafted film and a scanning electron 
microscope (JEOL, JXA-840) was used to observe the surfaces and cross sections of 
the grafted films. The grafted samples were neutralized by a 1% potassium hydroxide 
solution to enhance the contrast between the grafted layer and the ungrafted layer. 

A Monsanto Tensometer 10 was used to measure the tensile strength of grafted 
samples. The sample width and length were 2 cm and 5 cm, respectively. The 
elongation rate was 300 mn/min. 

Standard pH buffer solutions (Fisher) were used to check the pH dependence of 
swelling of the grafted polyethylene samples. The degree of swelling was defined as 
100 X (length after swelling / original length). 

Results and Discussion 

Asymptotic Grafting Ratio and Crosslinking Table I shows the asymptotic 
grafting ratio of polyethylene samples irradiated to different doses. The asymptotic 
grafting ratio can be fitted to the following equation: 

Asymptotic grafting ratio = Κ * [D]b 

where Κ and b are constants, [D] is the irradiation dose (Mrad). The b value for 
HDPE is about 0.5 between 1 Mrad to 16 Mrad. Above 32 Mrad the asymptotic 
grafting ratio was much higher than that calculated from this equation (27). It is not 
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82 POLYELECTROLYTE GELS 

clear why this was so. Presumably, a combination of reduced termination and chain 
transfer reactions or grafting to existing grafted poly(acrylic acid) has led to these 
results. 

Table I. Asymptotic Grafting Ratio of Irradiated Polyethylene Samples 

Irradiation Asymptotic Size Gel 
Dose Grafting Swelling 

LILo (%)* 
Fraction** 

(Mrad) Ratio (%) 
Swelling 

LILo (%)* (%) 
0 0 100 0 
1 428 192 0 
2 659 250 0 
4 993 310 0 
8 1240 335 0 

16 1709 370 43 
32 3645 432 66 
48 8685 590 71 
64 26086 1000 78 
96 40653 1170 84 

Lateral dimension of the sample at the end of the grafting reaction. 
Gel fraction of the irradiated but ungrafted HDPE. 

Above 16 Mrad, effective crosslinking happened and an insoluble fraction of 
polyethylene remained after extraction with toluene for 48 hrs. The unextractable gel 
fraction increased with preirradiation dose. Crosslinking was found to affect the 
grafting reaction rate, penetration of grafting layer and the mechanical properties of 
grafted materials; these results will be presented below. 

Water Absorption of Samples in Acid Form Acrylic acid grafting of 
polyethylene has been shown by us to proceed from the surface to the center of the 
film (27). Figure 1 shows the equilibrium water uptake of the un-neutralized samples 
as a function of the grafting ratio, expressed in terms of g water / 100 g poly(acrylic 
acid) grafted. Water uptake increased initially with grafting ratio and asymptoted to a 
constant value after 20% grafting. Clearly, the grafted layer can absorb a significant 
amount of water even if the grafting ratio is very small (<5%). This water absorption 
property is quite different from that of poly(acrylic acid) grafted polyethylene 
produced by the mutual irradiation method. In the case of mutual irradiation, there 
was little water uptake below 15% grafting as reported by Lawler and Charlesby (10). 

Although the grafted layer produced by the preirradiation method could absorb 
water, the water absorbing ability was restricted by the polyethylene chains. As 
shown in Figure 2, the water uptake per grafted poly(acrylic acid) stayed about the 
same up to 60 wt% poly(acrylic acid) in the polymer. It then increased dramatically 
with the poly(acrylic acid) content and reached a maximum at a poly(acrylic acid) 
content around 90% (grafting ratio ca. 900%). At this peak point, water uptake 
reached ca. 70 wt% of the wet sample. The dramatic increase in water uptake above 
60 wt% poly(acrylic acid) may be attributed to the fact that the grafted layer merged 
at the center of the film sample when the poly(acrylic acid) content reached about 
60% (grafting ratio 150%). Below this level, the grafted material has a three-layer 
structure, including two grafted layers and one center ungrafted polyethylene layer. 
The ungrafted polyethylene layer might have restricted swelling of the sample and 
thus reduced the equilibrium water uptake. Finally, the decrease in water uptake with 
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Grafting Ratio, % 

Figure 1. Equilibrium water uptake of poly (acrylic acid) grafted HDPE. A 
comparison between pre- and mutual-irradiation methods. 
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Figure 2. Equilibrium water uptake vs poly(acrylic acid) content. The influence 
of irradiation dose. 
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grafting above 90% of poly(acrylic acid) content (Figure 2) is probably due to 
crosslinking of polyethylene; high grafting ratios (P-AA content >90%) were obtained 
only for samples irradiated to doses greater than 16 Mrad which was enough to 
crosslink the polyethylene. 

A hydrogel, according to definition, should have the ability to swell in water and 
retain a significant fraction (e.g. >20 wt%) of water within its structure but will not 
dissolve in water (30). The poly(acrylic acid) grafted HDPE with grafting ratio over 
150% satisfies this criterion. 

Swelling of Neutralized Samples in Water Figure 3 shows the swelling, 
expressed in terms of (swollen sample weight / dry sample weight), of samples both 
before and after being neutralized in a 1.0 w/v% sodium hydroxide solution for 20 
hours. These samples have been grafted to their respective asymptotic grafting 
ratios. Before neutralization, the extent of swelling is essentially independent of the 
preirradiation dose; the 1 Mrad sample is the only exception which seems to have 
retained too much of the polyethylene structure to absorb much water. After 
neutralization, the difference in the swelling was enhanced; the swelling peaked at 8 
Mrad irradiation. The increase in swelling between 1 Mrad and 8 Mrad is due to an 
increase in the grafting ratio, the decrease above 8 Mrad can be attributed to die 
crosslinking effects addressed above. The curve designated "Neutralization" in Figure 
3 denotes the amount of swelling when the samples were equilibrated with the 1.0% 
NaOH solution. After neutralization, the samples were soaked in deionized water for 
1 hr. and 4 hrs, respectively. The maximum water uptake is about 35 times the dry 
weight of the grafted sample, much greater than what was observed before 
neutralization, reflecting the effects of osmotic swelling. 

The appearance of the grafted samples in the dry state also strongly depends on 
the preirradiation dose. For example, the 8 Mrad sample with 800% grafting ratio 
was milky white while the 64 Mrad sample with 800% grafting ratio was completely 
transparent; the equilibrium water contents of the two samples were roughly the same. 
No definitive explanation can be given at the present time for this observation. 

Tensile Strength Figure 4 shows the tensile stress-strain curves, measured at 30 
mm/min, for the irradiated but ungrafted HDPE samples. At this speed, the un
irradiated sample was torn along the elongation direction into pieces without breaking 
at roughly 100% strain. The maximum tensile strength did not vary much with 
irradiation between 1 to 64 Mrad. However, a mere 2 Mrad irradiation is enough to 
increase the elongation at break from -100% to 950%. All the samples showed an 
extended plateau in the stress-strain curve. The tensile strength increases mildly and 
the elongation at break decreases with the irradiation dose. 

Figure 5 shows the stress-strain curves for wet grafted HDPE samples 
preirradiated at 2 Mrad; the samples had been washed thoroughly with hot water after 
grafting. At this preirradiation dose, the grafted layers in the HDPE film met at the 
center of the film at ca. 150% grafting ratio. Below this grafting ratio, the grafted 
materials have a three-layer structure which include two grafted layers and one 
ungrafted central layer. The stress-strain curve of this three-layer material appears to 
be sensitive to the extent of grafting. For example, the sample with 30% grafting ratio 
failed in a brittle manner at a strain smaller than 50%, but the stress-strain curve of the 
70% sample exhibited a plateau before break. After the grafted layers merged 
(>180% in this case), rubberlike elasticity was observed; the strain at break increased 
and the maximum tensile stress decreased with increasing grafting ratio, mainly 
resulting from becoming thicker because the force at break was not much changed. 
However, the maximum tensile strength of samples with grafting ratios above 3000% 
was at about the same level (4.2 ± 0.6 MPa). These values are much higher than 
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Figure 3. Effects of neutralization on the extent of swelling. Samples grafted at 
70°C for 120 minutes in 50% acrylic acid aqueous solutions. Grafting 
ratios are 352%, 635%, 753% 1051%, 1389%, 3979% and 21810% for 
samples preirradiated to 1, 2,4, 8,16, 32 and 64 Mrad, respectively. 
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Figure 4. Stress-strain relationship for irradiated but ungrafted HDPE. 
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those of ordinary hydrogels, e.g. poly (2-HEMA) has a maximum tensile strength of 
0.6 MPa and a 250% elongation at break (31). Some typical mechanical properties of 
the poly(acrylic acid) grafted HDPE samples are shown in Table II. 

Table II. Mechanical Properties of Grafted HDPE 

irradiation 
Dose 

64Mrad 32Mrad 8Mrad lMrad 

Grafting ratio 17640% 2477% 619% 383% 
Reaction Time 120min. 120min. 60min. 120min. 
Water Content* 59% 58% 51% 42% 
Max. Strength 4.0MPa 5.9MPa ll.lMPa 8.2MPa 

Max. Strain 790% 362% 647% 550% 
Elastic limit <150% - - -

•Water content is expressed in (g H20/g gel) 

Figure 6 shows the relationship between the maximum tensile strength and the 
grafting ratio for a variety of preirradiation doses. Obviously, the tensile strength 
decreases with increasing grafting ratio, and increases with increasing preirradiation 
dose. 

The Young's modulus also depends on both grafting ratio and preirradiation 
dose. However, the effect of grafting ratio dominates. The modulus decreased 
rapidly with grafting up to ca. 2000% grafting ratio, from 60.1 MPa (grafting ratio 
182%) to 4.2MPa (1803%), then it gradually decreased to 1.3MPa (20261%). 

pH Sensitivity It is well known that the pKa value of poly(acrylic acid) is about 
4. When the carboxyl group is dissociated, the polymer chains are extended by the 
repulsion between the negative charges. Below pH 4, most of the carboxyl groups are 
not dissociated and the polymer remains unextended. Figure 7 shows the quasi-
equilibrium swelling of a 64 Mrad preirradiated sample with a grafting ratio of 
20,000% at various pH values. The sample that has been equilibrated at pH 4 was 
designated to be the reference (LQ/LO = 1)· In the first swelling cycle, the 
measurements were made by soaking die samples in buffered solutions for 20 hours 
except for pH=7 and 6 which were given 40 and 100 hours, respectively. Swelling 
between pH 4 and 6 was very minor after soaking for 20 hours (<5% change). Line 
2 in Figure 7 shows the deswelling of the samples after they were kept at pH = 10 for 
15 hours. The rate of deswelling at pH >4 was very slow; e.g. the swelling ratio was 
145% after 4 hours and 138% after 80 hours at pH=4. The extent of swelling 
remained around 150% until the pH was dropped to below 4. 

Clearly, there is a pronounced hysteresis. Line 3 shows the second swelling of 
the hydrogel which was kept at pH = 1 for additional 15 hours after the deswelling 
cycle described above. The rate of reswelling hydrogel at pH >2 was rapid. 
Moreover, there was a much smaller hysteresis between the quasi-equilibrium values 
of the deswelling and die reswelling cycles (lines 2 and 3). (Because of slight 
differences in the swelling history of the samples, the degree of swelling at the two 
extremes of die curves in Fig. 7 do not coincide). 

Figure 8 shows the pH sensitivity of the swelling-deswelling properties of a 
sample with a lower grafting ratio. The sample started to swell at pH = 7 but the rate 
of swelling was very slow. The quasi-equilibrium swelling reached only 135% at pH 
= 10 after 30 hours. Similar to the data in Figure 7, there is a large hysteresis between 
the swelling and the deswelling cycle, but a smaller hysteresis between the deswelling 
and reswelling cycles. 
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Figure 5. Stress-strain relationship for grafted HDPE. 
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Figure 7. pH dependence of the quasi-equilibrium swelling of highly grafted 
HDPE. Grafting ratio = 20,000%. 

150 

140 
c 
ϋ 

130 
60 ο 

I D i2o 
eu 

w 110 

100 

m Swelling 

' 1 1 ' 1 1 1 1 1 

r 
• 

1 —O— Deswelling / -— -• — Reswelling ; 
/ 1 

y ρ • 

• /
 y • 

-
_ 

237% grafting • 

• , , , ι TT". Τ Γ711 . U J 
I . . . ι . . 

6 

PH 

10 12 

Figure 8. pH dependence of the quasi-equilibrium swelling of relatively lightly 
grafted HDPE. Grafting ratio = 237%. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
5

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



5. HARADAETAL. Acrylic Acid Grafted Polyethylene Films 89 

The large hysteresis between the first swelling cycle and the deswelling cycle 
may be attributed to changes in the poly(acrylic acid) structure. Before neutralization, 
the grafted poly(acrylic acid) chains might be tightly coiled because the grafting 
reaction was carried out inside polyethylene. This highly coiled structure may 
significantly retard swelling at a moderate pH. After neutralization, all the carboxyl 
groups have been dissociated, and the ionic repulsion greatly expanded the originally 
tight coils of poly(acrylic acid). Upon deswelling, the expanded chains contracted to 
a much looser coil structure. During the subsequent reswelling, the conformation of 
the grafted poly(acrylic acid) never experienced the same degree of reorganization, 
therefore a much smaller hysteresis was observed. 

Conclusions 

Poly(acrylic acid) grafted HDPE gel was obtained easily by the electron beam 
preirradiation method. The gel had a high tensile strength (>4.0 MPa) even if it 
contained more than 50 wt% of water. The preirradiation dose strongly affected the 
tensile strength of the grafted HDPE. Higher preirradiation dose yielded higher tensile 
strength at the same grafting ratio. The amount of water uptake by the grafted sample 
before neutralization of the acid by NaOH was insensitive to the radiation dose or the 
grafting ratio as long as the grafting was above 200%. After neutralization, the sample 
preirradiated to 8 Mrad absorbed about twice as much water as samples of higher 
doses. Crosslinking of polyethylene at higher doses might have contributed to this 
reduced water absorption capacity. The un-neutralized hydrogel exhibited swelling-
deswelling hysteresis when equilibrated in buffered solutions. The hysteresis 
probably originated in the transformation of the conformation of the poly(acrylic acid) 
chains from a tightly coiled state to a loosely coiled state after the expansion-
contraction cycle caused by the pH changes. 

This paper contains a great deal of interesting new data but with only tentative 
explanations. Some additional data and a more detailed discussion will be presented in 
Part III of this series. 
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Chapter 6 

Relationship Between Poly(acrylic acid) Gel 
Structure and Synthesis 

Yu-Ling Yin1, Robert K. Prud'homme1, and Fredrick Stanley2 

1Department of Chemical Engineering, Princeton University, 
Princeton, NJ 08544 

2Dow Chemical Company, Midland Division, Building 768, 
Midland, MI 48674 

Water swellable gels are used widely in consumer product applications 
where their ability to imbibe up to 1000 times their own weight in 
water make them uniquely suited as absorbents. Their ability to swell 
arises from polyelectrolyte interactions and molecular structure of the 
gel network. A brief review of theories that relate the molecular 
structure of gels to their properties is given in the first part of this 
chapter. The main properties of interest are swelling volumes and 
elastic moduli. In the second part of the chapter we present a study of 
poly(acrylic acid) (PAA) gels crosslinked with 4 or 6-functional 
crosslinkers (bisacrylamide and TMPTA). The goal of the study is to 
relate the chemistry used to form the gel to the molecular structure, 
and finally to the end-use performance of the gel. When the degree of 
the neutralization of the monomer is zero, a linear relation exists 
between shear modulus and both crosslinker concentration and 
functionality. This is in accord with classical network theories. 
Increasing the neutralization of the monomer increases electrostatic 
interactions in the gel which increases swelling, but it also impedes 
efficient formation of the gel network structure. At high degrees of 
neutralization the crosslinkers are not incorporated uniformly and the 
extractable sol-fraction increases sharply while the modulus decreases. 
A correlation is presented that relates swelling to both the degree of 
neutralization and the crosslinker concentration. 

Crosslinked polymer networks were studied initially because of their importance in 
vulcanized (i.e. crosslinked) rubber. These studies provide the basis for the classical 
theory of rubber elasticity. The relationship between molecular network architecture 
and bulk properties is relatively well understood for these systems, although debates 
remain about fine points of the theory and experimental problems in making model 
networks with which to test the theory. Recently, there has been considerable interest 
in water-swellable polyelectrolyte gels (1-5). The commercial interest has come from 
applications of these gels as absorbents in diapers and personal products, and from 
the use of these gels in controlled drug release. The development of gels for these 

0097^156/92AM80-0091$06.75/0 
© 1992 American Chemical Society 
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92 POLYELECTROLYTE GELS 

applications has come without benefit of theories to relate molecular structure to 
swelling capacity. The reasons that these gels are difficult to model are three-fold: 1) 
polyelectrolyte effects are dominant and satisfactory theories for the properties of 
polyelectrolyte chains have been developed only recendy, 2) water is a particularly 
difficult solvent to treat theoretically— hydrogen bonding, and specific polar 
interactions with itself and the polymer must be incorporated, and 3) it is difficult to 
make model networks with the free-radical chemistry mat is required for the synthesis 
of these gels. 

At the same time that there has been commercial interest, the chemical 
physics community has also begun work on these systems because they display 
interesting critical phenomena and phase transitions (6-11). For polymer gels the time 
scales for critical fluctuations are long and can be more easily studied than 
fluctuations in low molecular weight fluids. 

In this chapter we first present a brief review of models that relate molecular 
structure of gels to their bulk properties. There are two primary "bulk property" 
measurements that are used to study networks: measurements of the shear modulus, 
and measurements of swelling. The modulus measurements are more straightforward 
because they do not explicitly require a model of the solution thermodynamics. 
Swelling measurements are simple to perform, but to interpret the results, a model is 
required both for the mechanical properties (i.e. modulus in dilatation) and for the 
water/polymer solution thermodynamics. The three components needed to model 
swelling are: 1) the elastic free energy, 2) the free energy of mixing of the polymer 
and solvent, and 3) the electrostatic free energy. We present experimental results on 
the relationship between properties and synthesis of poly(acrylic acid) (PAA) gels 
crosslinked by bisacrylamide (Bis) and trimethylolpropanetriacrylate (TMPTA) ~ a 
sparingly soluble crosslinker. The primary variables of interest are the degree of 
neutralization of acrylic acid during the synthesis, the concentration of crosslinker, 
and the functionality of the crosslinker. Many of the experimental results link this 
work to previous, well-established results for other gel systems - such as the 
dependence of swelling on the functionality of the crosslinker (for gels formed from 
non-ionized monomer) that is predicted by classical network theory. However, there 
are striking deviations from known theories ~ as in the case of swelling of gels 
formed from partially ionized monomers. Some qualitatively explanations are given to 
account for the observed experimental phenomena. 

Theories 

Network Theories. Theories of rubber elasticity which neglect interaction 
between network strands are called "phantom" network theories. The strands 
comprising the network are assumed to behave as random coils, the displacements of 
the mean junction positions are assumed to be affine, and the free energy change of 
the network is assumed to be the simple sum of contributions from changes in the 
distribution of configurations of individual strands. For these theories, the relation 
between the shear modulus, G, and network structure is given by the following 
equation (12,13) 

0 = ( ν - μ * Τ (1) 

where ν and μ are the concentrations of elastically active strands and junctions, 
respectively. A junction is elastically active if three or more of its arms are 
independently attached to the network. A strand is elastically active if it is attached at 
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both ends to an active junction. If all strands are attached and there is only one type of 
junction with functionality f, then 

μ=2ν/ί (2) 

Thus, for a perfect tetrafunctional network 

G=vkT/2 (3) 

In the phantom network, junctions can fluctuate about their mean position due 
to Brownian motion. This gives rise to the μ term in the modulus expression. The 
higher the junction functionality, f, the less will be the fluctuations. If all junction 
fluctuation is suppressed, then 

G=vkT (4) 

which is the result obtained in Flory's early work and can be obtained directly if one 
assumes affine deformation of the network junctions. To allow for intermediate 
behavior, Dossin and Graessley have used (14) 

G=( ν - 1ιμ)κΤ (5) 

where h is an empirical parameter between 0 and 1. 

Measurements on rubber networks have shown that the shear modulus can be 
substantially larger than vkT. The major source of these deviations is argued to be 
chain-chain interactions termed "entanglements". Entanglements arise because the 
chains are, in fact, not phantom-like and cannot pass through each other. At small 
strains, these entanglements can raise the modulus considerably. It has been found 
that when a high molecular weight un-crosslinked polymer is tested under dynamic 
conditions, the shear modulus has an essentially constant value, G Ν over a wide 
range of frequency. This suggests that a temporary entangled network is present with 
a lifetime longer than the experimental time scale. G Ν is the "plateau" modulus. If a 
portion of this network becomes permanentiy fixed or trapped by the addition of 
cross-links, then the modulus should be greater than a phantom network having the 
same structure. Graessley (14) and Langley (15) have suggested that these trapped 
entanglements can be simply added to the modulus given by Eq.l: 

G = (v-rux)RT + G ° N T e (6) 

where T e is the fraction of the temporary intanglements arising from topological 
interactions in an uncrosslinked polymer system, that are permanentiy trapped by 
covalent crosslinks. Macosko and co-workers (15) have shown that ν and Te are 
sensitive to the extent g>f polymerization reaction. The entanglement contribution to 
the plateau modulus G Ν decreases with concentration according to 

G ° N ~c p

2 G°Nb 0) 

where Cp is the polymer concentration on a volume fraction basis and G ° N b is the 
plateau modulus of the undiluted (ie. bulk) sample. Therefore, it is expected that the 
contributions from entanglements should be relatively small for swollen 
polyelectrolyte gels which have polymer concentrations from 25 % to 0.025 %. 
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It has been noted that the random coil model is unsatisfactory at high 
extension and that it is totally unacceptable for displacement lengths approaching full 
extension of the chains. For polyelectrolyte networks the charges on the polymer 
backbones repel each other, which leads to local chain stiffening and long-range 
excluded volume effects. These effects cause the network to swell tremendously. 
Thus in the treatment of swelling of polyelectrolytes, non-Gaussian elasticity should 
be taken into account in some cases. At present, there are two ways to cope with the 
problem, one is by using the inverse Langevin function (16), another is by using the 
wormlike chain model (17). 

Prediction of Swelling. As mentioned above, the three factors that contribute to 
the swelling behavior of a polyelectrolyte gel are the elastic free energy, Δ F c , the 
free energy of mixing, A F m j , and the electrostatic free energy, A F e . At 
equilibrium, the total free energy of the system equals zero: 

Δ F= Δ F c + Δ F m + A F e = 0 (8) 

How to model the three terms in the above expression is the main issue in 
developing a theory of the swelling of polyelectrolytes. In the case of low ionic 
strength solutions, Flory obtained a simple expression for the swelling equilibrium 
of a polyelectrolyte by considering only the osmotic effect and elastic free energy 
(16), 

2 λ/ 
3 _ / _ 0 \ 1 

q - < v . ' zv u ( 9 ) 

where q is swelling ratio, i.e. the swollen volume of the gel relative to its initial 
volume, V 0 is the molar volume of the solvent, ν e is the number density of strands, 
i is the fractional degree of neutralization per monomer unit, v u is the volume of a 
monomer unit, and ζ is the valence of ionizable group. Flory's theory predicts that 
the swelling ratio increases with the degree of neutralization and decreases with 
crosslink density, monotonically. In addition to Flory's model, several other more 
complicated models have been proposed- Katchalsky (18,19), Hasa (20,21), and 
Konak (22) - which either treat the electrostatic interactions in a different way or 
consider a non-Gaussian chain extension correction. Recendy, Prausnitz and co
workers (23,24) considered specific interactions, such as hydrogen bonding, in 
hydrogel systems. They have been able to predict the changes of swelling with 
crosslink density quite well in some gel systems in which electrostatic interactions are 
not dominant. All models predict that swelling ratio decreases with crosslink density. 
But some of these models have contradictory predictions on how the degree of 
neutralization affects the swelling behavior. Katchalsky's model, like Flory's, 
predicts that the swelling ratio increases monotonically with the degree of 
neutralization; Hasa's model, however, predicts that when the degree of neutralization 
reaches a critical value, the swelling ratio will not change further due to counter-ion 
condensation; Konak's model predicts an even more dramatic result: a maximum will 
exist on the curve of the swelling ratio versus degree of neutralization. More work is 
needed, both experimentally and theoretically, to clarify the regions where each 
theory is appropriate. 
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Experiments 

Synthesis. Materials. Acrylic acid (AA) with an inhibitor content of 200 ppm 
was obtained from Polysciences. Inc.. The monomer was vacuum distilled to remove 
the inhibitor and subsequently stored in a refrigerator. The melting point of 
poly (acrylic acid) is 13 C, so the monomer is a crystalline solid during storage. It 
must be thawed without heating to avoid runaway exothermic polymerization of the 
unstabilized monomer. Monomer was also obtained from Hoechest Celanese 
Corporation. It is reported that the commercial monomer has lower stabilizer levels 
than the monomers from laboratory supply companies. It was used without vacuum 
distillation. The following substances are obtained from the indicated sources and use 
as supplied: 

Trimethylolpropanemacrylate (TMPTA) 
(Aldrich Chemical Company, Inc.) 

Vinol- 523 polyvinyl alcohol 
(Air Products Inc.) 

L-Ascorbic acid (sodium salt 99%) 
(Aldrich Chemical Company, Inc.) 

Sodium persulfate (98%) 
(Aldrich Chemical Company, Inc.) 

TM-80 (Diemlenetriaminepentaacetic acid pentasodium salt (40% in water) 
(Kodak Inc.) 

Bisacrylamide (Bis) 
(Bethesda Research Laboratories Inc.) 

Synthesis procedure(25V A procedure was developed to make gel slabs and 
disks. In a 135 mm I-Chem bottle, the following substances are added in order: 
20.83 g acrylic acid , TMPTA, 0.5ml Vinol-523 (1 g Vinol-523 in 278 g water), 1 
drop of TM-80, 50% NaOH solution and 53.76 g DI water. House vacuum is used to 
de-gas the solution for 1 hour. Then, 200 ml ascorbic acid ( 0.1550 g in 10ml DI 
water) and 400 ml sodium persulfate solution (0.7750 g in 10ml DI water) are added 
to the mixed solution and the solution is degased for more 5 minutes. Using a pipet, 
5ml of solution are taken from the bottom of the bottle and poured between the 
parallel glass plate mold. When TMPTA is used as the crosslinker, Vinol-523 (a 
polyvinyl alcohol) is used as dispersing agent. The free radicals are generated using 
sodium persulfate as initiator and TM-80 and ascorbic acid as co-initiators. The mold 
is placed into a water bath maintained at a temperature of 81°C. After 1 hour, the mold 
is taken out of the bath. The slab gel is removed from the mold and wraped with two 
layers of plastic film and placed in a plastic bag. The sample is stored in the 
refrigerator until use. Since the thickness of the sample is only 1 mm, the temperature 
can be better controlled during these polymerizations than in the bulk 
polymerizations. 

Samples. The compositions of a typical series of samples is given in Table 
1, and Table 2, where the "appearance" and "pH" refer to that of monomer solutions 
before polymerization. 
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96 POLYELECTROLYTE GELS 

Table 1. Variation of Crosslinking Density 
(Slab gels,DN=70%,TMPTA) 

AA TMPTA NaOH DI V-523 TM-80 
(g) (g) (50%,g) (g) (ml) (drop) 

1* 20.83 0.0175 16.17 53.76 0.50 1 
2 20.83 0.0261 16.17 53.76 0.50 1 
3 20.83 0.0344 16.17 53.76 0.50 1 
4* 20.83 0.0525 16.17 53.76 0.50 1 
5 20.83 0.0688 16.17 53.76 0.50 1 
6* 20.83 0.1050 16.17 53.76 0.50 1 
7* 20.83 0.1575 16.17 53.76 0.50 1 
8* 20.83 0.2100 16.17 53.76 0.50 1 

* The corresponding samples with same compositions(mole) but with Bis as 
crosslinker have been made. 

Extractables Analysis. To assay for monomer and polymer not covalendy linked 
to the gel network, the following procedure was developed. About 0.2 g of sample is 
put into 100 ml of 0.1538M NaCl solution and shaken once a day for one week, 
then, 40 ml sample of the salt solution with extracted acrylic acid is titrated by first 
raising the pH to 7.7 with 0.02 Ν NaOH solution and then titrating to pH 4.2-4.3 
using a standard HC1 solution. 

A 40 ml sample of 0.9% NaCl solution is titrated from pH 7.7 to pH 4.2-4.3 
as a control, and the volume of the titrate required is called Vt> 

The following equation is used to calculate the percent extractables ( E%): 

_ ( V t - V b ) x N (Mx2) 100 J _ 
n % 1000 x W 0

 x 40 x c p 

where, Ν = normality of the standard HC1 solution 
Vt = volume of titrant (ml) 
Vb = volume of titrant used in blank titration (ml) 
WQ = weight of the gel sample used (g) 
Cp = the polymer content in die gel sample (wt %) 
M = the "equivalent" molecular weight of monomer, which depends on the 

degree of neutralization 

Swelling Experiments. The swelling of gel samples was measured using the 
following procedure: A circular gel with a diameter of 14-16 mm, and thickness of 
1.0-1.5 is cut from a slab gel. The circular gel is put into a 135 ml glass bottle with 
sealed cap, and 100 g of 0.1538 M NaCl solution (or DI water) is poured into the 
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6. Y I N E T A L Polyfacrylic acid) Gel Structure and Synthesis 97 

Table 2. Variation of Both Crosslinking Density and 
Degree of Neutralization(Slab Gels)* 

TMPTA (mole%) DN(%)** Appearence pH 

1-1 0.02 0 
1-2 0.04 0 
1-3 0.06 0 
1-4 0.12 0 
1-5 0.18 0 
1-6 0.24 0 
2-1 0.02 20 
2-2 0.04 20 
2-3 0.06 20 
2-4 0.12 20 
2-5 0.18 20 
2-6 0.24 20 
3-1 0.02 40 
3-2 0.04 40 
3-3 0.06 40 
3-4 0.12 40 
3-5 0.18 40 
3-6 0.24 40 
4-1 0.02 60 
4-2 0.04 60 
4-3 0.06 60 
4-4 0.12 60 
4-5 0.18 60 
4-6 0.24 60 
5-1 0.02 80 
5-2 0.04 80 
5-3 0.06 80 
5-4 0.12 80 
5-5 0.18 80 
5-6 0.24 80 

clear 1.75-1.76 
clear 1.75-1.76 
clear 1.75-1.76 
clear 1.75-1.76 
clear 1.75-1.76 
clear 1.75-1.76 
clear 3.58-3.60 
clear 3.58-3.60 
clear 3.58-3.60 

slightly cloudy 3.58-3.60 
cloudy 3.58-3.60 
cloudy 3.58-3.60 
clear 4.00-4.10 
clear 4.00-4.10 

slightly cloudy 4.00-4.10 
cloudy 4.00-4.10 
cloudy 4.00-4.10 
cloudy 4.00-4.10 
clear 4.42-4.48 

slightly cloudy 4.42-4.48 
cloudy 4.42-4.48 
cloudy 4.42-4.48 
cloudy 4.42-4.48 
cloudy 4.42-4.48 

slightly cloudy 4.88-4.97 
cloudy 4.88-4.97 
cloudy 4.88-4.97 
cloudy 4.88-4.97 
cloudy 4.88-4.97 
cloudy 4.88-4.97 

* Total molarity of monomer is 3.2 M. 
** Degree of neutralization. 
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bottle. The bottle is sealed to prevent the uptake of carbon dioxide which might cause 
shifts in pH. The swelling polymer is allowed to stand for two weeks at room 
temperature with one change of the solvent after the first week. After the completion 
of swelling, the swollen polymer is removed from the bottle, free water is removed 
from the disk, and the disk is weighed. The swelling ratio is given by: 

where W and Wo are the weight of swollen and unswollen gel, respectively, and c p 

is the polymer content in gel as polymerized. This equation neglects the extraction of 
monomer not covalently attached to the network. 

Modulus Measurement. The storage and loss moduli, G' and G" , 
respectively, of the un-swollen slab gels are measured using a Rheometrics System 
IV rheometer with a parallel plate geometry at room temperature. Rate sweeps were 
performed to determine the frequency dependence of the elastic modulus, and strain 
sweeps were performed to determine the region of linear viscoelastic response. 

Results and Discussion 

Extractables. The results of measurements of the amount of extractable acid are 
shown in Table 3. The extractables decrease with increasing crosslink density and 
increase with increasing degree of neutralization of the monomer. The former is easy 
to understand since with the increase of crosslinking density, the polymer chains will 
have more chance to be incorporated into the network and the number of "single" 
polymer chains will decrease. The effect of monomer neutralization has not been 
reported previously. It is probably due to the ionized monomer being electrostatically 
repelled from the gel network, and therefore not being efflciendy incorporated. 

V W 

( Π ) 

Table 3. Extractables Analysis 

Sample Degree of 
Neutralization 
DN (%) 

Crosslinker 
Concentration 

(mole %) 

M(g /mol)* Ε (Sol 
fraction) 
(wt %) 

4-1 
4-2 
4-3 
4-4 
4-5 
4-6 
1- 3 
2- 3 
3- 3 
4- 3 
5- 3 

60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
00.00 
20.00 
40.00 
60.00 
80.00 

0.02 
0.04 
0.06 
0.12 
0.18 
0.24 
0.06 
0.06 
0.06 
0.06 
0.06 

85.20 
85.20 
85.20 
85.20 
85.20 
85.20 
72.00 
76.40 
80.80 
85.20 
89.60 

11.37 
7.02 
8.65 
6.70 
5.39 
4.68 
5.13 
5.32 
6.14 
8.65 

13.35 

* The equivalent molecular weight of monomer, which depends on the degree of 
neutralization. 
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6. YIN ET A L Poly(acrylic acid) Gel Structure and Synthesis 99 

Comparison of Crosslinkers. In commercial applications, TMPTA is used 
to form polyacrylate gels because it is is biologically safe, whereas bis-acrylamide 
(Bis) is a neurotoxin. From a fundamental point of view the two crosslinkers are 
interesting for two reasons: 1) terra-functional and hexa-functional gels can be formed 
using the two crosslinkers and these can be used to test classical network theories, 
and 2) because TMPTA has only a limited solubility in neutralized monomer, we can 
study the affect on gel structure of continuously supplying crosslinker during the 
course of the reaction versus having all the crosslinker available initially. The 
comparison of the gels made by the two crosslinkers help us to understand the 
differences in gel structure produced by different in crosslinkers. The structure of 
TMPTA is: 

Ο 

( C H 2 = CH C Ο C H 2 ) 3 C C H 2 C H 3 

TMPTA is soluble in the acrylic acid solution but is sparingly soluble when acrylic 
acid solution is partially neutralized. Bis-acrylamide is soluble in the acrylic acid 
monomer solution whether the monomer is in the acid or neutralized form. Its 
structure is: 

ο ο 

Il II 
CH = C H C NH CH NH C CH = C H r 

We first compare the swelling behavior of the samples with the degree of 
neutralization equal to zero (DN=0, i.e. the monomer is in the acid form) because in 
this case both crosslinkers are soluble. Figure 1 gives the results of swelling in salt 
solution for gels with different crosslinkers. The horizontal axis is the concentration 
in mole percentage of the crosslinker with respect to the monomer. Noting that the 
functionality of the TMPTA is 6 and that of Bis is 4, if we multiply the mole 
percentage of TMPTA by 3/2 and Bis by 1 and replot the die swelling ratio versus the 
"normalized" crosslink density, Fig. 2 is obtained. The figure shows that the swelling 
ratio data from the gels with different crosslinkers coincide almost perfectiy. When 
normalizing for the functionality of the crosslinker, the same result is obtained if the 
samples are swollen in DI water as shown in Figs. 3 and 4. Those results suggest 
that TMPTA is as effective as Bis as long as it is soluble in the solution and the 
difference in the functionality has been considered. This shifting, according to Eq. 4, 
suggests that junction fluctuations are not significant. It might be argued that the 
highly swollen state of the gel and high molecular weight between crosslinks make 
junction fluctuations small relative to mean junction spacing. It seems also reasonable 
from the results to assume that two crosslinkers may have the similar reactivity 
toward the monomer, and gels made using the two crosslinkers have similar 
microstructure, since the gels made using two crosslinkers have the same swelling 
properties. Here "similar" means the length distribution of the polymer chains is 
similar. When the acrylic acid solution is partially neutralized, the picture is quite 
different. Figure 5 gives the comparison of the swelling behavior of the gels with 
different crosslinkers (DN=70%) in salt solution. The most obvious difference is that 
the swelling ratios of the samples with TMPTA crosslinker are greater than those of 
the samples with Bis crosslinker when the swelling ratios are plotted versus the 
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cr 
ο 
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ce 

0.1 0.2 

Crosslinker Concentration (mole %) 

0.3 

Figure 1. Swelling ratio versus crosslinker concentration for gels made from 4-
functional (bisacrylamide) and 6-functional (TMPTA) crosslinkers with DN 
(degree of neutralization) = 0 %. Gels are polymerized at 3.2 M monomer 
concentration and swollen in 0.1538 M (0.9 % wt.) NaCl solution. 

30 

25 

C A 20 

IS 

α TMPTA 
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0.0 0.1 0.2 0.3 0.4 

Normalized Crosslinker Concentration (mole %) 

Figure 2. Swelling ratio versus normalized crosslinker concentration. The data 
from Fig.l are reploted versus the crosslinker concentration multiplied by a 
coefficient that is proportional to the functionality of the crosslinker. 
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Figure 3. Swelling ratio versus crosslinker concentration for gels made from 4-
functional (bisacrylamide) and 6-functional (TMPTA) crosslinkers with DN = 0 
%. Gels are polymerized at 3.2 M monomer concentration and swollen in DI 
water. 
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Figure 4. Swelling ratio versus normalized crosslinker concentration. The data 
from Fig.2 are reploted versus the crosslinker concentration multiplied by a 
coefficient that is proportional to the functionality of the crosslinker. 
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crosslinker concentrations. If we replot the same experimental data by using the 
"normalized" crosslink density, the difference become even more obvious as shown 
in Fig. 6. Apparendy, the sparingly soluble TMPTA is not as "efficient" as soluble 
crosslinkers. We use the following procedure to find the efficiency of the crosslinker 
from Fig. 6 when compared at equal functionality. First we draw horizontal line on 
the diagram. From the intersection we draw lines down to the x-axis and read the 
values of the crosslink density for the two samples. Next we assume that Bis is 
uniformly incorporated into the network. Since the swelling ratio is the same along 
the horizontal line, the effectiveness of TMPTA at forming network strands can be 
deduced from the ratio of normalized TMPTA concentration to the normalized Bis 
concentration. This defines the "efficiency" of TMPTA relative to Bis. Some 
efficiency data thus obtained for the samples with DN=70% are given in Table 4. 

Table 4 The calculation of the Efficiency of TMPTA 

TMPTA Equivalent TMPTA Efficiency ot 
Cone. Cone, of Bis Cone. TMPTA 
Added (mole%) Apparent Crosslinking 

(mole%) (mole %) (%) 
—$m um t r a n s o 

0.06 0.05 0.033 55 
0.12 0.08 0.053 44 
0.18 0.13 0.086 47 
0.24 0.18 0.012 50 

The TMPTA crosslinker efficiency is approximately 50% over a wide range 
of crosslinker concentrations. How this efficiency varies with the degree of 
neutralization of the monomer and why adding crosslinker slowly during the course 
of the reaction increases swelling is a subject of our continued research. 

Swelling Behavior. The change in swelling ratio of the gel polymerized from 
70% neutralized monomer ( with TMPTA as crosslinker) in salt solution versus 
crosslinker concentration is shown in Fig. 7. The swelling ratio monotonically 
decreases with an increase of crosslink ratio. When the crosslink ratio is below 0.06, 
the swelling ratio increases dramatically. The swelling behavior of samples with other 
degrees of neutralization in salt solution is shown in Fig. 8. All curves show similar 
trends, but the degree of neutralization changes the slopes of the curves: the higher 
the degree of the neutralization, the steeper is the curve. When the samples are 
swollen in DI water rather than salt solution large difference in the swelling behavior 
exists between the samples with DN less than 20% and those with DN higher than 
20% as shown in Fig. 9. For example, the swelling ratio of the sample with DN=0 
and crosslink density equal to 0.06 is about 400 while the sample with DN=20% and 
the same crosslink density is 1600. However for the sample with DN higher than 
20%, the shapes of the curves are very similar and the absolute difference in swelling 
ratio is relatively small. 

When the amount of the crosslinker is fixed, the change in the swelling 
behavior with degree of neutralization (DN) in salt solution is shown in Fig. 10. The 
figure shows that the swelling ratio increases monotonically with the degree of the 
neutralization. The slope of the curves decrease with increasing crosslink density. 
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Figure 5. Swelling ratio versus crosslinker concentration for gels made from 4-
functional (bisacrylamide) and 6-functional (TMPTA) crosslinkers with DN 
(degree of neutralization) = 70 % Gels are polymerized at 3.2 M monomer 
concentration and swollen in 0.1538 M (0.9 % wt.) NaCl solution. 
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Figure 6. Swelling ratio versus normalized crosslinker concentration. The data 
from Fig. 5 are reploted versus the crosslinker concentration multiplied by a 
coefficient that is proportional to the functionality of the crosslinker used. 
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β 
ce 

X 

ce 
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Figure 7. Swelling ratio versus crosslinker concentration for the gels with 
DN=70 % in 0.1538 M (0.9 % wt.) NaCl solution. Gels are polymerized at 3.2 M 
monomer concentration and swollen in 0.1538 M (0.9 % wt.) NaCl solution. 
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Figure 8. Swelling ratio versus crosslinker concentration for the gels with 
different degrees of neutralization. Gels are polymerizd at 3.2 M monomer 
concentration and swollen in 0.1538 M (0.9 % wt.) NaCl solution. 
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Figure 9. Swelling ratio versus crosslinker concentration for the gels with 
different degrees of neutralization. Gels are polymerizd at 3.2 M monomer 
concentration and swollen in DI water. 
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Figure 10. Swelling ratio versus degree of neutralization for the gels with 
different crosslinker concentrations. Gels are polymerizd at 3.2 M monomer 
concentration and swollen in 0.1538 M (0.9 % wt.) NaCl solution. 
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Table 2 shows the crosslinker becomes less soluble with increases in the degree of 
neutralization, and the "efficiency" of the crosslinker decreases, also. The low 
efficiency of crosslinks leads to a swelling ratio higher than expected. However, 
according to Manning's counterion condensation theory (26,27), the free ions will 
condense on the polymer chains when the degree of neutralization exceeds a critical 
value. In other words, increasing the degree of neutralization will not increase the 
number of free ions when the degree of neutralization exceeds a critical value. 
Counter-ion condensation makes the swelling ratio less than expected. These two 
factors act in opposite directions. For all samples with DN = 60%, the swelling ratio 
of the samples is lower than would be expected from an interpolation between the 
swelling ratios of the samples with DN=40% and DN=80%. 

The swelling behavior of the samples in DI water is different from that in the 
salt solution as shown in Fig. 11. A large increase in swelling occurs in the region 
between DN=0% and DN =20%. After that, the curves "flatten". The relative 
insensitivity in the swelling ratio for degrees of neutralization above 20% in DI water 
is probably due to the chains reaching their limits of extensibility. In this regime the 
gels have swelled over 1000 times their original volume. In salt solution the swelling 
is much less and continues to increase as the electrostatic interactions are increased 
with increasing degrees of neutralization. 

To obtain some correlations that would be useful to guide synthesis work, 
we replot the swelling data in Fig. 7 versus the reciprocal of the crosslinker 
concentration. The data fall on a series of straight lines as shown in Fig. 12; the 
swelling is inversely proportional to the crosslinker concentration and this relation can 
be expressed by the following equation: 

q (DN,x) = q 0 (DN) + K(DN)/ χ (12) 

where χ is crosslinker concentration, q Q is the intercept and Κ is the slope of the 
straight lines in Fig. 7, both of which are functions of the degree of neutralization. 
Plotting the q Q and Κ versus degree of neutralization as shown in Figs. 13 and 14, it 
is found that q Q and Κ can be fitted by: 

qo (DN) = 9.656+0.496 DN (13) 

and, 

K(DN) = 0.292 e 0 0 2 4 D N (1 4) 

The intercept q Q has the interpretation of being the swelling ratio at infinite 
crosslinker concentration for a fixed degree of neutralization. The slope Κ is a 
measure of the sensitivity of the swelling to crosslinker concentration. Therefore, for 
the poly(acrylic acid) gel crosslinked by TMPTA, the dependence of the swelling 
ratio on the degree of neutralization and crosslinker concentration can be correlated by 
the following expression: 

q(DN,x) = 9.656 + 0.496 DN + (0.292 e 0 0 2 4 D N ) / χ (15) 

Modulus. Fig. 15 shows how the storage modulus G' and loss modulus G" change 
with measuring frequencies for two samples: both G' and G" increase with increasing 
frequency. When the degree of neutralization is zero, a linear relation exists between 
G' and the crosslink ratio as shown in Fig. 16. A theoretical modulus calculated from 
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Figure 11. Swelling ratio versus degree of neutralization for the gels with 
different crosslinker concentrations. Gels are polymerizd at 3.2 M monomer 
concentration and swollen in DI water. 

α DN=O% 

10 20 30 40 

1/x (mole %H 

50 60 

Figure 12. Swelling ratio versus (crosslinker concentration)"1 for the gels with 
different degrees of neutralization. Gels are polymerizd at 3.2 M monomer 
concentration and swollen in 0.1538 M (0.9 % wt.) NaCl solution. 
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Figure 14. Intercept obtained from Fig.12 versus degree of neutralization. 
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Figure 15. Frequency dependence of the modulus for samples 3-1 and 3-5. 
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Figure 16. Comparison of the storage modulus G' with the theoretical modulus 
predicted by Eq.l for the gels with DN=0. Gels are polymerizd at 3.2 M 
monomer concentration and measured at rate = 1 rad/sec. 
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Eq. 9 is also given in the diagram. All experimental data are lower than the theoretical 
value, suggesting that incompleteness may exist in the network structure. The 
relationship between G 1 and crosslinker concentration is shown in Fig. 17 for gels 
with different degrees of neutralization. The linearity gradually disappears as the 
degree of neutralization increases; the higher the degree of neutralization, the lower 
the modulus and the less effective the crosslinker is. At low frequencies the storage 
modulus, G 1, equals the static shear modulus, G, which is the modulus predicted by 
the polymer kinetic theories. The upturn in G' at high frequencies (Rate =100 rad/s) 
seen for low crosslink ratios in Fig. 17 represents recoverable elastic interactions 
between polymer chains that do not relax over the time-scale of a single oscillation. 
More highly ionized gels show higher values of G'. The upturn in G' becomes less 
pronounced at low frequency (Rate = 1 rad/s) as shown in Fig. 18. This same 
behavior would be seen even for uncrosslinked high molecular weight poly(acrylic 
acid) polymers in solution. The upturn in G' at low crosslink ratios is also reflected in 
an upturn in the loss modulus, G", shown in Fig. 19. The energy dissipation in the 
crosslinked network increases as the network becomes less perfectly connected with 
more dangling polymer strands. The effect of degree of neutralization on gel structure 
is seen in Fig. 20. For the gel formed with DN=0 the modulus increases with 
increasing crosslink density in a linear fashion as shown in Fig. 16. Increasing the 
degree of neutralization decreases the slope of the modulus/crosslink-ratio curve; the 
crosslinker is less and less efficient at producing elastically active strands as the 
neutralization of the monomer increases. Finally, at DN= 80% we see that the 
modulus is independent of the crosslink concentration. Presumably, strong 
electrostatic repulsions limit the number of elastically effective strands that are 
formed, rather than the number of added crosslink sites. Extra crosslinker forms 
dangling chains that increase the level of the loss modulus, G", but do not contribute 
to G \ 

Summary 

Acrylic acid gels formed from uncharged (i.e. un-neutralized) monomers follow the 
rules of classic network theory; the swelling ratio depends on the functionality of the 
crosslinker in the manner predicted by theory. The swelling of acrylic acid gels in DI 
water is larger than the swelling in salt solution, but the same scaling with crosslinker 
functionality is observed in either case. 

The degree of neutralization of the monomer prior to polymerization makes a 
significant difference to the structure of the gel as demonstrated by differences in 
modulus and swelling. Increased neutralization of the monomer increases electrostatic 
interactions and increases the swelling, decreases the elastic modulus, and increases 
the amount of extractable material in the gel. A correlation relating swelling ratio to 
crosslink ratio and degree of neutralization has been obtained. The swelling ratio 
varies inversely with crosslink ratio, and the swelliing ratio at high crosslink densities 
is linearly proportional to the degree of neutralization. Molecular modeling of chain 
growth with electrostatic interactions is being pursued to understand the basis for the 
relatively simple dependences seen in the correlation. The elastic modulus 
measurements show a decreasing efficiency at creating gel networks at higher degrees 
of neutralization. The networks formed have higher levels of dangling ends and other 
imperfections that lead to increases in the loss modulus, G". 

The performance of absorbent gels depends upon both the swelling ratio 
and the "strength" of the network. It is desirable to have as large a swelling ratio as 
possible, while still having enough mechanical strength in the gel network to prevent 
collapse of the gel under load. Understanding die interaction of modulus and swelling 
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Poly(acrylic acid) Gel Structure and Synthesis 
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Figure 17. Storage modulus G' versus crosslinker concentration for the gels with 
different degrees of neutralization. Gels are polymerizd at 3.2 M monomer 
concentration and measured at rate =100 rad/sec. 
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Figure 18. Storage modulus G' versus crosslinker concentration for the gels with 
different degrees of neutralization. Gels are polymerizd at 3.2 M monomer 
concentration and measured at rate = 1 rad/sec. 
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Figure 19. Loss modulus G" versus crosslinker concentration for the gels with 
different degrees of neutralization. Gels are polymerizd at 3.2 M monomer 
concentration and measured at rate = 100 rad/sec. 
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Figure 20. Storage modulus G' vs. degrees of neutralization for the gels with 
different crosslinker concentrations. Gels are polymerizd at 3.2 M monomer 
concentration and measured at rate = 100 rad/sec. 
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ratio, and their dependence on chemical composition during polymerization, allows 
the rational development of optimum gel compositions. 
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Chapter 7 

Hyaluronic Acid Gels 

Chirag B. Shah and Stanley M. Barnett 

Department of Chemical Engineering, University of Rhode Island, 
Kingston, RI 02881 

In recent years numerous polymer hydrogel systems have been investigated for a 
wide variety of applications. The selection of a polymer system is very important 
for the development of pharmaceutical, medical or cosmetics applications. 
Important applications include controlled release systems and prosthetic and 
biomedical devices. The knowledge of interaction of the chosen system with 
different surrounding conditions is necessary due to the fact that polymer gel 
properties are greatly affected by pH, ionic strength, temperature, electric field and 
solvent system (1). As a controlled release system to deliver desired material over 
a long period of time, a polymer should have appropriate barrier and transport 
properties since it is necessary to control the permeability or diffusion through the 
system for desired release rates. Other important physical properties are 
mechanical strength and flexibility. To be able to use gels for separation of 
biomolecules, it is necessary to control exclusion properties which might be 
dependent on size or the charge on the molecule (2). In biomedical applications 
the polymer system must be nontoxic and bio compatible. Biodegradable material 
should not yield toxic byproducts. Hence an understanding of the various 
parameters affecting the performance is critical. 

Hyaluronic acid is a biopolymer. It is found in the connective tissue of 
vertebrates, the synovial fluid of joints and the vitreous humor of the eye (J). It 
is mainly extracted from the rooster comb. Other sources include the human 
umbilical cord and shark skin. It can be synthesized by microbial fermentation 
using streptoccoci (4). It is identical in pure form irrespective of the source, and 
hence it does not elicit foreign reactions in the human body, regardless of the 
source (J). Hyaluronic acid is biocompatible and biodegradable. Highly purified 
hyaluronic acid is non-inflammatory, non-pyrogenic, non-cytotoxic and non-
immunogenic (6). It can be formulated in a variety of ways to enhance the natural 
functional activities in the body. Various available forms include the hyaluronate 
gels, microparticles, membranes and gel composites (6). Commercially, hyaluronic 
acid (sodium hyaluronate) is known as hyaluronan. 

0097-6156/92/0480-0116SO6.OO/0 
© 1992 American Chemical Society 
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7. SHAH & BARNETT Hyaluronic Acid Gels 117 

The biological functions of hyaluronic acid (7) such as protection and 
lubrication and separation of cells, regulation of transport of molecules and cell 
metabolites, maintenance of the structural integrity of connective tissues and fluid 
retention in intercellular matrix, have created significant interest among 
researchers. As a result a variety of biomedical applications have been developed. 
Hyaluronic acid has been successfully used in ophthalmic surgery (Healonid; 
Pharmacia, IAL;Fidia S.P.A), in treatment of arthritis and in visco surgery (J). 
As a biomaterial it can be applied as surface coatings for artificial organs to 
prevent them from attack by the body's immune system. (J). Hyaluronic acid 
films (Connectivina, Gauze,Fidia) are useful in wound healing as they allow 
oxygen to pass through while keeping bacteria away (5). Its moisturization and 
water retention capabilities have given hyaluronic acid important properties for a 
variety of cosmetic formulations and cosmetic delivery systems (8). Balazs et al. 
at Biomatrix Inc. are developing contact lenses having 95% water using hyaluronic 
acid gels (5). The potential application of hyaluronic acid as a drug delivery 
system and as a delivery vehicle for growth factors has been under development 
using hylan gel derivatives (9). Shah et al. (70) have shown the utility of 
hyaluronic acid for use as a swelling controlled release system. Larson et al. (6) 
have studied the release of antibiotic gentamicin from hylan gels. The study of 
diffusion and release rate of drug through films of ester derivatives of hyaluronic 
acid has shown considerable promise in applications where rapid drug release is 
desired (77). The sodium salt of hyaluronic acid enhance the miotic effect of 
pilocarpine in rabbits and in humans as confirmed by Gurny et al.(72). The 
bioavailability of ophthalmic drugs such as pilocarpine and tropicamide have found 
to increase by preparations based on the hyaluronic acid. Based on these 
observations Saettone et al. (75) have reported the excellent bioadhesive properties 
of hyaluronic acid salts and its derivatives. The complexes formed by interaction 
with chitosan gels also have been studied for drug release (14). The major 
objective of this article is to provide a perspective on the extent to which 
crosslinked gels interact with variations in the surroundings. This knowledge will 
be beneficial in the optimization of the design of ultimate properties. Initially we 
will evaluate the structure of hyaluronic acid considering molecular weight and its 
distribution, conformation and stereochemistry in the repeat units, functional groups 
and charge density. The solution properties of hyaluronic acid will be reviewed 
considering the effect of various physicochemical parameters. Then swelling 
properties of the crosslinked gels and the implications will be discussed. 

Structure of Hyaluronic acid 

Hyaluronic acid is an ubiquitous component of the intercellular matrix of 
connective tissues. The molecular weight of hyaluronic acid is usually between 1 
to 6 million, and it is always polydisperse. Hyaluronic acid has a 
glycosaminoglycan structure (Figure 1) with a repeat disaccharide unit of N-acetyl 
glucosamine and glucuronic acid linked together by alternate β (1~4) and β (1—3) 
glucosidic bonds forming a long linear unbranched polysaccharide chain (75). It 
is a natural polyelectrolyte with carboxyl and acetoamido functional groups. The 
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acidic pendent groups are positioned on both sides of the chain which allow for 
maximum water binding or holding capacity (75). The carboxyl groups acquire 
ionic form at higher pH. Blumberg et al. (76) have confirmed by electrometric 
titration that 80% of the acidic groups are ionized at acetate buffer pH of 5. 

Several successful modifications of the hyaluronate molecule have been 
made. The esterification of carboxylic acid groups with alcohol produces ester 
derivatives having different physical properties (77). The ionic capacity depends 
on the degree of esterification. The increasing degree of esterification makes the 
molecule insoluble in water as opposed to the high water solubility of the 
hyaluronate molecule. Hyaluronic acid can form interpolymer complexes with 
charged cationic polymers due to its polyanionic nature. The water solubility of 
the resulting complex depends on the charge density of the cation. These anionic-
cationic blends could have hybrid properties of both the hyaluronic acid and 
cationic polymer. Band et al. (14) have investigated compatibility of several 
cationic cellulose polymers with hyaluronate. Hyaluronic acid is also susceptible 
to enzyme hyaluronidase which hydrolyzes the N-acetyl glucosaminic bonds and 
splits the molecule (19). 

Hyaluronic Acid in Solution 

Hyaluronic acid mainly exists as sodium hyaluronate under physiological 
conditions, forming a hydrated polymeric network with remarkable biophysical 
properties. Hyaluronate molecules behave as random coil molecules in the dilute 
solution at neutral pH and physiological strength. Each molecule has its own 
solvent surrounding domain. The chain-chain interaction is less. This condition 
is highly dependent on the various parameters. An increase in the concentration 
of the polymer in the solution forces the individual chains to interpenetrate and 
form a highly entangled network (8). At the incipient point of the entanglement, 
a sharp discontinuity occurs in various hydrodynamic functions such as viscosity 
and elasticity. The higher the molecular weight of the polymer, the lower the 
concentration required to form the matrix. To predict the formation of a matrix, 
it is necessary to calculate the coil overlap parameter which is defined as the 
product of the concentration in g/cc and (n), the limiting viscosity number in cc/g. 
A typical value of this parameter is reported to be 2.0 to 2.5 (8, 19) as opposed 
to the value of 10 for the onset of concentration dependence for most synthetic 
polymers. This value is found to be independent of pH, ionic strength and 
molecular weight of the polymer. Upon formation of the network, the molecular 
chain attains an extra degree of stiffening which could have been due to the 
formation of hydrogen bonding between two residues. The nature of the polymer 
chain-chain interaction now controls the viscoelastic properties. The changes in the 
pH or ionic strength varies the degree of ionization of the carboxyl groups, which 
in turn influence the electrostatic repulsions between chains (19). Due to this 
dynamic interaction, conformation of the molecular chains changes. This natural 
viscoelastic matrix has an extremely high shear dependent viscosity, frequency 
dependent elasticity and high pseudo plasticity. 

Gibbs et al. (20) have obtained dynamic viscoelastic properties of 
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hyaluronate over a range of conditions of pH and concentration. These researchers 
concluded that the hyaluronate molecule is very stiff at a pH of 2.5, which they 
attributed to the critical balance between the repulsive and the attractive forces 
operating between the molecular chains. The interpenetrating hyaluronic acid 
chains could literally hold the solvent water like a molecular sponge (3). Hydration 
characteristics are also greatly affected by the solution pH and ionic strength. 
Davies et al. (19) have investigated the influence of solution ionic strength, 
temperature and counter ion type on the hydration of sodium hyaluronate. A 
decrease in hydration was found with an increase in ionic strength as compared 
with its value in salt-free aqueous solution, within the temperature range 20-50 *C. 

Laurent (21) and Ogston (22) have independentiy. studied the transport 
properties of hyaluronic acid solutions. These researchers found that the entangled 
network restricts the movement of diffusing molecules by a molecular sieve action 
according to size and the charge of the molecule. Laurent (23) has further 
demonstrated potential application of hyaluronic acid (gels) in gel filtration. The 
exclusion properties of the hyaluronic acid gels were found to be similar to those 
of hyaluronic acid solutions. 

Thus, pH, ionic strength and temperature greatiy affect the solution 
properties of hyaluronic acid. It can be envisioned that these factors will also 
significantly influence the swelling of crosslinked hyaluronic acid. Depending on 
the concentration of hyaluronic acid in the solution, an entangled network will 
form. The crosslinking of this network in solution will restrain the degree of 
swelling due to extra elastic force. Although considerable research has been done 
on the solution behavior of hyaluronic acid, the information on the swelling 
behavior of crosslinked gels is not well studied. This data will be very valuable 
for the potential applications such as controlled release of drugs or cosmetics or as 
an extraction solvent. 

Gel Preparation 

Hyaluronic acid, in sufficiently high concentrations, exists as a three dimensional 
network of macromolecular chains due to entanglement of individual molecules. 
This entangled network exhibits some of the properties of gels. To create water 
insoluble and highly swellable gels, it is necessary to react the base polymer with 
a crosslinking agent. A few crosslinking procedures are available. 

In the method developed by Laurent (24), NaOH solution is added to a 
known quantity of hyaluronic acid. The resulting solution is allowed to swell to 
a thick suspension overnight in a refrigerator, then 1,2,3,4 di-epoxybutane is added 
as a crosslinking agent. After stirring the mixture must be kept at 50*C for 2 hrs. 
Acetic acid is then added to neutralize pH, and the formed gel is washed repeatedly 
with water. 

In the second procedure developed by Balazs et al. (25), the gel is obtained 
by using divinyl sulfone as a crosslinking agent which reacts with the OH groups 
of the polysaccharide chain and forms an insoluble gel network through sulfonyl-bis 
ethyl crosslinks. In this method hyaluronic acid is added to NaOH solution. After 
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dissolving the polymer in the alkali solution, divinyl sulfone is added in known 
quantity to crosslink the solution. The reaction is carried out at 20°C or lower, 
and within 10-15 minutes a strong gel forms. The rigidity of the resultant gel 
depends on the amount of crosslinking agent. It is possible to mold the gel as a 
film, cylindrical rod or spherical particle. Due to the viscosity of the solution, it 
is necessary to stir the solution to get an even crosslinking reaction. Similarly, 
crosslinking processes with other agents such as formaldehyde, dimethylourea, 
dimethylolethyleneurea, ethylene oxide, a polyaziridine and a polyisocynate have 
also been developed (26). The crosslinked gels of hyaluronic acid are given the 
generic name 'hylan gels' suggesting that hyaluronate chains are associated with 
each other by covalent bonds and the crosslinking reaction do not alter carboxylic 
acid and N-acetyl groups. The biocompatibility of crosslinked gels is also found 
to be similar to that of the water soluble hyaluronic acid (27). 

The characteristic of the resultant gel mainly depends on the amount of 
crosslinking agent, molecular weight of the polymer and polymer concentration in 
reaction mixture. It is observed that a higher molecular weight polymer at a lower 
concentration and with less crosslinking agent produces a gel with the best ultimate 
swelling capacity (25). 

Swelling behavior of hyaluronic acid gels 

The equilibrium swelling of hyaluronic acid gels under different pH conditions is 
shown in Figure 2. The gel does not swell at very low pH, and the major changes 
occur over the pH range of 2 to 4. The degree of swelling increases continuously 
at higher pH; this pH dependent swelling behavior is due to ionizable carboxylic 
groups. At lower pH the gel remains neutralized while the degree of ionization 
increases with the increase in pH, increasing the hydrophilicity and in turn the 
equilibrium water fraction. The fixed negatively charged carboxylic groups on the 
polymer chain also set up an electrostatic repulsion, and the polymer chain 
expands. Hence the water molecule can penetrate the gel, and the degree of 
swelUng increases. However, this electrostatic repulsion is reduced by the 
inevitable presence of other ions. The crosslinking between molecules plays a 
major role in limiting the ultimate swelling. After some free expansion upon water 
absorption, depending on the amount, the crosslinks provide contraction forces 
against the expansive osmotic forces. Hence equilibrium swelling is the resultant 
of two forces. The pH dependent swelling is found to be completely reversible. 
This reversible nature is shown (Figure 3) for periodic swelling and deswelling 
cycles in deionized ( Millipore Q™ water system, 18 Megohm-cm resistivity) water 
and . 1 N HC1, respectively. In the case presented here, the swelling after the first 
cycle decreases and remains the same during the rest of the cycles. One possible 
reason for the initial change could be leaching of some unwashed salts or impurities 
in the polymer. 

This pH sensitivity establishes the hyaluronic acid gel system as one of the 
few available candidates for pH sensitive swelling controlled release systems. 
Examples of other systems include hydrophobic polymeric copolymer hydrogels 
(28) and poly (hydroxy ethyl methylacrylate-co-methacrylic acid) hydrogels (29). 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



7. SHAH & BARNETT Hyaluronic Acid Geb 121 

COOH OR COONa = Carboxyl group 

Ν - H 
I 

C = Ο = Ν - Acetyl amino group 

C H 3 

Figure 1. Structure of hyaluronic acid showing D-Glucuronate and N-acetyl 
glucosamine bonded by alternate j8(l-3) and 0(1-4) glucosidic bonds. 

ο 

C 
ω 

Figure 2. 
ratio). 

PH 
pH sensitive swelling of hyaluronic acid gel (at 1.27 crosslinking 
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The hydrophilicity of hyaluronic acid gels could best be used to protect acid labile 
drugs from the low pH environment of the stomach and for site specific drug 
release based on the regional pH differences. The variation in the pH of the 
surrounding solution will lead to modification in the drug release mechanisms. 
Shah et al. (10) have shown the pH induced changes in the release characteristics 
of hyaluronic acid gels using FD&C blue dye as a model system. The release rate 
was found to be lowered upon decrease in the pH of the medium, yet the results 
were not conclusive. Currentiy the effect of various parameters such as drug 
concentration, conditions of loading, and the pH dependent drug solubility are 
being analyzed using phenylpropanolamine hydrochloride (acidic) and sodium 
salicylate (basic) drugs. The reversibility of swelling and collapsing is significant 
for use of the gels as an extractant for chemical separations. Applications of gels 
in chemical separation are reported by Vartak (30) and Cussler et al. (2). Cussler 
et al. have used polyacrylamide derivatives and Vartak et al. have used 
polyacrylate gels in their study. Since hyaluronic acid gels can swell greatiy while 
acting as molecular sieves they could be an efficient medium for extraction. 

The extent of equilibrium swelling decreases considerably in the presence 
of salt, as shown in Figure 4. The ionic strength of the solution neutralizes some 
of the ionized groups causing the deswelling of the initial highly swollen condition 
or allowing a gel to swell to a lesser degree. Along with concentration the nature 
of the salt also affects the swelling degree as shown in Figure 5. This figure shows 
that in CaCl2 solutions, swelling is appreciably reduced at low concentrations 
compared to the similar reduction obtained in NaCl solutions, but only at higher 
concentrations. This behavior could be due to the fact that only half of the cations 
are needed to neutralize the ionic groups of the gel molecules. 

The observed salt effect of a buffer solution is explained in Figure 6. The 
degree of swelling in various pH buffer solutions is significantly less compared to 
the swelling of the gel, having the equivalent crosslinking, in deionized water. 
However, the extent of swelling is comparable to the swelling level observed in the 
presence of the salt in the water. This observation clearly demonstrates the effect 
of buffer salts on gel-water interaction. The equilibrium swelling level of the gel 
samples, swollen to various degrees in different solutions as shown in Figure 6 by 
a, b, c, d, increases upon immersion in deionized water to the condition shown by 
e in Figure 6. 

The swelling levels of the gel in equilibrium with deionized water are 
shown in Table I as a function of the amount of the crosslinking agent (31). The 
crosslinking ratio is defined as the ratio of the amount of polymer to the amount 
of the crosslinking agent. The swelling ratio is defined as the ratio of swollen gel 
weight to initial gel weight. Due to the inhomogeneity observed in crosslinking for 
different gel samples, the swelling ratio shown is the mean value of at least 20 gel 
samples; the range of values obtained for each sample is also shown. As expected 
the swelling ratio increases with the increase in the crosslinking ratio. However, 
after some critical ratio ( about 2.5 ) the mechanical strength of the gel is 
drastically reduced. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



7. SHAH & BARNETT Hyaluronic Acid Gels 123 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



124 POLYELECTROLYTE GELS 

10" 10" 10" 5 1 0 ' 4 10 " 3 10" 2 10*1 10° 10 1 

Salt concentration (M) 

Figure 5. Swelling of hyaluronic acid gel in different salts solutions at 
different concentrations (at 1.27 crosslinking ratio). 

ο 
03 

c 
"05 

PH 
Figure 6. Swelling of hyaluronic acid gels in different buffer solutions. 
a,b,c,&d indicate the equilibrium swelling in buffer solution of respective pH. 
The conditions of point e are achieved upon immersion in deionized water 
(crosslinking ratio of gel = 1.27) 
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Table I. Equilibrium swelling of hyaluronic acid gel at 25°C, in water 

Crosslinking Ratio Swelling Ratio 

1 8(6-9) 

1.27 14 (12-18) 

2.1 28 (25-30) 

Higher* 120 

This crosslinking ratio is approximately 5. 

In dynamic swelling the cylindrical samples show a phenomenon which is 
described as surface driven instabilities by Tanaka (32) and Peppas (33). The 
swelling of virgin gels (used immediately after their removal from the mold) is 
anisotropic. The initial cylindrical shape instantly changes to a dumbbell shape 
with a distinct outside swollen layer and inside unswollen core. The swelling at 
the two edges is significantly more than that in the middle segment, and the surface 
of the gel is filled with numerous line segments which form a regular pattern. 
Upon more swelling this pattern grows and ultimately disappears. Then the 
dumbbell shape changes back to cylindrical and the succeeding swelling is 
isotropic. These observations are illustrated in Figure 7. If the gel is dried, this 
type of behavior can be observed very easily irrespective of the prior swelling 
history of the gel. However, it is not observed if the initial gel is lightly swollen. 
This phenomenon is qualitatively explained as the local stretching of the gel due 
to osmotic pressure changes at the surface (32). Initially when the osmotic 
pressure is high, the outer surface is forced to move inside due to the mechanical 
restraint offered by the inside unswollen core. Upon reduction in the osmotic 
pressure after some water absorption, the forces are resolved by the unidirectional 
swelling of the gel. 

The initial drying of the gel affects the ultimate swelling capacity as shown 
in Table Π. The gel when dried without any prior swelling, swells only 2-3 times. 
The highly swollen gel upon drying does not reswell to the original swollen 
condition (only 50% of the original swelling). A similar observation was made 
by Laurent et al. (24). This drying was done at 35* C for 24 hours. It is possible 
that upon drying the pores are closed completely bringing about an irreversible 
change in the structure. Initial swelling might be preventing complete pore 
elimination. Hence these pores reopen when the gel is rewetted. Another 
possibility is the formation of new junctions between molecules. The junctions 
formed during drying will then act as crosslinks in the structure. 
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Table Π. Effect of drying on the swelling of gel 

Condition No. of samples Mean swelling ratio Std Deviation 

Directly dried 10 1.2943 .2411 

Directly swollen 24 15 1.949 

First swollen, then 24 6.5 .6538 
dried and reswollen 

The temperature sensitivity of the gel is illustrated in Figure 8. The 
swelling of the gel continuously decreases upon an increase in temperature. This 
behavior is similar to the behavior of the hyaluronate molecule in the solution. 
The interaction of the gel with aqueous solutions of acetone or η-propyl alcohol is 
illustrated in Figure 9. In Figure 9a we can see that the hyaluronic acid gel does 
not swell at all above 65% acetone concentration. The gel with the higher degree 
of crosslinking shows reduced swelling, but the behavior is the same. Similarly 
in Figure 9b the identical behavior of hyaluronic acid gels with η-propyl alcohol 
can be observed. This behavior for both solvents is found to be irreversible. The 
gel swollen at a higher solvent concentration does not swell significantly when 
immersed in the water. This result suggests that at higher concentrations of 
solvent, some irreversible changes in the structure are induced in the gel. 

Conclusions 

Crosslinked gels of hyaluronic acid reversibly swell about 15 times in water at a 
crosslinking ratio of 1.27. The equilibrium swelling level increases with the 
decrease in the degree of crosslinking. However, at higher swelling this gel loses 
mechanical integrity. The swelling level for the equivalent degree of crosslinking 
is higher than that shown by other synthetic polymers. The problem of the low 
mechanical strength should be resolved by increased crosslinking, grafting or 
coating. The swelling is significantly dependent on the pH and the ionic strength 
of the solution. The gel is highly swollen at higher pH and at lower ionic strength. 
The absorbed water fraction of the gel decreases with the increase in temperature. 
The similar effects are shown by hyaluronate molecules in the solution at various 
pH, ionic strength and temperature (19-20). During dynamic swelling this gel also 
shows the surface instabilities observed for the synthetic polymers. However, the 
interaction with organic solvents at higher concentrations is found to be different 
than that observed for most synthetic and some natural polymers. More work is 
needed to clarify these solvent induced irreversible swelling observations. 
Hyaluronic acid gels can be of use as pH and ionic strength dependent drug 
delivery systems. 
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γ «ρρππ 
Initial Final 

Intermediate 

Figure 7. Alterations in the surface and shape of the hyaluronic acid gel 
samples during swelling. 
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Figure 8. Swelling of hyaluronic acid gels at different temperatures (24 hr 
equilibration at each temperature). 
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Figure 9. Swelling of hyaluronic acid gels in a), acetone-water and b). n-
propyl alcohol-water solutions. Swelling of gels of crosslinking ratio of 1.0 
and 1.27 is shown in both a and b. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



7. SHAH & BARNETT Hyaluronic Acid Gek 129 

Literature Cited 

1). Tanaka, T. Science, 1980, p. 125. 
2). Cussler, E.L.; Strokar, M.R.; Varberg J.E. AIChE J, 1984, 30, 4, 578. 
3). Balazs, E.A.; Band, P. Cosmetics and Toiletries, 1984, 99, 65. 
4). Sugahara, K.; Schwartz, N.B.; Dorfman, A. J.Biol.Chem., 1979, 254, 14, 

6252. 
5). Mind & Body, Science Digest, 1989, 90, 97. 
6). Larson, N.; Leshchiner, E.A.; Parent, E.G.; Balazs, E.A. ACS Polymeric 

Materials Science & Engineering Fall meeting Proceedings, 1990, 63, 
p.341. 

7). Technical catalog, Genzyme Corporation, Boston, 1990. 
8). Band, P. D & CI, 1985, October, p. 54. 
9). Report, Genetic Engineering News, April 1990, p. 11. 
10) Shah, C.B.; Barnett, S.M. AICHE Summer National Meeting, San Diego 

1990, Paper 11D. 
11). Hunt, J.A.; Joshi, H.N.; Stella, V.J.; Topp, E.M. J.Cont.Release, 1990, 

12, 159. 
12). Camber, O.; Edman, P.; Gurny, R. Curr. Eye. Res., 1987, 6, 779. 
13). Saettone, M.F.; Chetoni, P.; Torracca, M.T.; Burgalssi, S.; Giannaccini, 

B. Int J. Pharm, 1989, 51, 203. 
14). Band, P.; Brode, G.L.; Goddard E.D.; Barbone, A.G.; Leshchiner, E.; 

Harris, W.C.; Pavlichto, J.P.; Partin, E.M. III, Leung, P.S. ACS 
Polymeric Materials Science & Engineering Fall Meeting Proceedings, 
1990, 63, p.692. 

15). Burchard, W. British Polym.J.,1985, 77,(2),154. 
16). Blumberg, B.S.; Oster, G.; Meyer, K. J.Clin.Invest.,1955, 34, 1454. 
17). Delia Valla, F.; Romeo, A. Eur. Pat. Appli, 1989, EP 216453, 129. 
18). Rapport, M.M.; Linker, Α.; Meyer, K. J.Biol.Chem, 1951, 192, 4283. 
19). Davies, Α.; Gormally, J.; Jones, E.W.; Wedlock, D.J.; Phillips, G.O. 

Biochem J.,1983, 213, 363. 
20). Gibbs, D.A.; Merril, E.W.; Smith, K.A.; Balazs, E.A. Biopolymers, 1968, 

6, 777. 
21). Laurent, T.C.; Bjork, I.; Pietruszkiewicz, Α.; Person, H. Biochem. 

Biophys. Acta, 1963, 78, 351. 
22). Ogston, A.G.; Sherman, T.F. J. Physiol., 1961, 156, 67. 
23). Laurent, T.C. Biochem J., 1964, 93, 106. 
24). Laurent, T.C. Acta. Chem. Scand., 1964, 18, 1, 274. 
25). Balazs, E.A. U.S. Patent # 4582 865, 1986. 
26). Balazs, E.A.; Leshchiner, A. Chemical Abstracts, 1986, 104, p.449. 
27). Balazs, E.A. ACS Polymeric Materials Science & Engineering Fall Meeting 

Proceedings, 1990, 63, p. 689. 
28). Siegel, R.A.; Falmarzian, M.; Firestone, B.A.; Moxley, B.C. J. Cont. 

Release, 1988, 8, 179. 
29). Peppas, L.B.; Peppas, N.A., J.Cont. Release, 1987, 8, 267. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



130 POLYELECTROLYTE GELS 

30). Vartak, H.G.; Rele, M. V.; Rao M.; Deshpande, V.V. Anal Biochem, 1983, 
133, 260. 

31). Shah, C.B.; Barnett, S.M. Paper in Press, J.App.Poly.Sci., 1991. 
32). Tanaka, T.; Sun, S.T.; Hirokawa, Y.; Katayama, S.; Kucera, J.; Hirose, 

Y.; Amiya, T. Nature, 1987, 325, 26. 
33). Peppas, L.B.; Peppas, N.A., J. Cont. Release, 1988, 7, 181. 

RECEIVED September 6, 1991 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



Chapter 8 

Hydrophobic Polyelectrolytes 
Effect of Hydrophobicity on Buffering and Colloid 

Osmotic Pressure 

Ronald A. Siegel and Jose M. Cornejo-Bravo 

Departments of Pharmacy and Pharmaceutical Chemistry, School 
of Pharmacy, University of California, San Francisco, CA 94143-0446 

Effects of hydrophobicity on the titration curves and colloid osmotic 
pressures of polyelectrolyte copolymers containing diethylaminoethyl 
methacrylate hydrochloride (DEA•HCl) were studied. Hydrophobic 
and hydrophilic comonomers respectively decrease and increase the 
"buffering pH" observed in the titration curves. The colloid osmotic 
pressure of the fully ionized polyelectrolytes follows the Donnan model 
if an osmotic coefficient is introduced. The osmotic coefficient 
increases with separation of the charges on the polyelectrolyte, as 
occurs by incorporating unionizable comonomers. Comparison of data 
with the "cell model" for polyelectrolytes, supplemented by the 
"additivity rule," indicates that these models provide a quantitative 
description in some regions, but only a qualitative description in 
others. Results obtained for these hydrophobic polyelectrolytes are 
discussed in terms of their suitability as osmotic agents in a self
-regulating, mechanochemical insulin pump. 

In recent years considerable attention has been paid to weak acidic or basic 
polyelectrolyte gels as environmentally sensitive components of drug delivery systems 
(1-3) and as mediators of mechanochemical energy conversion (5,5). In addition, 
these gels can function as ion-exchangers (6,7). The swelling properties of 
polyelectrolyte gels are determined by environmental pH and ionic strength (2-4,8-
13), as well as specific ion concentrations. 

In most environmentally-sensitive drug delivery applications, drug release is 
modulated by altering the permeability of the gel to the pharmacologic agent of interest 
(1,2,14). Recendy, we proposed a "mechanochemical" pump (15), die concept of 
which is illustrated in Figure 1. A polybasic gel is confined between a rigid screen 
and an elastomeric diaphragm. On the other side of the diaphragm are two chambers, 
one containing water and the other containing drug. These chambers are connected to 
the outside of the pump via one-way check valves. Ionization of the gel in response to 
an increase in hydrogen ion concentration causes an increase in the osmotic pressure in 
the gel, and consequently in the pressure inside the pump. When this pressure 
exceeds the critical cracking pressure of the valve leading from the drug chamber, drug 
is expelled from the pump. Thereafter when the hydrogen ion concentration 
decreases, the gel contracts, lowering the pressure in the pump. When the pressure 

0097-6156/92Λ)480-0131$06.00Λ) 
© 1992 American Chemical Society 

 S
ep

te
m

be
r 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

00
8

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



132 POLYELECTROLYTE GELS 

difference between the inside of the pump and the external medium is reduced below 
the (negative) cracking pressure of the valve leading to the water chamber, water will 
flow into the latter. Thus, the volume of drug solution ejected is exactly compensated 
by the volume of water imbibed. 

The device as described above is sensitive to hydrogen ion concentration. While 
there are a few body spaces in which pH fluctuates, a more likely application may 
result from coupling the gel to the enzyme glucose oxidase, which converts glucose 
into gluconic acid. Thus the pump would respond to changes in blood glucose level, 
and could be used as an artificial pancreas if an insulin formulation is placed in the 
drug chamber. 

Although the final application may involve an enzymatic conversion step, it will 
be important to characterize the response of a proton-sensitive polyelectrolyte system 
to changes in hydrogen ion concentration. The present contribution discusses 
preliminary work toward this end. 

We have chosen to work with uncrosslinked, linear polyelectrolytes instead of 
crosslinked gels. This decision is due in part to difficulties we experienced in loading 
a gel into the small space between the screen and the diaphragm. If the gel was too 
large, excess pressure would develop in the pump. If the gel was too small, then it 
would have to expand to fill the space before it could exert a force. The latter problem 
is obviated by a liquid polyelectrolyte system, which always fills the space it occupies. 
In this case a membrane which is impermeable to the polyelectrolyte must be placed 
between the screen and the polyelectrolyte solution in order to prevent leakage of the 
linear polyelectrolyte. For reasons to be discussed below, we have chosen to work 
with hydrophobic polyelectrolytes which precipitate when in the unionized state. 

Aside from the practical advantage discussed above, we believe that liquid 
polyelectrolyte systems may be advantageous for other reasons. First, the crosslinks 
in gels oppose osmotic expansion. Second, the osmotic expansion of crosslinked 
polymer systems should be slower than that of liquid systems. Therefore, liquid 
systems may be more efficient mechanochemical energy converters than gels. 

The osmotic pressures that can be measured readily in these liquid polymer 
systems should be similar to the swelling pressures occurring in lightly crosslinked 
gels consisting of the same materials at similar volume fractions. Therefore, Donnan 
pressure data gathered for polyelectrolyte solutions will be useful in explaining the 
swelling behavior of polyelectrolyte gels in response to changes in the electrolyte 
composition of external solutions. 

In this contribution we discuss the thermodynamic behavior of a series of 
hydrophobic copolymers of N,N-diethylaminoethyl methacrylate and other, nonionic 
comonomers. Following a brief discussion of synthesis procedures, we report results 
of potentiometric titrations. Then, colloid osmotic (Donnan) pressures are measured 
for fully charged polyelectrolytes as a function of polymer structure and concentration. 
A comparison of the latter results with a semiempirical model will be made. 

Experimental 

Materials. All monomers were distilled before use. The vinyl monomers methyl 
methacrylate (MMA), butyl methacrylate (BMA), 2-hydroxyethyl methacrylate 
(HEMA), N,N-diethylaminoethyl methacrylate (DEA) and the free radical initiators 
2,2' azobisisobutyronitrile (AIBN) and ammonium persulfate were obtained from 
Polysciences, Inc. Water was double distilled and deionized using the Bamstead 
Nanopure System. Methanol (Fisher Scientific, A.C.S. grade), absolute ethanol (Gold 
Shield Chemical Company), ethylic ether (Fisher Scientific, A.C.S. grade) and 
sodium chloride (Fisher Scientific, A.C.S. grade), were all used as received. 
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Poly(DEA*HCl) synthesis. Poly(DEA*HCl) was synthesized according to the 
method of Shatkay and Michaeli (16). The monomeric salt DEA*HC1 was formed by 
passing dry gaseous HC1 through a solution of DEA in dry ethylic ether. After 
precipitation and drying steps, the DEA*HC1 was polymerized in aqueous solution at 
40° with ammonium persulfate as initiator. The resulting solution was dissolved in 
methanol and poly(DEA»HCl) was precipitated in acetone and dried. 

p(DEA*HCI/BMA), p(DEA*HCl/MMA) and p(DEA*HCl/HEMA) 
copolymer synthesis. The copolymers were synthesized to a maximum conversion 
of 10%. The appropriate molar proportions of die monomers (100 g total weight) were 
dissolved in 250 ml of methanol. The polymerization was carried out at 70° using 
AIBN (0.5 w% with respect to the monomers) as initiator. After 20 minutes the 
polymerization was stopped by pouring the polymerization mixture into distilled 
water. The precipitated polymer was separated by filtration and then dissolved into a 
liter of dry ethylic ether. Dry gaseous HC1 was passed through the solution with 
cooling and stirring. The copolymers precipitated and were subsequendy dissolved in 
an excess of HC1. The resulting solution was precipitated in acetone. After drying in 
vacuum at room temperature to a constant weight, analysis yielded an Ν to CI" ratio of 
1.00. Chemical analyses were also performed to determine the polymer composition 
following synthesis and precipitation. 

Titration studies. Titration behavior of the copolymers was studied as follows. 
Precise aliquots of differing volumes 0.1 M NaOH solution were added to 20 ml vials 
containing an amount of polymer equivalent to 0.165 mmol of DEA»HC1 in 15 ml of a 
NaCl solution at a specified ionic strength. The pH in each vial was then recorded 
using a standard pH meter. 

Colloid osmotic pressure studies. The colloid osmotic (or Donnan) pressure of 
the polyelectrolytes as a function of polyelectrolyte concentration was measured using 
a specially constructed Donnan cell with no volume flux. The cell, diagrammed in 
Figure 2, consists of two compartments. The top, reference solution compartment has 
a volume of 200 ml. The bottom, polyelectrolyte solution compartment, has a volume 
of 20 ml. The volume of the polyelectrolyte compartment was chosen to be sufficiendy 
small to maintain ionic strength virtually constant in the reference compartment but 
sufficiendy large to minimize error in the experiments due to any small changes in 
volume following pressure buildup. The two compartments are separated by a 
semipermeable cellulose acetate membrane (Wescan, Santa Clara CA), which is 
supported by metallic screens. The pressure is measured using a membrane pressure 
transducer (Ametek, Feasterville PA). The top compartment is stirred by a motorized 
impeller, and the bottom compartment is agitated with a magnetic stirrer. 

Results 

Titration Studies. Figure 3a displays potentiometric titration curves for 
p(DEA»HCl), p(DEA»HCl-co-HEMA) and the p(DEA»HCl-co-BMA) copolymers in 
0.1 M NaCl solutions. The degree of neutralization, a, is defined as the amount of 
NaOH added divided by the initial equivalent concentration of DEA^HCl units in the 
solution. During the titration process a precipitated polymer phase appears at a 
particular degree of neutralization a, which is indicated in Figure 3 by arrows. When 
the precipitate is present, the polyelectrolyte solution acts as a very efficient buffer, 
with pH changing very littie over a wide range of neutralization. For poly(DEA»HCl) 
the pH at which buffering occurs is 7.6. The buffering pH is increased when DEA is 
copolymerized with HEMA (a hydrophylic monomer). However, buffering pH is 
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134 POLYELECTROLYTE GELS 

Figure 1. Schematic of a mechanochemical pump which responds to local 
hydrogen ion concentration changes, or indirectly to glucose level changes when 
glucose oxidase and catalase are coupled to the polyelectrolyte. Arrows point in 
direction of water flow. 

Polyelectrolyte Spin Pressure 
solution bar transducer 

Figure 2. Schematic of Donnan osmotic pressure cell used in the present work. 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

α 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

α 
Figure 3. Potentiometric titration curves for copolymers in 0.1 M NaCl solutions. 
a) (•) DEA-HC1 homopolymer, (O) 98/2 DEA-HC1/BMA copolymer, (•) 80/20 
DEA eHCl/BMA copolymer, ( · ) 73/27 DEA-HC1/HEMA copolymer. 
b) (•) DEA*HC1 homopolymer, ( · ) 81/19 DEA-HC1/MMA copolymer, (•) 
56/44 DEA-HC1/MMA copolymer. 
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lowered when the proportion of butyl methacrylate (a hydrophobic monomer) in the 
copolymer is increased. 

In Figure 3b similar data are displayed for p(DEA»HCl-co-MMA). As above, a 
decrease in the buffering pH with increasing hydrophobic (MMA) content is observed. 

Figure 4 shows the effect of ionic strength on the titration curves of p(DEA*HCl-
co-MMA) with 85% DEA content A significant increase in the buffering pH is 
observed when the ionic strength is increased. 

Colloid Osmotic Pressure Studies. Figure 5 shows the effect of the equivalent 
fixed charge concentration (CM) on the colloid osmotic pressure, ΔΠ, for different 
copolymers of DEA*HC1 and MMA, all measured at ionic strength 0.1 M. With 
increased content of MMA at fixed C M , ΔΠ increases. Also for a given copolymer 
composition, ΔΠ increases parabolically with increasing CM* The curves in Figure 5 
are predictions of models which will be discussed below. 

Discussion 

Titration Data. The majority of studies of the titration of polyelectrolytes have 
involved rx̂ lymers that are sufficiendy hydrophilic to remain in solution at all degrees 
of neutralization. Generally, polyelectrolytes act as buffers in the sense that they 
stabilize the solution pH when amounts of acid or base are added that would, in the 
absence of the polyelectrolyte, lead to large swings in pH. However, when pH is 
plotted against the degree of neutralization, a, the curves are considerably steeper than 
is observed for monoprotic buffers of the same equivalent concentration (17,18). This 
phenomenon is explained by noting that the charge state of the polyelectrolyte changes 
with neutralization, leading to increased repulsion, or diminished attraction, of the 
neutralizing species by the titratable groups. For example, a hydrophilic, polyamine 
HC1 salt will initially carry a high positive charge, which will strongly attract 
neutralizing hydroxyl ions. As the neutralization progresses, however, the 
polyelectrolyte charge diminishes and so will the attraction. Thus, the titration process 
exhibits negative cooperativity. 

Certain water soluble but more hydrophobic polyelectrolytes exhibit more 
complex behavior. For example, poly(methacrylic acid) (18-20) and alternating 
copolymers of maleic anhydride and alkyl vinyl ethers (polysoaps) (2122) show three 
phases in the titration. Starting from the totally protonated form (ot=0), pH initially 
rises sharply with increasing neutralization by NaOH. In a critical range of a, 
however, pH flattens out, after which it rises steeply again. Within the critical range, 
the titration process exhibits positive cooperativity. The flattening has been attributed 
to structural transitions in the polyelectrolytes that occur within the critical range. Due 
to the increase in charge which overcomes the chain hydrophobicity, the polymer goes 
from a relatively compact configuration to a more swollen state, as demonstrated by 
dramatic changes in viscosity. During this transition process the polyelectrolyte coU 
shows virtually no "resistance" to neutralization: hence, added base neutralizes the 
coils instead of increasing the pH of the solution. When the equivalence point is 
achieved, a rapid rise in pH ensues with added base. Throughout the whole range of 
neutralization, the polyelectrolyte remains in solution. 

Similar three-phase titration effects have been observed with poly[thio-l-(N,N-
diethylaminoethyl ethylene], a hydrophobic polybase, and its partially quaternized 
derivatives (22). We consider here the case where such a polybase is initially in its 
H Q salt form. Neutralization by NaOH will proceed in a similar manner as discussed 
in the previous paragraph, except that the polymer will go from a charged to an 
uncharged state with increasing neutralization. Therefore, within the region in which 
the pH response flattens out, polymers will go from an extended state to a collapsed 
state (22). 
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0.00 0.05 0.10 0.15 0.20 

Charge Group Concentration CM 

Figure 5. Donnan osmotic pressures measured for DEA*HC1/MMA copolymer 
solutions against 0.1 M NaCl external solutions. (A) DEA-HC1 homopolymer, 
(•) 75/25 DEA*HC1/MMA, (•) 57/43 DEA»HC1/MMA. All copolymer ratios 
were determined by elemental analysis. Curves are predictions based on Eqs. (9)-
(11). Values of X D E A used in calculations are indicated next to curves. 
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The copolymers of DEA with esters of methacrylic acid, studied in the present 
work, are hydrophobic and insoluble in the ionized state, but fully soluble in the 
ionized state. Starting in the fully ionized HC1 form, and titrating with NaOH, we 
initially observe a steep pH dependence on a. However, in every case the titration 
curves flatten out. Unlike the cases discussed above, the point where the curves 
flatten coincides with the onset of polymer precipitation. Beyond that point, the 
curves remain flat until virtually all the polyelectrolyte is neutralized. This indicates 
superb buffering. 

The titration behavior of these precipitating polyelectrolytes has a straightforward 
explanation. In the initial stages all chains are highly charged and prefer to remain in 
solution. However, when a critical neutralization otppt is reached, a phase separation, 
driven by the essential hydrophobicity of the polymer without charge, commences. 
When a polymer molecule enters the precipitate, it releases all its bound protons, thus 
neutralizing the added NaOH. This mechanism explains the unusually strong 
buffering behavior which persists until virtually all the polyelectrolyte is neutralized. 

A consequence of the argument of the previous paragraph is that the pH at which 
precipitation and buffering occur should be lowered as the polyelectrolyte chains 
become more hydrophobic. The polymer/solvent/ion equilibria that are established are 
the result of competition between polymer/ion and rx)lyrner/polymer interactions. As 
the polymer interaction becomes stronger (greater hydrophobicity), a higher proton 
activity (lower pH) is needed to maintain the preference for ion binding (and hence 
keeping the polymer in solution) over polymer/polymer association (i.e. precipitation). 
This prediction is confirmed by the data in Figure 3. By including increasing amounts 
of hydrophobic BMA in the copolymer, the buffering pH is progressively reduced. 
On the other hand, including the relatively hydrophilic HEMA raises the buffering pH, 
presumably by destabilizing the precipitate. 

Similar arguments account for the observation that an increase in ionic strength 
raises the buffering and precipitation pH. With increasing ionic strength, the affinity 
of the polymer for protons increases, since the electrostatic field due to the 
polyelectrolyte charge is shielded. Thus, lower proton chemical potentials are required 
to maintain the polyelectrolyte in solution and precipitation does not occur until a 
higher pH is achieved. 

Based on these arguments, one might expect that the precipitation point should 
occur at lower degrees of neutralization as the polymer hydrophobicity increases. This 
expectation is confirmed in Figure 3. 

With few exceptions, most researchers have avoided studying precipitating 
hydrophobic polyelectrolyte systems, presumably because the precipitation was 
considered to be a complicating factor. The most complete studies of which we are 
aware have been performed by Shatkay and Michaeli. These authors presented a 
simple thermodynamic analysis which is valid when the precipitated polymer phase is 
present. The main result is an equation which can be rearranged to the following 
form: 

P ( 1 - ^ = d f e ( - 1 O « C p + 0 - 4 3 4 3 | f ) ( 1 ) 

where R is the gas constant and Τ the absolute temperature, Ρ is the number of 
ionizable amine groups per polymer molecule, 1-a* is the mean degree of ionization 
of the polymer molecules in the solution phase, Cp is the molar concentration of 
polymer in solution, and μο is the chemical potential of the polymer in theprecipitate. 
Shatkay and Michaeli investigated poly(DEA*HCl), measuring C p and 1-cr during the 
course of titration with NaOH. They were able to show that Equation (1) describes 
the data well, and they were further able to disregard the μο term. The latter was 
possible because the chemical composition of the precipitate does not change during 
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the titration process. Shatkay and Michaeli also showed that virtually no H Q was to 
be found in die precipitated phase, which is consistent with the notion of a competition 
between polymer/polymer and polymer/proton interactions. 

A consequence of Equation (1) with constant μο is that when the precipitate is 
present, large changes in the solution polymer concentration will occur with very litde 
change in pH, since the product P(l-a*) is large. This explains the exquisite 
buffering capabilities of the precipitating polyelectrolyte systems. It should be noticed 
(Figures 3 and 4) that the slopes of the titration curves in the buffering region are 
somewhat larger for the copolymers than for the pure poly(DEA»HQ). We believe 
that this observation can be explained in the context of Equation (1). The copolymers 
are expected to exhibit some compositional heterogeneity, and hence variability in their 
hydrophobicity. During the process by which the polyelectrolyte molecules are 
neutralized by NaOH, the most hydrophobic polymer molecules will be the first to 
precipitate. Subsequently, less hydrophobic molecules will be added to the 
precipitate. Thus the chemical composition, and hence the chemical potential μο will 
change with the course of titration. A sizeable value of (l/RT)(^o/dpH) could 
conceivably offset the P(l-a*) term. Intuitively, as the solution phase becomes less 
hydrophobic as the titration proceeds, the attraction of the precipitate for the polymer 
remaining in solution becomes weaker, and a higher pH will be needed to precipitate 
the remaining polymer. 

Colloid Osmotic Pressure Data. In the experimental configuration shown in 
Figure 2 , the polyelectrolyte is incapable of diffusing through the semipermeable 
membrane, but water and small ions are free to pass between the polyelectrolyte 
solution and the external salt solution. Due to the requirement of bulk electroneutrality 
in both phases, ion species will not be distributed identically between these phases at 
equilibrium. This situation represents a classical Donnan equilibrium. 

Since the composition differs between the two phases, a colloidal osmotic, or 
Donnan pressure arises. This pressure may be explained in two complementary ways. 
In the first explanation the highly charged polyions repel each other, which encourages 
water flow into the polyelectrolyte compartment. This explanation has given rise to 
rigorous analyses based on the McMillan-Mayer solution theory (2J-25), particularly 
for rod-shaped polyelectrolytes such as DNA. This theory requires calculation of a 
virial series, the coefficients of which depend on the mean forces of repulsion for 
pairs, triplets, etc., of polyelectrolyte molecules in the salt solution. Unfortunately, 
calculations beyond the second virial coefficients are prohibitive for most realistic 
models of polyelectrolytes. Accordingly, the McMillan-Mayer approach appears 
applicable only to solutions containing very low concentrations of polyelectrolyte. 

In the second explanation for osmotic pressure it is noticed that the 
electroneutrality requirement implies that the total concentration of microions in the 
polyelectrolyte solution phase must exceed the total microion concentration in the outer 
solution. This concentration difference leads to an osmotic pressure (26). This 
explanation appears to be less rigorous than the McMillan-Mayer approach, but it can 
be applied over much larger polyelectrolyte concentration ranges, and is simpler to 
implement. The ensuing discussion will be based on the second explanation. 

In the following primed quantities refer to the outer solution phase, while 
unprimed quantities refer to the polyelectrolyte solution phase. Thus ci and ci' are the 
molar concentrations of the i'th ionic species in those phases, respectively, and ai and 
ai' are the corresponding activities. The subscript i can take on the following "values": 
Na + , Cl", "s" for the neutral salt NaCl, and "M" for the charged amine groups 
attached to the polyelectrolyte molecules. The quantity we seek is the Donnan osmotic 
pressure ΔΠ, which may be generally defined by 

ΔΠ = RT(<t>Zci - φ'Σοί') (2) 
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where and φ and φ' are osmotic coefficients. The summation in Equation (2) is taken 
over all microion species and ignores the molar contribution of the polyelectrolyte 
molecules, which is substantially lower than the molarities of the microions. 

In a Donnan equilibrium, the salt activities in the two phases are equal. This 
implies the general relation 

(aNa+)(aci-) = (a'Na+Xa'ci-) 0) 

We first consider the ideal case where concentrations and activities are equal, and the 
osmotic coefficients φ and φ' are unity. Electroneutrality in both phases leads to the 
following relations: 

a'Na+= a'ci-= cs' ; aNa+ = c s ; aci- = c s + CM (4) 

Combining Equations (3) and (4) yields, for the ideal case, 

Since cs' and CM are specified in the experiment, c s can be determined. Then in view 
of Equations (2) and (4), 

From Figure 5 it is clear that the ideal model greatly overestimates the observed 
Donnan pressures. This discrepancy is readily explained by noticing that strong 
electric fields surround the polyions; these fields attract the counterions (in this case, 
CI") to the polyions. Thus the counterions are not completely osmotically active, and 
their activity is reduced. A more detailed model is required to explain the data. 

The approach we will discuss next is based on the semiempirical "additivity rule" 
for polyelectrolytes in salt solutions (27-31). Let 7tn be the osmotic pressure of the 
counterions (here, CI') to the polyelectrolyte in a solution with no added salt. Let π$ 
be the osmotic pressure of a salt solution in the absence of polyelectrolyte. Then the 
additivity rule states that the osmotic pressure of die combined polyelectrolyte/salt 
solution will be 

π = Tip + TCS 

and the Donnan pressure will be 

Δπ = π ρ + π 8 - π8* (7) 

Moreover, the activity of the counterion species (CI') is the sum of the activity of the 
counterions in the salt-free solution, (aci-)p and the counterion activity in the polymer-
free salt solution, (aci-)s. i.e. 

It remains to calculate the terms in Equations (7) and (8). For simplicity we 
ignore nonideality effects for the salt, so that TCs=2RTCs and πs ,=2RTcs ,. To make 
further progress we utilize the "cell model" of polyelectrolyte solutions (28-33). In 
this model polyelectrolyte molecules are represented as charged cylindrical rods 
surrounded by their counterion atmosphere. Rods in the same locale are assumed to 

CS(CS+CM) = (cs')2 (5) 

ΔΠ = RT(2CS-2CS'-K;M) (6) 

aci- = (aci-)p + (aci-)s (8) 
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be aligned in parallel, forming a hexagonal lattice. The justification for this picture is 
that when highly charged, polyelectrolytes are sufficiendy stretched that they may be 
considered to be locally rod-like. Also, the local lattice-like arrangement represents a 
minimum energy configuration. Clearly, this picture will apply only locally-whole 
polyelectrolyte molecules are not rods, and the orientation of the rodlike portions must 
vary in different regions of the solution. 

With this geometric specification microion distributions are calculated using the 
Poisson-Boltzmann equation (24-26, 28-34), and the osmotic pressure is calculated 
applying the ideal van't Hoff expression for regions in which the computed electric 
field vanishes. 

The details of the cell model will not be discussed here, as they are reviewed 
extensively elsewhere (29-33). We will simply summarize the pertinent results. First, 
in the absence of added salt, the osmotic coefficient φρ and activity coefficient fp 
[(acf)=fp(ccf )] ° f the animerions are identical. Again assuming that the salt ions m 
both the polyelectrolyte and outer solutions behave ideally, Equations (3) and (8) may 
be therefore combined to obtain 

cs[cs+(l-<x)<|>pCM] = (cs')2 (9) 

where 1-ot is the fraction of the tertiary amine groups that are ionized. The Donnan 
osmotic pressure of Equation (7) is then given by 

Δπ = RT[2cs-2cs'+(l-a)(l)pCM] (10) 

The second result of the cell model is the specification of φρ. The parameters 
needed to calculate φρ are V p , the polyelectrolyte volume fraction, and λ, the linear 
charge density of the polyelectrolyte chains. The latter is defined by 

λ = (1-α)β2/εοκΤ 

where e is the protonic charge, ε is the solution dielectric constant (taken to be that of 
bulk water), b is the average distance between charge groups along the chain 
backbone, and k is the Boltzmann constant. For the vinylic copolymers under study 
and at room temperature, λ=2.83(1-α)ΧοΕΑ» where X D E A is the mole fraction of 
DEA units in the copolymer. To calculate φρ die following equations are used: 

φρ = (1-β 2)/2λ, where λ = (1-β 2)/[1+βα>0ι(βγ)] λ < γ/(τ+1) 
(11) 

φρ = (1+β 2)/2λ, where λ = (1+β 2)/[1+βα*(βγ)] λ > γ/(γ4·1) 

where γ=-(1ηνρ)/2. Thus, we first solve for β in terms of λ and γ and then for φρ in 
terms of β. 

Figure 6 displays calculated osmotic coefficients φρ for the counterions in the 
absence of salt. The polymer volume fraction term Vp was taken to be 0.24CM, based 
on density measurements of the copolymers. The MMA component was assumed to 
contribute little to the polymer volume, since the molecular weight of an MMA unit is 
about half that of a DEA unit, and since in all cases DEA is the majority comcmomer. 
A weak but definite trend of increasing φρ with C M is observed. This trend is due, of 
course, to the increase in V p . With increasing V p polymer "rods" become more 
closely spaced, and the attraction of a counterion to a particular rod will be reduced 
due to attractions to neighboring rods, leading to greater freedom of movement and 
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1.0η 

8 0.2H 

0.0 H • « 1 · « « 1 
0.0 0.1 0.2 

CHARGE GROUP CONCENTRATION CM 

Figure 6. Osmotic coefficients φρ calculated for DEA»HC1/MMA copolymers in 
salt-free solutions. Values of X D E A used in calculations are indicated next to 
curves. 
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hence a higher osmotic coefficient. More dramatic differences are seen between the 
curves for the different values of XDEA- This will be reflected, of course, in the value 
of b and hence λ. As charge groups become more separated by MMA groups, the 
electric field around the chain weakens and the osmotic coefficient will increase. 

Figure 5 presents a comparison of predictions based on Equations (9)-(ll) 
against experimentally determined values, as measured above. For XDEA=1.0 the 
theory predicts well the data up to CM=0-20 M. For XDEA=0.75 theory diverges 
from experiment for CM>0.10 M. For XDEA=0.57 the theory consistently 
underestimates the experimental values of Δπ, although the values for CM^0.06M are 
in reasonable agreement 

At present we are unable to explain the success of the model in some regions and 
its failure in others. However, some discussion of the present data within the context 
of previous studies is useful. In a review article Katchadsky et al. (29) display osmotic 
coefficients for various polyacid solutions at varying degrees of ionization a, with no 
added salt. In order to account for the data, the charge density parameter λ for a given 
polyelectrolyte had to be adjusted to a value that is higher than would be inferred from 
the structure of the chain backbone. For polyacrylic and polymethacrylic acid, it was 
necessary to increase λ by a factor of two. For suffer chain polyelectrolytes such as 
carboxymethylcellulose and alginates, λ was increased by a factor of 1.5. While no 
explanation was provided, it was conjectured that dielectric saturation in the vicinity of 
the charge groups could account for this discrepancy. 

In contrast, we find that no modification of λ is needed to fit the osmotic 
pressure data of the DEA/MMA copolymers for XDEA=1.0 and 0.75, and at 
sufficiently low concentrations C M . In all our studies <x=0. For XpEA= 0.57 one 
would have to decrease λ to force the theory to fit the data, but this modification seems 
implausible. It is noteworthy that Shatkay and Michaeli (35) inferred values of 
osmotic coefficients for poly (DE A) (XDEA=1.0) which are approximately twice the 
values estimated for polyacrylic and polymethacrylic acids. These estimates are in a 
direction consistent with our findings. We speculate that the DEA monomer may be 
less prone to the dielectric saturation effects mentioned above since the DEA group is 
bulkier than a carboxylic acid, so that the electric field near the interface between the 
DEA group and water will be weaker than the corresponding field at the carboxylate-
water interface. Of course, this explanation cannot account for the lack of agreement 
between theory and experiment at higher polyamine concentrations, and for 
XDEA=0.57. 

Implications for the Mechanochemical Pump. 

The experiments reported in this paper were designed to investigate the suitability of 
DEA copolymers for the mechanochemical pump described earlier. The results 
indicate that somewhat hydrophobic copolymers of DEA will be superior to the 
poly(DEA) homopolymer. Most obviously, adding spacer comonomers between the 
amines will increase the osmotic efficiency, due to the higher resulting osmotic 
coefficients. Also, it is necessary to incorporate the hydrophobic component in order 
to lower the buffering region below physiologic pH (7.4). Otherwise the polymer will 
be almost completely ionized at physiologic pH, and it will not show much sensitivity 
to protons supplied to it by the glucose oxidase reaction. 

We believe that it will be most useful to set the buffering pH just below the range 
of pH fluctuations that one might expect in a diabetic. Doing so will prevent the 
device from being triggered by acidotic episodes. Thus, during normoglycemic 
periods the internal pH will be essentially 7.4 and the polymer will be precipitated. 
After a rise in blood sugar, one may expect a slight delay due to the need to accumulate 
sufficient protons to lower the local pH to the point where the polymer will start to go 
into solution and become osmotically active. We are in the initial stages of 
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investigating the kinetics of conversion of glucose to protons, the acidification and 
dissolution of the precipitated polymer (as well as the reverse process) and the 
development of osmotic pressure. The rates of these steps will be influenced b; 
device geometry, and probably by the presence of physiologic buffers such a& 
phosphate and bicarbonate. 

From previous discussions it should be evident that the precipitating polybases 
are probably superior to more hydrophilic polybases that remain in solution 
throughout a titration. The latter are negatively cooperative in their ionization 
behavior. Therefore, as more protons are provided by the enzyme reaction, they will 
become progressively less efficient in generating osmotic pressure. Said another way, 
one can expect a large pH drop within the device due to the progressive unwillingness 
of the polyelectrolytes to adsorb protons, and this will discourage diffusion of new 
protons into the device. This problem is reduced substantially in the precipitating 
system, since the pH inside the device changes little with progressive ionization. 
Osmotic pressure can be developed with scarce change in pR 

Conclusions 

The results demonstrate that the buffering pH of DEA*HC1 copolymer can be 
"tuned" by changing the content of hydrophobic or hydrophilic nonionic monomers. 
This observation together with the data from osmotic experiments indicate that 
hydrophobic copolymers of DEA*HC1 can be used as osmotic agents for a self 
regulating mechanochemical insulin pump. 

The present work is incomplete in a number of ways. First, it should be noted 
that the titration experiments were conducted at high dilution, whereas the osmotic 
pressure data was gathered at much higher concentrations in order to achieve pressures 
that will be useful for the proposed pump. A more consistent study would also check 
the titration behavior at higher concentrations. Moreover, such titrations should be 
carried out in a Donnan cell. Second, the studies were conducted at room temperature 
with ionic strength set at 0.1 M by NaCl. More realistic studies should be conducted at 
body temperature, and in phosphate and bicarbonate buffered media which reflect the 
contents of plasma. Finally, the present experiments concerned equilibria. The 
present do not address kinetics, which will be extremely important in designing an 
implantable insulin pump which must respond rapidly to changes in blood glucose 
levels. 
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Chapter 9 

Gel Structural Heterogeneity, Gel Permeability, 
and Mechanical Response 

A. Silberberg 

Weizmann Institute of Science, Rehovot 76100, Israel 

It is shown that in consequence of the additional correlation between 
segments implied by a crosslink whether of finite or infinite lifetime 
heterogeneities must of necessity occur in dilute gel systems in steady 
state. In systems where the blob chain length g, calculated from the 
overall volume fraction Ф of the network substance, is larger than the 
mean chain length between crosslinks go, calculated from the overall 
composition, the chemically imposed heterogeneities will dominate. At 
higher overall concentrations, g < go, however, the built in 
heterogeneities tend to be drowned out by the random short-lived 
contacts. How these heterogeneties affect permeability and plateau 
modulus are discussed and illustrated in the case of aqueous 
polyacrylamide gels made by copolymerisation. 

Our objective is two-fold. Firstly we wish to provide arguments which will 
demonstrate the existence, necessarily, of heterogeneities in a chemically cross-linked 
system, whether or not the crosslinks are permanent. Secondly we wish to show that 
these heterogeneities will tend to be overwhelmed by physical contacts as the overall 
segments concentration increases and the volume effectively excluded by a segment 
declines with solvent power. This is today very clearly appreciated in the case of the 
single polymer chain, in consequence perhaps of the tremendous emphasis placed on 
this second point in the early work of Flory and his discovery of the Theta point, the 
temperature at which associative attractions between polymer segments, in a given 
solvent medium, just cancel the self volume repulsive contact potential between those 
segments (7). The mean square radius of gyration then shows ideal Gaussian behavior 
and for infinitely long chains the Theta point is the point of total self collapse. Without 
an inherent length scale the statistical segment of the ideal Kuhn random coil which is 

0097-6156/92/0480-0146$06.00A) 
© 1992 American Chemical Society 
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derived from the mean square end-to-end distance by dividing it by the real contour 
length of the chain would thus be zero. 

Also a three-dimensional infinite network tends to give the total collapse of the 
network at the Theta point. Only because with real chains there are finite dimensions 
associated with the network component does one, therefore, away from the Theta 
point, obtain a macroscopically sized structure with finite open spaces which can and 
will be filled with solvent when an open contact between network and a solvent source 
is created. 

Binary contacts between segments a certain distance apart along the contour of 
an isolated homopolymer chain in solution will occur uniformly with the same 
probability at all segment locations (near-to-end segments exempted). In the swollen 
network, however, such contacts become dependent upon the location of the segment 
with respect to the crosslinks. The network is constrained by possessing built-in 
chemical crosslinks, and this constraint enhances the probability that segments 
neighboring the crosslink on different strands and a certain contour length apart will 
contact each other in space. Chemical crosslinks, even in the most ideal network (a 
fully satisfied crosslink functionality and equal strand length between crosslinks), thus 
impose a heterogeneous structure. 

It is particularly wrong to conceive of the strands between crosslinks as the 
equivalent of the "blobs" which de Gennes uses to define that section of a chain in a 
semidilute solution which "sees" only its own segments to the exclusion of all other 
segments in the system (2). Probably not even in swelling equilibrium is this precisely 
true. It certainly does not apply in the general case. Blobs are not meant to have fixed 
ends. They are only statistically located. Any segment of the chain has an equal 
statistical chance to be an "end segment" of a blob. Only when the blob length in a 
semidilute solution of similar concentration to the gel is much smaller than the mean 
strand length between crosslinks will the gel and the semidilute solution tend toward 
similar behavior in certain physical situations. 

The Structure of Gels 

In a semidilute solution, if we ignore the small number of segments at or near the ends 
of the entangled linear chain macromolecules, every segment has the same chance to 
stand in contact with any of the other segments which surround it. Predominantly, 
however, the interactions are confined to a regime which de Gennes calls the "blob", 
composed of the nearby segments of the segment's own chain. The segments so 
involved with each other in the blob form a section g segments long in the chain and 
shield each other from interaction with the cloud of other segments further out. In 
particular it can be stated that if two segments from different molecules are in contact 
the next such contact along the chain will, because of shielding, be some g segments 
away at that instant. The semi-dilute system is not free of structure, but it is the same 
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structure statistically for each segment and is one constantly changing with time. 
Averaged over time the surroundings of any particular segment are the same. 

Not so in a chemically linked network ! Even if by some clever chemistry each 
f-functional monomer making up the crosslink is surrounded by f-strands of exacdy 
equal length, there will now be a clearly marked difference between segments. In a 
network of topologically fixed crosslinks, it becomes impossible to ignore the special 
status of the segments near the ends of the strands, i.e. the segments which are close to 
the crosslink itself. One can again define a characteristic structural element, but one 
quite different from the single blob, a star composed of the crosslink with its f 
surrounding strands each one conceptually cut in half. There is overlap between these 
units and they are entangled with each other. It is reasonable to assume that the status 
of each such entity is statistically the same. No longer, however, in a network, is each 
individual chain segment equivalent The only equivalent structures are the crosslinks 
and the stars they define. In the ideal case these stars will fill space uniformly and will 
generate locally equivalent conditions. 

In the hands of a less skilled chemist, one, for example, who simply co-reacts 
monofunctional and afunctional, or f-functional, monomers in the solvent medium 
using radical initiation polymerization, a much more heterogeneous structure will result 
The multi-functional monomer, as a rule, reacts at a higher rate and the incorporation 
of each higher than mono-functional monomer creates a potential crosslink point in the 
polymer growing on the initiator molecule. The growing chain for some time, or even 
forever, may have unused functionalities along its contour. On the whole, however, 
these sites are much more accessible to the growing reactive end than a chance contact 
with a monomer unit coming in from solution. The chain will, hence, predominantly 
tend to branch within itself and create an array of local, highly concentrated gel regions 
in the early stages of the reaction. A much shorter chain length between crosslinks than 
the overall ratio of the two monomer units would suggest is thus created in this early 
phase. Only when the accessible chances of self crosslinking within the growing gel 
particles are all used up and only a few monomer units remain in solution will the 
chains, which grow, reach out beyond the core across the intervening solvent space and 
interact with another core particle, thus finally forming a macroscopic network of 
relatively concentrated core elements and a rather dilute connecting gel. To the eye the 
gel may still seem perfectedly homogeneous since the core particles are generally much 
smaller than the wave length of visible light. 

Note that in this case as well, it is possible to define a structural repeat unit. No 
star this time, but a unit centered on the core gel particle. The number of replicas, 
however, is now not determined by the number of f-functional monomers, but, 
approximately, by the number of growth centers in the polymerization reaction, i.e. by 
the number of initiator molecules. 

Other methods of crosslinking create other forms of local heterogeneities even 
though, on the macroscopic scale uniform systems are generated, as a rule. For 
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example crosslinking a semi-dilute polymer solution by radiation tends to produce 
locally crosslinked systems of chains which may contract faster around their new center 
of mass than they will crosslink to other polymer molecules. Some crosslinks between 
developing cores will arise, but the local concentration differences introduced in the 
early stages of the reaction will tend to become consolidated and may even grow in 
emphasis until all the polymer molecules are linked to each other. It is again reasonable 
to believe that one can define a core of high local concentration which one can use as 
the center of a constructional element 

The semi-dilute solution is of course also a gel of sorts. The system is 
characterized by the fact that at any instant there are a given number of chance contacts 
between the different chains, generally one or more per macromolecule. The lifetime of 
these contacts will, however, be extremely short. Not only are the places where the 
contacts were established changing almost instantly, but also their total number is 
fluctuating about some mean. It is this rapid change in the structural arrangement 
which allows us to think of the solution as intermolecularly smooth and randomly 
disposed. Only the correlations along the chains, the blobs, reflect the macromolecular 
nature of the solute and even here the position of the blobs along the macromolecule 
fluctuates with time, Were we to freeze in, instantly, a particular state of a semi-dilute 
solution and then crosslink the resulting immobilized structure by forming a permanent 
bond at each point of contact in the system, we would destroy the larger than blob 
isotropy and each chemical crosslink would be surrounded by spherical shells of 
declining segment concentration. 

Even reversible so-called physical gels will not be absolutely uniform. 
Reversible gels are semi-dilute polymer solutions where a minority of contacts between 
points on the polymer chains possess appreciable longer lifetimes than others. Such 
long lived contacts can only be achieved if the polymer involved is chemically or 
structurally nonuniform, i.e. is a copolymer containing a majority of units which are 
well soluble and exclude each other and a small minority of units which tend to 
associate strongly. The solvent is a better than Theta system for the first kind of unit 
and a worse than Theta system for the other. Since the long-lived contacts can arise 
only between certain chemically determined sites, not every purely conformationally 
determined contact pair becomes a crosslink. The tendency to produce long- and short
lived contacts distorts conformations, but since the rate of turnover of both kinds of 
crosslink is finite, time does tend to establish considerable uniformity in a reversible gel 
of a random copolymer. While at any instant local high points of concentration will 
arise, there is turnover and all similarly located reactive sites on the polymer chains can 
participate. Ideologically we have here an interesting interplay of relaxation times, the 
lifetimes of the contacts and the conformational relaxation times of the connected 
segments stand in competition and tend to undercut each other (J). 

It should also be recalled that in certain important cases of reversible gel 
formation, the crosslinks are the result of strand pairing or even multistrand local 
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crystal formation. The crosslink in such cases is a cooperative structure which makes 
use of selected structural regions in the copolymer where locally two or more sterically 
complementary sections form good association complexes and are prevented from 
growing too long by breaks in structural complementarity in the polymer chain. Such 
"crystallite" crosslinks can obviously be of very long lifetime and can impose a much 
more marked local structural inhomogeneity on the system. 

Only occasionally will visible light show these inhomogeneities since they tend 
be on a smaller scale than the average polymer coil size and thus much below the wave 
length. 

Permeability 

The freedom with which solvent moves through a matrix of macromolecular chains is 
exquisitely sensitive to the number and distribution of the segments blocking its path. 
Let us assume that the number of matrix segments, and, therefore, the volume they 
occupy on the average in a unit volume of the system, is maintained constant. Only the 
arrangement of these segments is altered. One extreme case we can imagine has the 
segments uniformly distributed in space, another has them bunched in one region 
leaving the remainder of the unit volume very sparsely occupied. In view of 
hydrodynamic shielding, the second arrangement turns out to be more permeable by 
far. 

How does hydrodynamic shielding work? The answer is its long-range nature. 
Even if we have one region essentially free of segments, the other where the segments 
are more crowded will still find them separated by large distances if the overall segment 
concentration is low. Thus, even in the "crowded" region random segment-segment 
contacts occur only rarely. Beyond a certain quite low concentration, however, the 
segments begin, hydrodynamically, to shield each other and flow in the intervening 
fluid is essentially stopped. The flow will preferably go through regions where very 
few segments stand in its way. It is this region which determines the permeability. 
Since resistance to flow is more a matter of the number of polymer segments which are 
exposed to the flow than the aspect area between them, the removal of a segment from 
the low concentration region and its "burial" in the hydrodynamic "shadow" of another 
in the high concentration part raises permeability although, overall, the segment 
concentration is the same. In other words the more segments one can pack into an 
already essentially impermeable region increases the permeability of the system. This 
packing of segments, as we have pointed out, occurs spontaneously, if the number of 
crosslinks which hold the segments together in the dense region is high while the total 
number of segments in the unit volume is kept the same. The permeability, at a fixed 
overall segment concentration, should thus go up as the number of local-segment -
crowding-co-monomers is being increased. This increase of permeability as the 
number of crosslinks goes up at constant overall segment concentration is precisely 
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what was found to happen in the case of aqueous polyacrylamide gels made by the 
copolymerization procedure. The effect is illustrated in Figure 1. Note that the system 
of lowest permeability at each overall volume fraction is the semi-dilute solution. 
Though the overall polymer volume fraction is kept constant, the permeability increases 
by much more than an order of magnitude as the fraction of the number of difunctional 
monomers is increased. 

Note, however, that the effect decreases as the overall concentration increases. 
Let us understand the reason. If, as in the present case, the crosslinker monomers are 
difunctional the mean number gQ of segments in a strand between crosslinks is given 
by: 

go = Φ Μ / 2 Φ ο . (1) 

where φ Μ is the volume fraction of the monofunctional monomer and φ 0 is the volume 
fraction of the difunctional monomer. The overall volume fraction is given by: 

Φ = Φ Μ + Φ Ο · ( 2 ) 

In a semi-dilute solution of volume fraction φ there are no long-lived chemical 
crosslinks. The blob, however, defines a self-contained length of chain of g segments, 
each of volume a 3, within whose domain there will on the average be one contact 
between two segments from different chains. The volume fraction of segments within 
the blob equals the segment volume fraction present overall in the system, so that, since 
water in our case is a close to Theta solvent for polyacrylamide, we can estimate the 
blob size g from: 

φ = ga^gaA)3/2 = l/g^s3/2 (3) 

where (gaA)1/2 is the root mean square end-to-end distance of the blob in a Theta-
solvent given that A is the Kuhn statistical element and that: 

s = A/a (4) 

is the number of segments in the statistical element. 
Let us now compare such a system with a uniform gel of volume fraction φ 

where there are g0 segments precisely in the strands between crosslinks. We have two 
possibilities. In the semi-dilute system at concentration φ the "strand size" g, the mean 
length of chain between segments in contact, is either smaller or larger than gQ. Either 
the number of chemical crosslinks is negligible as compared with the number of inter
chain, larger than "blob" contacts produced by the semi-dilute system conditions in the 
gel, or g o is smaller than g in which case the opposite is true. Combining equations (1) 
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Φ 
Figure 1: Permeability coefficient Κ versus overall volume fraction φ of polymer 
segments in the gel at various values of C, the percentage of afunctional monomer in 
the gel system. 
C = ΙΟΟφ^φ where ^ is the volume fraction of difunctional comonomer in the system. 
C=0 corresponds to the non-crosslinked case, the semi-dilute solution where Κ was 
computed from sedimentation data (6). The data on Κ for C > 0 are taken from 
publications (4-7). The dotted line is computed by means of the Kuhn pearl necklace 
model for sedimentation of linear chains assuming a chain diameter of d=1.4 nm. 
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and (3) yields a relation, valid under close to Theta conditions: 

g o /g = (8 3φ 2/2)[(φ/φ 0)-1] (5) 

which in the case of aqueous polyacrylamide gels can decide this question. 
Fortunately we have a value for s. The permeability of the polyacrylamide 

system, in terms of the two phase model we described earlier (4), is constrained by the 
condition of internal equilibrium with respect to the solvent in the concentrated and 
dilute gel phase. Matching this condition to give agreement with the measured 
permeability fixes the parameter s (4). It was found that s is 1.5 and with this value 
we can conclude from equation (5) that g begins to be smaller than gQ in regions where 
φ is in excess of about 0-15. 

In the region of φ larger than 0.15 and not too large concentrations of the 
difunctional co-monomer the blob size g is smaller than g 0 and thus dominates the 
number of effective crosslinks. In that region the distribution of the chemical 
crosslinks ceases to determine gel structure. The effective number of crosslinks is now 
dominated by the blob size which sets the size of chain which can function as a strand 
in terms of ideal network concepts. As Figure 1 shows the permeabilities of all the gels 
tend toward the value set by the "permeability" of the semi-dilute solution as the overall 
concentration is increased. 

The Plateau Storage Modulus 

Further evidence for the heterogeneity of gel structure is provided by our data on the 
storage rigidity modulus (5). The storage rigidity modulus of aqueous polyacrylamide 
gels in the φ, range of Figure 1 was measured for radial frequencies from about 1 to 
103 radians/sec. The modulus tends to be independent of frequency over some decades 
in the lower frequency range and then begins to rise. We will discuss the plateau value 
as given in Table I. The plateau value of the rigidity modulus characterizes the long 
range correlations in the gel and is a measure of the number of effective independent 
crosslinks ν in the network in terms of the classical formula for the storage modulus 
G'p in the plateau region: 

where ν is the number of crosslinks of effective functionality f per unit volume, k is the 
Boltzmann constant and Τ is the absolute temperature (7). In equation (6) we include 
in ν all the chemically recognizable entities that function as crosslinks and treat f as a 
measure of the number of strands which start on the crosslink and actually establish a 
physical link with one of the neighboring crosslink structures. 

fvkT (6) 
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Table I 

(in kdynes/cm2 as taken from (5)) 

φ= 0.04 0.07 0.10 0.12 0.16 

ΙΟΟφ^φ = 1 0.31 2.40 5.50 8.60 12.3 
2 0.65 4.60 10.3 16.0 25.0 
4 1.50 9.10 20.9 30.0 50.0 
6 1.66 8.80 22.0 31.5 57.0 
8 1.08 5.10 16.0 24.0 48.0 

We have pointed out that it is appropriate, in the case of the polyacrylamide gels 
made by in situ copolymerization, to treat the crosslink as the concentrated gel particle 
core which arises around each initiator molecule in the early stages of the 
copolymerization process. The effective functionality f is a measure of the actually 
completed chain links between core particles in the last stages of the reaction. Many 
such cores do not link into the network and constitute dangling ends. Hence only a 
small minority of cores contribute to G' p . 

In Table I we give our results for G' p (5) when in all cases the initiator 
concentration [I] to which ν is proportional was 5.5 mM. Assuming that T=300°K 
and putting ν equal to [I] (in terms of molecular crosslinks per unit volume), we can 
calculate f as shown in Table II. Since ν is overestimated by equating it to [I], f, 
which ideally should be 1 or larger, is expected to be underestimated and is indeed less 
than 1 in all cases. Clearly however, it tends towards larger values as the gel 
concentration is increased. On the other hand it is established that G' p is scaled by [Γ). 
Only the value of ν so estimated gives the right order of magnitude for G'p. 

Table II 

f 

(calculated from G'p/[I]) 

φ= 0.04 0.07 0.10 0.12 0.16 

100 φ^φ = 1 0.004 0.034 0.079 0.120 0.180 
2 0.009 0.066 0.150 0.230 0.360 
4 0.021 0.130 0.300 0.430 0.710 
6 0.024 0.130 0.310 0.450 0.810 
8 0.015 0.073 0.230 0.340 0.690 
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Let us, for example, consider another estimate for v. Let us calculate G' p on 
the basis that the number of chemical crosslinks of functionality 2 is a measure for v. 
The difunctional monomer concentration in our case (Table I) ranges from φ 0 = 4x1ο - 4 

to 1.3xl0~2. When f=l and the molar volume of acrylamide is 80 ml, we can calculate 
from equation (6) that G' p should range from 250 to 8200 kdynes/cm2. These 
estimates (see Table I) are 2 to 3 orders of magnitude too large. 

The data in Table I, however, show an interesting correlation with gel 
composition. This correlation is illustrated in Table III where we have calculated 
(3'ρ/φ2φ0. Considering the relatively big changes in G' p , the G ' ^ ^ D values are 
remarkably constant. Only for combinations of φ and φ 0 where we can expect semi-
dilute solution behavior to dominate the gel ( φ larger than 0.15) does the value of 
0'ρ/φ2φ0 begin to decline. 

Table III 
0'ρ/φ2φ0 

(in (dynes/cm2)xl0~8) 

φ = 0.04 0.07 0.10 0.12 0.16 

ΙΟΟφυ/φ = 1 4.8 7.0 5.5 5.0 3.0 
2 5.1 6.7 5.2 4.7 3.0 
4 5.9 6.6 5.2 4.4 3.1 
6 4.3 4.3 3.7 3.0 2.3 
8 2.1 1.9 2.0 1.7 1.5 

For the semidilute case under close to Theta conditions G' p should scale with 
φ3. We have, therefore, also calculated G'p/φ3 in Table IV. A proportionality of gel 
modulus to φ3 independent of φρ (in the case of a Theta environment) is predicted when 
we assume that in the semi-dilute case: 

ν ~ φ/g , (7) 

substitute the expression (3) for g into (7) and use the result in (6). Note from Table IV 
that the relationship ΰΥφ3 is indeed approximately constant in the range of φ, φρ pairs 
which correspond to the dominance of semi-dilute character, i.e. the case where g is 
smaller than g0. 

What, then, is the significance of the proportionality to φ2φ0 demonstrated in 
Table m? The combination φ2φ0 is a measure of the number of cases where two mono-
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Table IV 

G'p/φ 3 

(in (dynes/cm^xlO"6) 

Φ = 0.04 0.07 0.10 0.12 0.16 

100 φ^φ = 1 
2 
4 
6 
8 

4.8 7.0 5.5 5.0 3.0 
10.2 13.4 10.3 9.3 6.1 
23.4 26.5 20.9 17.4 12.2 
25.9 25.7 22.0 18.2 13.9 
16.9 14.9 16.0 13.9 11.7 

functional monomers, not in the same growing core, have reacted with the same 
difunctional monomer and have thus established a crosslink between cores. Hence 
φ 2 φ 0 is a measure of fv and 

where ĝ , is smaller than g. 
Note that these gels were not studied under conditions of swelling equilibrium 

with water. Even in the permeability experiments the gel volume was constrained 

Polyelectrolyte Gels 

A network studded with groups which are capable of ionization is even more markedly 
a heterogeneous system, although to my knowledge no systematic study has yet been 
performed. 

Where, in the uncharged case, the internal equilibrium of the system depended 
upon the chemical potential of the solvent only, there is now also an electrical potential 
field set up which depends upon the segment distribution of the network and the 
distribution of charge along it. In addition to the chemical potential of the solvent the 
electrochemical potential of the counter ions must be constant throughout the gel. The 
effects of segment concentration distributions on the solvent chemical potential are 
compensated by a distribution of hydrostatic pressure in the solvent (8). The gradients 
in hydrostatic pressure are generated (and balanced) mechanically by the stress 
distribution in the network. Stresses in a polymeric network arise from coil expansion 
and, in the case of a polyelectrolyte network, also from the partially shielded coulomb 
interactions between the charged sites. 

(4-7). 
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The expansion of the network and the local stresses which deformation induces, 
the distribution of charge and the electrical potential which sign and density of charge 
determines must be such that the resulting solvent chemical potential and counterion 
electrochemical potential distributions are uniform. Segment concentration distribution 
and counterion concentration distribution will thus be complex. 

As is well known, in the presence of high added neutral salt concentrations, 
polyelectrolyte systems tend to conform to the usual case of a polymer/solvent system. 
Hence also the behavior of charged polymeric networks will reduce to the previous case 
of a non-uniform network and a single solvent and show the characteristics of 
heterogeneous structure mainly then when the added salt concentration is high. This is 
one limiting case. 

In the other limiting case, where there is no added salt, much depends upon the 
local concentration of fixed charges since the fixed charge distribution determines the 
distribution of the counterions within the gel. Any tendency to smooth out the 
counterion concentration and thus reduce its effect on solvent chemical potential 
gradients would require the creation of a very strong gradient in the electrical potential 
close to the polymer chain, i.e. would be a consequence of counterion condensation. 
Polyelectrolyte gels, much as polyelectrolyte systems generally, will very strongly 
reflect any built-in organizational heterogeneity of the network and adjust the counterion 
concentration accordingly rather than the other way around. To the extent that the 
"fixed" charges are derived from weakly ionizing groups some smoothing out can take 
place by charge redistribution. Highly charged networks on the other hand are subject 
to counterion condensation effects if the groups involved are strongly ionizing. 

In polyelectrolyte gels perhaps the most interesting cases arise when the fixed 
charge concentration, provided locally by a homogeneous network, is of the same order 
of magnitude as the neutral salt concentration outside the gel or, in the case of a very 
heterogeneous gel, if the fixed charge concentration in the concentrated gel matches the 
salt concentration in the spaces of low network concentration. In these and other such 
cases, Donnan equilibrium strongly distorts the counter- and co-ion distribution and 
very large hydrostatic pressure differences can be induced. The regions of high fixed 
charge concentration will be stretched to nearly maximum extent and the load bearing 
capacity of the gel will be very high (9). 

Phase Transitions 

As is well known polymer solution can undergo phase separations forming two 
systems in equilibrium - one almost free of polymer, the other highly concentrated. 
The effect in a large measure is a consequence of the energy of interaction between 
polymer segments and solvent molecules and will thus occur in the gel as well. In a 
heterogeneous gel system, both the dilute and the concentrated phase will reversibly 
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collapse to an even more concentrated gel phase. Heterogeneity of the chemical 
crosslink distribution imposes constraints which cause the gel sample to buckle and to 
form very strange shapes. The collapse patterns which are produced thus provide 
information about the in-built structural limitations (10). 

Conclusion 

We stress that heterogeneity in gels is to be expected in all cases. Its effects become 
more and more pronounced the lower the overall network segment concentration and 
the larger the relative number of chemical crosslinks chemically or statistically 
introduced. The spectrum of lifetimes of these contacts produces interesting rheological 
effects. Only when network segment concentration is high (larger than, say, 0.15 in 
volume fraction) will chains overlap and will interpénétration begin to smooth out the in
built differences in organization. 
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Chapter 10 

Swelling Behavior and Elastic Properties 
of Ionic Hydrogels 

W. Oppermann 

Institute of Physical Chemistry, Technical University Clausthal, Arnold-
Sommerfeld-Strasse 4, W-3392 Clausthal-Zellerfeld, Germany 

The swelling of ionic hydrogels in aqueous salt solutions as well 
as the elastic properties of such gels are discussed on the basis of 
molecular thermodynamics. The major factors governing the 
swelling equilibrium are identified and judged with respect to 
their significance. It is shown that the use of non-Gaussian chain 
statistics is indispensable in order that the model calculations 
shall agree with basic experimental observations. 

Networks made of strongly hydrophilic polymers are of great technical 
importance because such systems can absorb large amounts of aqueous fluids. 
Basic requirements to be met by a superabsorbent material are large fluid 
uptake and high mechanical strength of the gel. These fundamental physical 
properties depend on die precise molecular structure of the network and on 
the characteristics of the substances (polymer and fluid) involved. 

A theoretical estimate of the gel properties can, in principle, be obtained 
from a thermodynamic and statistical mechanical treatment of the system. The 
fundamental problem is to devise a model which is simple enough to deal 
with, yet realistic enough to bring out all die essential features of the material. 

Molecular theories of rubber elasticity have been developed for fifty 
years. They describe with reasonable accuracy the dependences of the amount 
of swelling and the elastic modulus on molecular structure, as long as non-
ionic, hydrophobic networks are considered which swell in organic solvents 
(7,2). If one has to deal with ionic polymer networks and aqueous salt 
solutions as solvents, the situation is far more complicated for at least two 
reasons: the degrees of swelling achieved are more than one order of 
magnitude larger, and the intermolecular interactions now comprise major 
coulombic, hydrogen-bonding, and polar contributions difficult to quantify. 

In this chapter, the theoretical framework used to predict the properties 
of extremely swollen, ionic hydrogels is discussed. Special emphasis is placed 
on the necessity to use non-Gaussian chain statistics in order that the model 
predictions shall agree with basic experimental observations. Therefore, we will 
start with recalling briefly the typical properties of superabsorbent materials. 

0097-6156/92/0480-0159$06.00/0 
© 1992 American Chemical Society 
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Typical Behavior of Superabsorbent Polymer Networks 

Figure 1 shows the dependence of the equilibrium degree of swelling, q, on 
the concentration of NaCl in the swelling medium, Cg. The network considered 
here consists of poly(trimethylammoniumethyl methacrylate chloride) (PTMAC), 
being prepared via a crosslinking copolymerization with 1 mol-% Ν,Ν'-
methylene-bis-acrylamide in 10% solution ( · ) and 20% solution (A) (3). 
Similar behavior is observed with various other kinds of ionic hydrogels ana is 
well documented in the literature (4-6). A theoretical treatment must be able 
to predict the up to tenfold decrease of the degree of swelling with increasing 
salt concentration as well as the plateaus below Cg « 10"3 mol/1 and above 
c s « 1 mol/1. 

The second important experimental observation, which seems to be less 
widely known, is the dependence of the modulus of the gel on the degree of 
swelling. Figure 2 gives two examples of this dependence (7). The shear 
modulus, G, of a gel made of partially (32%) hydrolyzed polyacrylamide and 
crosslinked by 2.5 mol-% ( · ) and 1.25 mol-% (A) Ν,Ν'-methylene-bis-
acrylamide in 15% solution is plotted versus the degree of swelling on double 
logarithmic scales. At low swelling ratios, q < 20, the modulus decreases with 
increasing dilution, as expected on grounds of the Gaussian elasticity theory. 
At still higher degrees of swelling, however, the modulus rises markedly. This 
behavior, which has been observed with quite a number of different types of 
ionic gels, is an indication of the limited extensibility of the chains (6). The 
network stiffens when an appreciable portion of the chains become highly 
extended. This enhancement of die modulus due to non-Gaussian behaviour 
of the chains is a highly desirable effect when such gels are considered a 
potential material for superabsorbents. 

It must be expected from a theoretical approach that the swelling ratios 
obtained in different salt solutions and the course of the modulus on swelling 
are consistently predicted. 

Thermodynamics of Swelling 

Thermodynamic equilibrium between a gel phase (g) and the surrounding 
liquid phase (1) is established when the chemical potentials Mj(g) and Mj(l) of 
all substances i occuring in both phases are identical (1,8): 

Δμί = ft(g) - Mi(l) = 0 . (1) 

This relationship has to be valid for all components which exist in both 
phases. In particular, for a hydrogel swollen in an aqueous salt solution, water 
(component 1) and salt (component 3) are the diffusible species. Hence, 

Δ μ ι = 0 , (la) 

Δ μ 3 = 0 . (lb) 

The equilibrium condition with respect to water can be met by reducing or 
increasing the concentration of water within the gel. Equation la, therefore, 
directly determines the equilibrium degree of swelling. 

Equation lb requires the concentrations of salt inside and outside the gel 
to be adjusted such that Δ μ 3 = 0. This condition is generally achieved by the 
diffusion of salt into the gel. As the chemical potential of water depends 
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log q 

log c s , mol /I 

Figure 1. Dependence of the equilibrium degree of swelling, q, on salt 
concentration, a, for PTMAC-networks prepared in a 10% solution ( · ) 
or a 20% solution (A). 

log q 

Figure 2. Shear modulus, G, of networks made of partially hydrolyzed 
polyacrylamide as a function of the degree of swelling, 
• : 2.5 mol-% crosslinker, A : 1.25 mol-% crosslinker. 
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markedly on salt concentration, equation lb is needed and it is assumed that 
the respective equilibrium is established in order to calculate Δμχ. 

Usually, Δμχ is assumed to be composed of three additive terms: 

Δμχ = AMx e l a s t + ΔμχΡ 0 1 + Δ μ ^ 0 1 1 . (2) 

The two terms ΔμχΡ 0 1 and Δ μ ^ 0 1 1 are mixing terms, the former referring to 
the mixing of water and polymer and the latter to the mixing of water and the 
diffusible ionic species due to the presence of salt in the swelling medium. We 
are treating the mixing terms according to standard approaches which have 
been extensively used in the literature (1,8-11). 

Ion/Water-Mixing Contribution to the Chemical Potential. Δμχ 1 0 1 1 is 
due to the fact that the ion activity inside the gel is larger than outside. To 
simplify the treatment, concentrations are used instead of activities. This 
approximation may be justified even at rather high ionic strengths because the 
mean ion activity coefficients (for free ions) inside and outside the gel are 
probably in the same range. The expression obtained for Δμχ* 0 1 1 is: 

AMlion = - R Τ V! Ac, o t ; ACfct = Eq(g) - Eq(l) , (3) 

where the summations include all mobile ions only. V i is the molar volume 
of the solvent, R is the gas constant, and Τ is temperature. 

The difference in concentration is caused by the fact that the charges 
fixed on the polymer, which are confined to the gel phase, require an 
equivalent number of counterions to stay within the gel because of neutrality. 
These counterions will always be there in excess of additional ions, which may 
diffuse into the gel, but can do so only in equivalent portions of positively and 
negatively charged species. 

To calculate Actot, one proceeds from equation lb which takes the simple 
form: 

c+(g)c(g) = c +(l)c.(l). (4) 

(The treatment is limited to 1,1-electrolytes for simplicity.) 
The concentration of ions in the liquid phase whicn is usually fixed by 

experimental conditions is termed cs. Equating the number of free counterions 
due to the gel forming polyelectrolyte to p/(q M 2 ) , where ρ is the density of 
the gel, M 2 the molar mass of the polyelectrolyte per free counterion, and q 
the degree of swelling, one obtains: 

A M l i°n = 2 R Τ V i (ς , - ]/ c* + (p/2qM 2) 2). (5) 

It should be noted that for a 100% ionized polyelectrolyte, M 2 is generally 
not the molar mass of the repeat unit. An appreciable fraction of the 
counterions cannot be treated as being free because there are strong 
electrostatic binding effects between macroions and counterions. According to 
Manning's counterion condensation theory, only the uncondensed counterions 
would be free. Manning's theory provides an equation to calculate the fraction 
of free counterions, but the theory is devised for an infinitely diluted system 
(12,13). Hence, it seems to be inappropriate to apply it quantitatively to 
calculate M 2 . We therefore prefer to treat M 2 as an adjustable parameter and 
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use Manning's theory to obtain some estimate about what magnitude of M2 
might be reasonable. 

Polymer/Water-Mixing Contribution to the Chemical Potential. For 
the solvent/polymer mixing term, we use the Flory-Huggins relationship with 
χ as the interaction parameter. 

Because of the complex polymer/water mixing effects, the applicability of 
equation 6 in aqueous systems is highly questionable. More realistic models 
which distinguish between hydrogen-bond donating sites, hydrogen-bond 
accepting sites, and dispersion-force interaction sites and therefore lead to 
orientation dependent interaction potentials, have recently been developed by 
Prausnitz and collaborators (5,14,15). These approaches have successfully been 
used to predict phase diagrams with lower critical solution temperatures. 
However, these models are much more complicated mathematically and 
contain three adjustable exchange-energy parameters. 

For polyelectrolyte gels which swell to very large swelling ratios, ΔμχΡ 0 1 is 
usually small compared with Δμ^ 0 1 1 . Under these conditions, the exact 
dependence of ΔμχΡ 0 1 on the degree of swelling is rather insignificant. 
Therefore, we have decided still to use the Flory-Huggins equation as a first-
order approach. 

To visualize the significance of the mixing terms of the chemical 
potential and their dependence on the degree of swelling, the results of some 
model calculations are shown in Figure 3. The calculations are based on the 
following set of parameters: χ = 0.47, V1 = 18 ml/mol, ρ = 1 g/cc, Mo = 
600 g/mol. Curve 1 represents the polymer/solvent mixing term. The others 
show the ionic mixing term in the case of different salt concentrations in the 
swelling medium. It is obvious that the ionic term is by far the dominating 
factor. The polymer/solvent mixing contribution is significant only at the very 
low degrees of swelling and in rather concentrated salt solutions. Hence, the 
use of a simple approach for Δμ 1 Ρ° 1 is justified. 

Elastic Contribution to the Chemical Potential. The elastic term Δ μ ι β ΐ Μ ΐ 

refers to the change of the chemical potential of the water due to the dilation 
of the network. To express Δ μ ι β ΐ Μ ί as a function of the degree of swelling and 
of the network parameters, one has to proceed from a particular network 
theory. The Gaussian approach is certainly the most common and widespread 
starting point. In terms of this theory, one obtains (2,76): 

Here ν is the network density (molar number of network chains per unit 
volume of the unswollen sample), q the actual degree of swelling and q c the 
degree of swelling at which the formation of the network has taken place 
(reference state). 

Equation 7 differs from the original Flory-Rehner equation by having the 
term (q _ 1/ 3-q/2) replaced by q - 1 ^ only, as obtained from the phantom 
network approach (17). The difference is rather small, especially with high 
degrees of swelling. 

As was shown in the brief review of experimental results, the treatment 
based on Gaussian chain statistics is obviously no longer valid in the case of 

Δ μ ι Ρ ο 1 = RTOnO-q" 1 ) + q"1 + χ q"2) (6) 

A M l e last ( G a u s s i a n ) = y R Τ V i q-*/3 q c " 2 / 3 . (7)  S
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highly swollen gels. Calculations using non-Gaussian chain statistics are much 
more difficult and some assuptions have to be made to arrive at a tractable 
model. We base our calculations on the inverse Langevin approximation and 
assume affine displacement of the crosslinks. As we are only interested in 
swelling deformation, which is isotropic, this assumption seems to be justified 
even at high deformations, contrary to the case when uniaxial deformations are 
considered. 

The entropy of a single chain having an end-to-end distance r and a 
maximum end-to-end distance r m a x is given by equation 8 (2): 

S = const - kn (—*— β + ^^ΑΓΆ) • (8) rmax sinh β 

where β = #'1( r/ rmax)> &Λ being the inverse Langevin function, η is the 
number of statistical segments per chain with each segment having the length 
1· rmax i s t h e n t 0 n ' l -

When purely entropie elasticity is assumed, summation over all chains in 
the network and multiplication by - T gives the free energy of the network, 
whose partial derivative with respect to the number of moles of water is the 
chemical potential of the water. Expressing the latter via the degree of 
swelling leads to the relationship: 

AMlelast = - „ T V x N L ( j g - ) T p , (9) 

which, when (dS/dq)xfp is analytically calculated, finally results in (18): 

A / X lelast = 1/3 y R Τ Vx q"2/* qc"2/3 ^ 1 / 3 9 (10) 

with 9 = β + ( r / r m a x + 1/0 - cothfl) 02sinh20/(sinh20-02) . 

The maximum degree of swelling, qmax, is related to the maximum end-to-end 
distance of a single chain via: 

r / r m a x = (q/qmax) 1 / 3- ( " ) 

The number of statistical segments η per chain was substituted as: 

η = r 2

 a x /<r 2> 0 = (Wq c ) 2 / 3 - (12) 

In doing so it was assumed that the end-to-end distance of the network chains 
equals the mean-square end-to-end distance of free chains under the 
conditions of network formation, i.e. at q c. 

To illustrate the significance of the application of non-Gaussian chain 
statistics, Figure 4 shows the term A M 1

e l a s t / R T as a function of the degree of 
swelling. The dashed curve represents the result of the calculation according to 
the Gaussian approach, equation 7, and the other three curves show the 
prediction of equation 10 which is based on non-Gaussian statistics. The 
parameters chosen were q c = 3.33 (crosslinking was achieved in a 30% 
solution), and ^ = 250 (n = 18), 500 (n = 28), and 1000 (n = 45), 
respectively. The other parameters are die same as used for Figure 3. 

At low degrees of swelling, all curves coincide because the state of 
deformation of the chains is far from the fully extended one. At moderate and 
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Δμ,Ρ0 1 5 h 
10*RT 

ion 
10* RT 

Figure 3. Mixing terms of the chemical potential of water as a function 
of the degree of swelling. 1: Flory-Huggins term, ΔμχΡ ο 1; 2-5: Δμχ 1 0 1 1 at 
salt concentration, Cs, 0.1 M (2), 0.01 M (3), 0.001 M (4), 0 (5). 

Figure 4. Elastic term of the chemical potential of water as a function 
of the degree of swelling. 1: = 250, 2: = 500, 3: = 
1000, 4: Gaussian theory. 
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particularly at high degrees of swelling, however, there is a marked difference 
between the Gaussian and the non-Gaussian curves. This fact has extensive 
influence on the swelling properties. 

The use of non-Gaussian chain statistics for considering the swelling of 
polymer networks is not new. The various approaches described in the 
literature are similar in that they are based on a suitably truncated series 
expansion of the inverse Langevin function (19-21). Such a truncation can give 
rise to appreciable errors when the chain extension comes close to the limit. 
One formula even contains a correction factor which is largest at low swelling 
ratios and approaches unity at high swelling ratios (22-23). This representation 
seems to be physically unsound. 

Swelling Equilibrium in Salt Solutions. To avoid the hardly assessable 
consequenses of truncations and approximations, we prefer to use the inverse 
Langevin function in full. This procedure has the disadvantage that one cannot 
solve equation la with respect to the degree of swelling. There are, however, 
analytical expressions for all three terms of the chemical potential and q can 
be found by iteration. This procedure corresponds to finding the intersection 
of the AMxe1last-curve with the -A/iim i x-curve (Δμχ" 1" = ΔμχΡ ο 1 +άβ1

ϊοη)9 as 
shown in Figure 5. For a family of curves resulting from different salt 
concentrations in the swelling medium, the dependence of the degree of 
swelling on salt concentration is obtained. 

In Figures 6 - 8, the results of such calculations are presented. These 
graphs are used to elucidate the influence of the various parameters upon 
which the calculations are based. In all cases the network density ν is set to 
0.04 mol/1 and q c is 3.33. Furthermore, the standard set of parameters 
comprises a x-value of 0.47, a maximum degree of swelling of 500 (n=28), 
and a molar mass per free counterion, M 2 , of 600 g/mol. The consequence of 
the variation of one of these three parameters is shown in each graph. 

In Figure 6, χ is varied between 0.3 and 0.5. It is seen that this change 
influences the degree of swelling only at rather high salt concentrations. 
However, this is the regime of greatest technical importance. With a 
concentration of c? = 0.15 mol/1 (physiological), q changes from 28 to 53 
when χ is lowered from 0.5 to 0.3. This dependence demonstrates that it is 
not only the ionic charges which are responsible for the degree of swelling, but 
also the hydrophilicity of the polymer. 

Figure 7 shows the influence of the non-Gaussian properties of the chains 
on swelling, a^z* * s s e t t 0 250, 500, and 1000. This parameter is important 
when very high degrees of swelling are reached, namely in solutions of low 
salinity. 

Finally, Figure 8 shows the effect of the degree of ionization on q. The 
number picked for M 2 is relevant over the whole range of salt concentrations 
with the major influence being observed at medium concentrations. At high 
salt concentrations all curves approach the same degree of swelling, which is 
determined by the χ-parameter. 

Elastic Modulus of Highly Swollen Gels 

It is obvious that the shape of the theoretical swelling curves can be 
manipulated widely by adjustment of the corresponding parameters to match 
any experimental data. Also, the same curves could possibly be obtained by 
different combinations of parameters. A crucial test whether or not a particular 
set of parameters is meaningful can be obtained by comparing the theoretical 
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log q 

H20 -3 - 2 - 1 0 1 

- log cs , mol/I 

Figure 6. Theoretically calculated dependence of the degree of swelling 
on salt concentration, ν = 0.04 mol/1, M 2 = 600 g/mol, = 500, 
χ = 0.3 (curve 1), 0.4 (curve 2), 0.47 (curve 3), 0.5 (curve 4). 
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prediction for another physical property with experimental observations. As 
stated in the beginning, the elastic modulus can serve this purpose. The shear 
modulus, G, is derived within the same theoretical framework as the elastic 
part of the chemical potential, Αμ^ 1*^. An equation for G has been obtained 
on the basis of non-Gaussian chain statistics by Smith (24). Phrased in our 
notation and expressed as a function of the degree of swelling, it reads: 

G = ν R Τ q-V3 qc-2/3 [02sinh2P/(sinh23-P2) + β r m a x /r ] /6 , (13) 

where the bracketed term times the factor 1/6 is a correction factor due to 
non-Gaussian properties. The two parameters which enter into equation 9 for 
Δ μ ι ο 1 ω ί , namely ν and q ^ , also determine the elastic modulus. When the 
same numbers as used to calculate the curves in Figure 4 are employed, the 
relationship depicted in Figure 9 is obtained for the dependence of G on the 
degree of swelling. This theoretical result can be compared with the 
experimental observations as pictured in Figure 2. Obviously, the Gaussian 
approximation (dashed curve) is inadequate. On the other hand, the upturn of 
the modulus at high degrees of swelling is well accounted for when the non-
Gaussian approach is used. Thus, the experimentally established course of the 
modulus with increasing swelling gives the strongest and definite hint that it is 
indispensable to apply a non-Gaussian network theory. When one proceeds 
accordingly, the theoretical treatment can give a correct description of the 
dependences of the degree of swelling on salt concentration and of the elastic 
modulus on the degree of swelling. 

Some limitations of the model also need to be mentioned. When the non-
Gaussian chain statistics are applied to a network, it was implicitely assumed 
that all network chains are of the same length. It is not quite clear how a 
broad chain-lenth distribution would influence the results. Secondly, specific 

log G, 
kPa 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

1.4 1.6 1.8 2.0 2.2 2.4 2.6 
logq 

Figure 9. Theoretically calculated dependence of the shear modulus on 
the degree of swelling, ν = 0.04 mol/1, curve 4: Gaussian theory, 
curves 1-3: non-Gaufcsian theory with q ^ = 250 (1), 500 (2), 1000 (3). 
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interactions between counterions and macroions are not considered. Such 
interactions often occur with divalent counterions, for instance between C a 2 + 

and poly(acrylic acid). Therefore, an application of the model to the swelling 
of ionic hydrogels in electrolyte solutions containing divalent ions may fail in 
some cases. 
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Chapter 11 

Complexation of Polymeric Acids 
with Polymeric Bases 

A. B. Scranton1, J. Klier2, and C. L. Aronson1 

1Department of Chemical Engineering, Michigan State University, 
East Lansing, MI 48824 

2Dow Chemical Company, Central Research, Midland, MI 48674 

The complexation of poly(ethylene glycol) with poly(methacrylic 
acid) was studied in dilute aqueous solutions and in covalently 
crosslinked hydrogels. Complexation in dilute solution was de
tected by NMR relaxation time and Nuclear Overhauser Effect 
(NOE) experiments at lower poly(ethylene glycol) molecular 
weights than previously reported. NOE experiments revealed in
timate contact between the ethylene groups of the poly(ethylene 
glycol) and the α-methyl groups of poly(methacrylic acid). The 
swelling of crosslinked gels containing covalently attached 
poly(ethylene glycol) and poly(methacrylic acid) was highly sen
sitive to pH, temperature, solvent type and network composition. 
Large transitions in swelling in response to changes in pH and sol
vent composition were observed, and these transitions were attrib
uted to complexation and decomplexation induced by the changes 
in surrounding conditions. 

Polymer complexes arc formed by the association of two or more complementary 
polymers, and may arise from electrostatic forces, hydrophobic interactions, hydro
gen bonding, van der Waals forces or combinations of these interactions (1-4). Due 
to the long-chain structure of the polymers, once one pair of complementary repeat
ing units associate to form a segmental complex, many other units may readily asso
ciate without a significant loss of translation^ degrees of freedom. Therefore the 
complexation process is cooperative, and stable polymer complexes may form even 
if the segmental interaction energy is relatively small (1,4). The formation of com
plexes may strongly effect the polymer solubility, rheology, conductivity and turbid
ity of polymer solutions. Similarly, the mechanical properties, permeability and elec
trical conductivity of the polymeric systems may be greatly affected by complex
ation. 

0097-6156/92/0480-0171$06.00A) 
© 1992 American Chemical Society 
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In this contribution we present results from experimental investigations of com-
plexing polymer systems containing poly(ethylene glycol) (PEG) and 
poly(methacrylic acid) (PMAA). These species form hydrogen-bonded complexes 
which are stabilized by hydrophobic interactions. Dilute solutions of PEG and 
PMAA in water and crosslinked polymer networks containing both species are con
sidered. Nuclear magnetic resonance spin-spin relaxational experiments and nuclear 
Overhauser enhancement studies were performed to provide information about the 
underlying complexation processes. Crosslinked poly(methacrylic acid-g-ethylene 
glycol) networks exhibited swelling transitions in response to changes in pH and sol
vent composition. These networks contain both complex-forming constituents co
valently linked to one another and swelling is largely regulated by control of the com
plexation. The experimental results were explained in terms of a statistical thermo
dynamic description of the complexation equilibrium. For completeness, a review of 
previous experimental and theoretical investigations of electrostatic polyelectrolyte 
complexes and hydrogen-bonded complexes is given below. 

Polyelectrolyte Complexes. Many polymer complexes form as a result of electro
static forces. Polymeric acids may form complexes by proton transfer to complemen
tary polymeric bases, resulting in poly(cation):poly(anion) pairs. For example, syn
thetic polycarboxylates may form such ionic complexes with poly(ethylene inline) 
(5). Similarly, the salts of polymeric acids (e.g. anionic polyelectrolytes) may asso
ciate via electrostatic interactions with polyelectrolytes of opposite charge (6,7). A 
simple example of this type of complex is the association of poly(sodium styrene sul
fonate) with poly(vinyl trimethyl ammonium chloride). In addition to the inter-poly
mer complexes, intra-polymer complexes of polyampholytes have been studied (8,9). 
In these systems complexes may be formed between oppositely charged moieties on 
the same polymer chain, or even on the same monomer unit Finally, simple poly
electrolytes in solution may be linked together by multivalent ions to form gels or 
coacervates (10,11). 

Electrostatic interactions are considerably stronger than most secondary binding 
interactions. Therefore, electrostatic polyelectrolyte complexes exhibit unique phys
ical and chemical properties. These complexes have been divided into four classes 
based upon the possible combinations of strong and weak polyelectrolytes (1). The 
properties and potential applications of polyelectrolyte complexes have recently been 
reviewed (1-3). Although the complex stability is dependent upon such variables as 
charge density, solvent, ionic strength, pH and temperature; polyelectrolytes of high 
charge density may form relatively insoluble complexes. 

Hydrogen-Bonded Complexes. Compared to complexes between complementary 
polyelectrolytes, complexes formed by hydrogen bonding between complementary 
polymeric Lewis acids and bases (1-4) typically dissociate under a wider variety of 
conditions. Hydrogen bonding occurs between a Lewis acid containing an electron 
deficient proton and a Lewis base containing a lone pair of electrons. Hydrogen 
bonds are distinctly directional and specific, and are more localized than any other 
type of weak intermolecular interaction (12). In associating polymer systems the 
equilibrium between complexed (hydrogen bonded) and uncomplexed polymers in 
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solution may be highly sensitive to surrounding conditions, such as pH, temperature, 
solvent composition and polymer concentration. Molecular structural parameters 
such as molecular weight and polymer architecture may also influence the complex
ation equilibrium. 

The properties of hydrogen-bonded complexes are reviewed below, focusing on 
the relationships among environmental conditions or molecular parameters and the 
physical properties of polymer solutions and gels. The properties of complexes of 
poly(ethylene glycol) (PEG) with poly(acrylic acid) (PAA) or poly(methacrylie acid) 
(PMAA) will be emphasized since this system has been extensively studied in the lit
erature, and was used as a model system for the work reported in this paper. PEG is 
a Lewis base by virtue of the electron lone pairs in the ether linkage, while PMAA 
and PAA are Lewis acids. Since the PEG:PMAA complexes increase in strength as 
the temperature is increased, they are believed to be stabilized by hydrophobic inter
actions. 

Experimental Analysis of Hydrogen-Bonded Complexes. The properties of 
dilute aqueous solutions of PEG and PMAA or PAA have been studied by a number 
of investigators using viscometry, turbidimetry and potentiometric titration (1-4,13-
17). These studies have shown that the complexed polymer fraction depends strongly 
upon the molecular weight of the complementary polymers. In experiments with 
PAA or PMAA of high molecular weight, a critical PEG molecular weight was iden
tified below which no complexes were observed. A critical molecular weight of 
about 2000 was reported for the PEG:PMAA system, while a value of around 6000 
was reported for die PEG:PAA system (14-16). Several investigators (1-4,14-17) 
found that both atactic PAA and PMAA complexed with PEG in a 1:1 repeating unit 
molar ratio while isotactic PAA formed complexes with a 2:3 carboxylate:ether mo
lar ratio. Finally, all investigators found that the complex stability increased with de
creasing pH, although there are discrepancies in the value of the critical pH for com
plexation. For example, based upon turbidimetry Ikawa (17) reported a critical pH 
for PMAA:PEG complexation of 3.0 in contrast to a value of 5.6 obtained previously 
using viscometry and potentiometry. 

Several authors have investigated the hydrophobic stabilization of PEG:PMAA 
complexes. The earliest evidence for hydrophobic stabilization in aqueous media 
arose from the temperature dependence of the complex stability. PMAA:PEG com
plexes increase in strength with increasing temperature (14,15), whereas those of 
PAA:PEG do not change appreciably. These trends suggest that the PEG:PMAA 
complexes are hydrophobicaUy stabilized, perhaps due to the α-methyl group which 
is present on PMAA. Further evidence of hydrophobic stabilization of PMAA:PEG 
complexes was reported by Ikawa et al. (17). For PMAA systems the critical chain 
length of PEG increased significantly when the solvent was changed from water to a 
water/methanol mixture; while it remained relatively constant for the PAA:PEG sys
tem. Similarly, Osada and collaborators (16,18) found the temperature dependence 
of complex stability to be opposite in ethanol/water mixtures from that in pure water, 
due to disruption of hydrophobic interactions in the former case. These results were 
supported by measurements by Papisov et al. (19) who found that complexation of 
PMAA and PEG in water is endothermic with a positive entropy change. 
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Recently the complexation of PAA and PMAA with PEG were studied using flu
orescent spectroscopic techniques (20-26). Morawetz and coworkers (24,25) studied 
PAA association with PEG using PAA labeled with dansyl chromophores. These 
chromophores exhibit a fluorescent intensity change and spectral shift when moved 
from a hydrophilic to a hydrophobic environment. Large peak intensity changes 
upon addition of PEG to dansylated PAA revealed that the chromophore ends up in 
an environment largely devoid of water. Frank and collaborators (20-23) used fluo
rescence spectroscopy to investigate the complexation of pyrene end-labeled PEG 
with PMAA and PAA. Examination of the pyrene excimer to monomer ratio of 
sparsely tagged PEG allowed intramolecular end-to-end contact to be characterized, 
while experiments with fully tagged PEG provided information about both intra- and 
intermolecular contacts. These studies confirmed previous observations that com
plexation is highly dependent upon chain length, facilitated by low pH, reduced by 
neutralization of the acid and reduced by the addition of methanol. However, in con
trast to earlier results, complexes of the PEG with PMAA and PAA were detected for 
PEG molecular weights as low as 1850 and 4200, respectively (20-23). 

Investigations of the complex stoichiometry by fluorescence spectroscopy yield
ed mixed results. Based upon studies using the previously described chromophores, 
Morawetz and collaborators (24,25) and Frank and collaborators (20-23) found the 
extent of complexation in the PEG:PAA system increased as the number of acid moi
eties was increased past a 1:1 molar ratio. In fact, for low molecular weight PAA, the 
formation of intermolecular excimers plateaued at the PAA:PEG repeating unit ratio 
of around 3:1 (23). In contrast, Heyward and Ghiggino (26) used fluorescence polar
ization studies of acenaphthylene labeled PAA to show that complexation is maxi
mized for the 1:1 molar ratio of repeating units. 

The affinity of PMAA and PAA for polymeric Lewis bases can depend quite 
strongly upon the structure of the base. For example, PMAA will bind more strongly 
with polyvinyl pyrollidone) (PVP) than with PEG (1-4,27). In fact, PVP will dis
place PEG of similar molecular weight from a complex with PMAA. Similarly the 
Lewis acid poly(itaconic acid monomethyl ester) will form a hydrogen-bonded com
plex with PVP, but not with PEG. Other polymeric Lewis bases with which 
poly(carboxylic acids) will form complexes include poly(acrylamide), poly(-
dimethoxyethylene), poly(vinyl methyl ether), poly(vinylbenzo-18-crown-6) and 
poly(vinyl alcohol). 

Applications of Hydrogen Bonded Complexes. Complexes of PEG and 
PMAA have been used to design novel polymeric systems. For example, PEG com
plexes with PMAA have been used to form membranes with controlled permeability 
(28). Addition of PEG to water-swollen PMAA membranes at low pH gave rise to 
large reversible shrinkage of the membranes. The shrinkage increased with PEG 
concentration and with temperature. PEG with a molecular weight as low as 2000 
gave rise to shrinkage (29), while addition of alcohols or base to shrunken mem
branes broke the complexes and resulted in swelling. Osada and coworkers (30,31) 
used these membrane systems as chemical valves with controllable permeability. 
The porous PMAA membranes were fixed in frames so that when shrinkage and 
swelling were induced, the pores would open and close, thereby regulating solute 
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flux. A similar concept was studied by Nishi and Kotaka (32). End-linked PEG gels 
were swollen with acrylic acid, which was subsequently polymerized. The resulting 
interpenetrating networks showed pH responsive swelling and permeability similar 
to that described above. The flux or solute macromolecules was varied by changing 
the pH of the surrounding medium. 

Theoretical Models of Polymer Complexation. The complexation of complemen
tary polymers has been modeled theoretically by Kabanov and collaborators 
(4,15,33). In this analysis the total free energy of complexation was divided into two 
contributions: one arising from the specific interactions between complexing func
tional groups, and a second arising from configurational changes of the system upon 
complexation. The authors typically assumed that in the complexed state, the poly
mer of the shortest chain length (the PEG) was completely bound with all repeating 
units participating in hydrogen bonds. This assumption greatly simplified the calcu
lation of the number of system configurations in the complexed state. According to 
these models the extent of complexation can change very abruptly near critical values 
of polymer molecular weight or free energy of complexation due to cooperative ef
fects in the complexation process. Calculations based on the model also agreed at 
least qualitatively with other experimentally observed trends. For example, the equi
librium bound fraction depended strongly upon chain length and stable complexes 
formed even with weak segmental interactions. 

Several authors have modeled the association of biological polymers (34-37). 
The various models differ in the manner in which the polymer conformation in the 
complexed state is considered. One approach incorporates the assumption that a 
complexed polymer has only one possible conformation; that in which all repeating 
units are bound to the complementary polymer. Examples include models for the 
complexation of poly- and oligo-nucleotide (34,35). In contrast, models of the dou
ble-stranded helix complexes of long-chain nucleic acids have included the possibil
ity of loops in the conformation of a complexed chain (36,37). In these models, 
which are reviewed by Poland and Scheraga (37), it is typically assumed that the 
loops are fairly long ( > 20 units) when calculating the loop entropy. 

Mathematical techniques based on sequence generating functions have been pro
posed for efficient formulation of the statistical mechanical partition functions of 
polymeric systems. For example, Lifson (38) reported a procedure for evaluating the 
canonical partition function of long-chain polymers with repeating units existing in 
two or more distinct states, while Eichinger et al. (39) reported a generating function 
technique for the evaluation of the partition functions of a long polymer chain ab
sorbed onto a planar surface. Both of these methods were applicable in the limit of 
infinite chain length. Scranton et al. (40) used a similar generating function technique 
to describe the complexation thermodynamics of free and graft oligomers with com
plementary polymers. Since the long chain assumption was not required, this analy
sis was applicable to short and intermediate chain lengths. 

In summary, polymeric acids may form complexes with a number of polymeric 
Lewis bases (including PEG) in water. The extent of complexation increases with 
polymer concentration, polymer molecular weight and with reductions in pH. The 
extent of complexation may increase, decrease or remain essentially unchanged with 
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changing temperature depending upon the contribution of hydrophobic interactions 
to the complex stability. Recent spectroscopic measurements suggest that complexes 
may take place at lower molecular weights man previously determined using viscom-
etry, turbidimetry or titration. In addition, some complexes previously thought to 
form with a 1:1 repeating unit stoichiometry may not do so in every case. Certain 
detection techniques may be more sensitive to complexation than others, perhaps ac
counting for the discrepancies in critical chain length and complex stoichiometrics. 

Experimental 

Safety Considerations. After washing, the polymers used in these experiments 
present essentially no safety hazards. In fact, PEG is commonly used in cosmetic and 
pharmaceutical applications. However the reactants used to synthesize the polymers 
present potential safety hazards. For example, the monomers methacrylic acid, eth
ylene glycol dimethacrylate, tetraethylene glycol dimethacrylate and methoxy 
poly (ethylene glycol) methacrylate as well as the initiators ammonium persulfate and 
sodium bisulfite are irritants of the eyes, skin and respiratory system, and may act as 
skin sensitizers. These reactants were always weighed and handled with gloves, lab 
coat and safety glasses in a fume hood. Furthermore, the monomer species are sen
sitive to ultraviolet light and may rapidly polymerize at elevated temperatures. There
fore, the monomers must be stored at shaded areas at prescribed temperatures. The 
solvents acetone, ethanol and methanol can be toxic. Eye and skin contact as well as 
inhalation should be avoided (especially methanol). Furthermore, these solvents are 
highly flammable and should be kept away from spark sources. 

Synthesis of Polymer Networks. The copolymer networks were synthesized by the 
free-radical copolymerization of methacrylic acid (MAA) (Polysciences, War
rington, PA) with methoxy polyethylene glycol) methacrylate (PEGMA) (Poly
sciences) in the presence of small amounts of a crosslinking agent, ethylene glycol 
dimethacrylate (EGDMA) (Aldrich, Milwaukee, WI) or tetra(ethylene glycol) 
dimethacrylate (TEGDMA) (Polysciences). Methoxy polyethylene glycol) meth
acrylate with pendent PEG chains of molecular weight 200 and 400 were used in this 
study (henceforth denoted PEGMA-200 and PEGMA-400, respectively). The mono
mer mixture was diluted with a 50:50 (w/w) mixture of ethanol/water to a final con
centration of 40 or 50 wt%. Polymerization took place in sealed 5 ml polyethylene 
vials of diameter 1 cm at 40 °C for at least 24 hours and was initiated by 0.025 wt% 
ammonium persulfate (Aldrich) and sodium bisulfite (Aldrich) based on monomer 
weight. The resulting crosslinked polymer network contained a backbone of 
poly(methacrylic acid) and grafts of poly (ethylene glycol). 

The polymer cylinders were sliced into disks with a thickness of approximately 
three millimeters. The crosslinked polymer disks were then purified by washing with 
distilled water for at least one week, followed by dialysis against distilled water with 
a pH of approximately 4 for at least 48 hours. The freshly cut disks turned cloudy 
upon placing them in the distilled water, but cleared up after washing for several 
days. During this washing period the swelling solution was replaced with fresh dis
tilled water daily. The dialysis against pH 4 water ensures that any cations contained 
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within the network will be exchanged for protons. Before this step, sodium and am
monium ions could be present in the networks due to the initiators. 

Equilibrium Swelling. Swelling studies were performed to determine the effects of 
pH, network composition and solvent composition on the equilibrium degree of 
swelling. For the pH studies the washed polymer disks were equilibrated in acidic so
lutions of the appropriate pH by changing the solution twice daily for two weeks. 
Equilibrium swelling in basic solutions was accomplished by preequilibrating the 
gels at a pH of 11 for two days, followed by equilibration in the basic aqueous solu
tion of the desired pH. The gels were allowed to swell in sealed containers for two 
weeks. The temperature was controlled to within one Celsius degree. Swelling in 
salt and alcohol solutions was performed under air, while swelling in HCL and NaOH 
solutions between pH 5.5 and 8.5 was performed under nitrogen. After swelling the 
samples were weighed and dried to constant weight in vacuo. Finally, the dried sam
ples were weighed so the equilibrium solvent weight fraction could be determined. 

A similar procedure was used for the studies as a function of the solvent compo
sition. Swelling solutions were prepared by mixing an appropriate solvent with dis
tilled water to desired proportions. Two distinct cosolvents were investigated - meth
anol and acetone. For each cosolvent swelling studies were performed in solutions 
with concentrations ranging form 0 wt% to 100 wt% in increments of 10 wt%. The 
washed polymer disks were placed in sealed jars containing solutions of desired com
position, and were allowed to swell until measurements on consecutive days indicat
ed no change in the swollen mass. After swelling, the gel weights were determined 
in air, the gels were dried to constant weight in vacuo at 60°C, and the dried gels were 
weighed to determine the equilibrium solvent weight fraction. 

NMR Sample Preparation. Monodisperse samples of PEG (Polysciences) with mo
lecular weights ranging from 200 to 20,000 as well as polydisperse samples of larger 
molecular weight were used as received. The molecular weights and polydispersities 
of the PEG samples used in this study are listed in Table I in the Results and Discus
sion section. NMR samples were prepared by dissolving appropriate amounts of the 
PEG in D 2 0 (99.9%, Cambridge Isotope Laboratories). 

Uncrosslinked PMAA for NMR samples was synthesized at 40°C by reacting 20 
vol% MAA monomer in water with 0.50 wt% of both sodium bisulfite and ammoni
um persulfate based upon die total mass. The polymer product was dialyzed with 
D 2 0 to exchange H+with D + , and the resulting polymer was dried in vacuo. The re
sulting uncrosslinked PMAA was used for the NOE and relaxational studies of PEG 
complexed with PMAA. Samples containing both species were prepared by dissolv
ing appropriate amounts of each constituent in D 20. These samples were typically 
prepared by first forming dilute solutions of each polymeric species separately, then 
mixing the solutions in appropriate proportions. 

Spin Echo NMR Experiments. *H NMR relaxational studies were conducted using 
a VXR-300 spectrometer (Varian, Palo Alto, CA) located in the MAX T. Rogers 
NMR facility at Michigan State University or a Gemini-300 spectrometer (Varian) 
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at The Dow Chemical Company (Midland, Michigan). These experiments were per
formed with a controlled temperature of 25°C, using a transmitter frequency of 
299.949 MHz. The 180 degree pulse was measured for each sample and varied be
tween 30.0 and 31.8 microseconds. The delay between successive pulses was at least 
fifteen seconds (Τχ inversion recovery was less than two seconds). At least 16 tran
sients were added before Fourier transformation. Spin-spin relaxation times were 
measured by spin-echo using a Carr Purcell Meiboom Gill (CPMG) pulse sequence 
(42) with a Levitt Freeman 180 degree composite refocussing pulse (43). The se
quence is shown below. 

90° (τ 180° 2τ 180° τ ) η acquire 

The CPMG pulse sequence effectively removed relaxational effects due to magnetic 
field heterogeneity and greatly limited the effects of diffusion, while the composite 
pulse was used to remove pulse imperfections (43) and off-resonance effects. The 
NMR tube was not allowed to spin during the spin echo experiments. The proton 
NMR spectrum of PEG is very simple with all of the ethylene protons occurring in 
one peak. For each polymer sample the intensity of the ethylene peak was measured 
as a function of total time for relaxation (equal to 4ητ). 

Nuclear Overhauser Effect Measurements. The complexation of PMAA with ex
cess PEG of high molecular weight was studied using pre-steady state NOE. The 
PEG concentration was an order of magnitude higher than that of PMAA to ensure 
that nearly all of the PMAA would exist in the complexed state. PEG of high molec
ular weight was used to ensure that the complex would be soluble in water. A D2O 
solution of 0.01 wt% PMAA and 0.09 wt% PEG of molecular weight 5 million (Al
drich Chemical Company) was prepared by first forming dilute solutions of each 
polymeric species separately, then mixing the solutions in appropriate proportions. 

The pre-steady state proton NOE measurements were performed using an XL200 
NMR spectrometer (Varian). The pulse sequence consisted of presaturation of the 
PEG ethylene peak, a 2 msec equilibration delay, a 90° pulse for acquisition and a 
three second delay for relaxation. The presaturation time was varied between 100 
msec and 1 second. T! values were measured using an inversion recovery pulse, and 
the longest T^as 477 msec. Therefore, the 3 second delay was more than adequate 
for complete spin-lattice relaxation. Two spectra were acquired simultaneously us
ing a pulse interleaving procedure. A sequence of 8 pulses in which the PEG ethylene 
was saturated and interleaved with 8 pulses in which the decoupler irradiated "off res
onance" on the opposite side of the PMAA peaks. For each spectrum 240 transients 
were added before Fourier transformation. In the spectra the PMAA α-methyl and 
methylene peaks were well resolved. The two spectra were subtracted, and the inte
grated intensity in the difference spectrum was divided by the intensity in the off res
onance spectrum to obtain the value of the NOE enhancement factor. 
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Results and Discussion 

Swelling Studies. Figure 1 contains a plot of the equilibrium solvent weight fraction 
as a function of pH for PMAA-g-PEG networks. Here PEGMA-200 and MA A were 
mixed to give a 60:40 EG:MAA molar ratio of repeating units, and TEGDMA was 
present at 2 wt% of the total monomers. The monomers were then diluted to 40 wt% 
with the ethanol/water mixture before polymerization (see Synthesis of Polymer Net
works). When swelling was conducted in salt-free aqueous solutions (curve 1), a low 
degree of swelling was observed under acidic conditions, and a high degree of swell
ing (over 99 wt.% water) was observed under basic conditions. This behavior can be 
explained in terms of the effect of pH on the underlying complexation equilibrium of 
PEG with PMAA. Under acidic conditions PMAA exists in a neutral (protonated) 
state, and can form hydrogen-bonded complexes with PEG. When complexes are 
formed the network exhibits a low degree of swelling because the hydrophilic moi
eties (ether and carboxylic acid groups) are bound with each other rather than with 
water. If the pH is basic, the carboxylic acid is not protonated, the complexes cannot 
form, and the network exhibits a much larger degree of swelling. 

Curve 2 in Figure 1 illustrates the effect of ionic strength on the swelling behav
ior. It is important to note that the pH being monitored in the experiment is that in 
the swelling solution external to the polymeric gels. For swelling in water which con
tains no dissolved salts, the swelling transition occurs at an external pH of 7.0. If the 
experiment is performed in water containing 0.1 molar NaCl (curve 2), the transition 
pH is shifted to a value of approximately 4.4. The effect of the dissolved salt can be 
explained by the Donnan equilibrium of the system. In the absence of sodium ions 
virtually all of the protons remain inside the polymer network giving rise to a low in
ternal pH and a relatively high external pH. At high ionic strength sodium ions in the 
bath will exchange for protons inside the polymer gel. The final equilibration of pro
tons inside and outside the network will result in a decrease in the external pH relative 
to the case of low ionic strength. It is interesting to note that while increasing the ion
ic strength of the surrounding solution results in a shift in the pH of the swelling tran
sition, it has a small effect on the magnitude of the swelling transition as character
ized by the equilibrium solvent weight fraction. 

Figure 2 contains a plot of the equilibrium solvent weight fraction as a function 
of pH for pure PMAA networks. These polymer networks were formed by polymer
izing MAA in the presence of TEGDMA crosslinking agent (2 wt% of the total 
monomers). The monomers were diluted to 40 wt% with the ethanol/water mixture 
before polymerization. As shown in the figure, the PMAA networks exhibit a swell
ing transition from an equilibrium solvent weight fraction of approximately 90 wt% 
under acidic conditions, to over 99.5 wt% under basic conditions. This swelling tran
sition may be attributed to the ionization of the PMAA. It is interesting to note that 
the magnitude of the swelling transition for the pure PMAA networks is much small
er than that of PMAA-g-PEG networks formed under identical conditions (Figure 1). 
This result supports the idea that in the PMAA-g-PEG system network swelling is 
regulated by polymer complexation and cannot be explained solely by the ionization 
of PMAA. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
1

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



180 POLYELECTROLYTE GELS 

1.0 

0.8 

C 
O 

0.6 

g 0.4 

O 
CO 

0.2 h 

0.0 

q • u ^ • u 

0.0 2.0 4.0 6.0 8.0 

Solution pH 
10.0 12.0 

Figure 1. Equilibrium solvent weight fraction, wlt in P(MAA-g-PEG) net
works as a function of solution pH. Curve 1: swelling in salt-free aqueous 
solutions; curve 2: swelling in aqueous 0.1 molar NaCl solutions. (Adapted 
from ref. 41) 
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Figure 2. Equilibrium solvent weight fraction, wu in PMAA networks as a 
function of solution pH. 
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Figure 3 illustrates the effect of the composition of the polymeric network on the 
equilibrium solvent weight fraction. A series of copolymer networks ranging in com
position from pure PEGMA to pure PMAA were synthesized and were swollen in 
methanol as well as acidic and basic aqueous solutions. Again, PEGMA-200 was 
used to create the PEG grafts, 2 wt% of TEGDMA was used as a crosslinking agent, 
and the monomers were diluted to 40 wt% with the ethanol/water mixture before po
lymerization. Figure 3 shows plots of the equilibrium degree of swelling in each of 
these solvents as a function of the mole fraction of methacrylic acid in the polymer 
network. Curve 1, which corresponds to swelling in pH 4 water, illustrates that al
though the homopolymer networks exhibited a high degree of swelling, typically 
near 90 wt% water, the copolymer swelling was sharply lower, exhibiting a minimum 
near a 1:1 molar ratio of EG/ΜΑ A. Swelling studies in methanol (curve 2) indicate 
that the polymer networks exhibit a relatively high degree of swelling between 85 and 
90 wt% solvent regardless of MAA mole fraction. In a basic solvent of pH 9 (curve 
3), the swelling is very high and increases as the MAA content of the networks is in
creased. 

The results shown in Figure 3 are consistent with the idea that the network swell
ing properties are regulated by polymer complexes. The equilibrium swelling min
imum in the vicinity of a 1:1 repeating unit molar ratio for swelling in pH 4 water 
may be attributed to a maximum in the extent of complexation at that point As dis
cussed earlier, acidic conditions promote the formation of complexes because the 
carboxylic acid moieties are present in the protonated state. Methanol and base are 
both known to disrupt PEG:PMAA complexes. Curves 2 and 3 illustrate this point 
since the swelling is uniformly high for these conditions. Furthermore, the small in
crease in the equilibrium solvent weight fraction with MAA content under basic con
ditions (curve 3) may be attributed to the increasingly ionic nature of the polymer 
chains. 

The swelling minimum in the vincinity of a 1:1 repeating unit molar ratio is con
sistent with complex stoichiometrics reported by previous investigators (1-4,14-17) 
based upon viscometry, tubidimetry, and potentiometric titration. Intrinsic viscosity 
minima and turbidity maxima have been observed for aqueous PMAA/PEG solutions 
at a 1:1 repeating unit molar ratio. These results have been attributed to the formation 
of compact polymer complexes with the acidic moieties of the PMAA hydrogen 
bonded to the ether groups of PEG in a 1:1 ratio. According to this picture, deviations 
from a 1:1 stoichiomctry lead to free polymer chains or increased hydration of the 
complex (due to the presence of uncomplexed hydrophilic units within a complexed 
chain). Either of these occurrences would lead to increases in net solubility, hydro-
dynamic radius, and intrinsic viscosity. Similarly, when aqueous solutions of PMAA 
were titrated with PEG, pH increases were observed until a 1:1 base molar stoichi
omctry was attained. The titration with PEG causes the acidic groups to be bound in 
complexes, making them unavailable for dissociation. 

Like the intrinsic viscosity mimma and turbidity maxima reported previously, 
the swelling minima in the present systems suggest that the maximum manifestation 
of the polymer complexation occurs for a 1:1 EG.MAA repeating molar ratio. How
ever, these observations leave significant questions about the fundamental nature of 
the complexes, and do not conclusively establish that the complexes form in a 
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strict 1:1 stoichiometry with each acidic moiety bound with an ether linkage. It is 
possible that the swelling minima arise from a nonspecific combination of hydropho
bic interactions and hydrogen bonds, and are not necessarily accompanied by a sto
ichiometric EO:MAA ratio. Similarly, the observed pH effects in the potentiometric 
titrations may be due to the low dielectric constant of the hydrophobic complexes and 
not to spécifie EO:MAA interactions. Further experiments will be required to unam
biguously resolve these questions. 

Figure 4 illustrates die effect of solvent on the swelling characteristics of the 
PMAA:PEG networks. In this figure, data are shown for swelling in aqueous mix
tures of acetone (curve 1) and methanol (curve 2). Here PEGMA-400 and MAA 
were mixed to give a 50:50 EO:MAA molar ratio of repeating units, and EGDMA 
was present at 1 mol% of the total monomers. The monomers were then diluted to 
50 wt% with the ethanol/water mixture before polymerization. As shown in Figure 
4, both organic solvents exhibit an equilibrium weight fraction of just over 0.3 in the 
limit of infinite dilution (0 weight fraction) and a value of around 0.8 for the pure sol
vent This trend is consistent with the idea that solvents with Lewis base character 
may compete with PEG for the hydrogen bonding sites on PMAA. The effectiveness 
of a solvent in breaking the complexes is probably related to its ability to disrupt the 
hydrophobic interactions as well as compete for the hydrogen bonding sites. The 
swelling results at intermediate compositions indicate that acetone effectively breaks 
the complexes at lower concentrations than methanol. The sigmoidal nature of both 
plots indicates that the incremental effectiveness of the solvent in breaking the com
plexes (as indicated by the slope of the curve) passes through a maximum at an in
termediate concentration, between 0.2 and 0.5 weight fraction. 

NMR Relaxational Studies. Nuclear magnetic relaxation may be resolved into two 
components - relaxation along an axis parallel to the external magnetic field and that 
in the plane perpendicular to the field. The former is called spin-lattice or longitudi
nal relaxation, while the latter is called spin-spin or transverse relaxation. These nu
clear magnetic relaxations are characterized by the exponential time constants Ίχ and 
T 2 respectively. Relaxation ultimately arises from fluctuating magnetic fields experi
enced by the nuclei as they interact with other molecules while undergoing random 
thermal motion. Fluctuating magnetic field components of the proper frequency lead 
to nuclear magnetic relaxation. Because the frequencies of the fluctuating fields are 
dependent upon the mobility of the nuclei, so are the relaxation times, ^and T 2 . In 
general T 2 decreases monotonically as the mobility decreases, while Tj passes 
through a minimum. This behavior is due to the fact that transverse relaxation relies 
upon low-frequency contributions to the spectral density function for efficient relax
ation, while longitudinal relaxation relies upon higher frequency contributions 
(44,45). 

The spin-spin relaxation times of dilute PEG solutions were determined using 
spin echo pulse sequences. These experiments were performed on solutions of 0.1 
wt% PEG in D 20. The data for the intensity of the ethylene peak as a function of the 
total time for relaxation were fit by nonlinear regression to a single decaying expo
nential, thereby providing a value for T 2. In all cases the error in the value of T 2 was 
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Methacrylic Acid Fraction 

Figure 3. Equilibrium solvent weight fraction, wu in P(MAA-g-PEG) net
works as a function of MAA mole fraction. Curve 1: swelling in pH 4 
water, curve 2: swelling in methanol; curve 3: swelling in pH 9 water. 
(Adapted from ref. 41) 

Weight Fraction Organic Solvent in Water 

Figure 4. Equilibrium solvent weight fraction, wi, in P(MAA-g-PEG) net
works as a function of the weight fraction of organic solvent in water. 
Curve 1: swelling in acetone/water mixtures; curve 2: swelling in 
methanol/water mixtures. 
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less than 5%. Results for a series of experiments with different PEG molecular 
weights are shown in Table L These results serve as a basis of comparison for the 
subsequent experiments using complexée PEG. As expected, the value of the spin-
spin relaxation time decreased as the molecular weight of the PEG chain was in
creased. This trend is explained by an increase in the low frequency contribution to 
the spectral density function as the PEG mobility decreases. As illustrated in table 
I, the incremental decrease in the relaxation time with increasing molecular weight is 
most pronounced for the smallest molecular weights. This trend probably arises from 
a diminishing incremental decrease in mobility with increasing chain length for long 
polymer chains. 

Table L Spin-Spin Relaxation Times of PEG Ethylene Protons 

Molecular Weight Polydispersity Relaxation Time (sec) 

62 1.00 3.70 
202 1.05 0.99 
600 0.64 
1500 1.05 0.61 
5000 1.05 0.55 
1,000 1.04 0.48 
20,000 1.13 0.47 
5,000,000 0.45 

Relaxational studies were also performed on PMAA and on PEG:PMAA com
plexes. Solutions of 0.1 wt% PMAA and 0.01 wt% PEG were formed by dissolving 
appropriate amounts of these polymers in E^O, while solutions of PEG:PMAA com
plexes were formed by dissolving 0.1 wt% PMAA and 0.01 wt% PEG in the same 
tube. Again, values of the spin-spin relaxation time were obtained by fitting the data 
for the peak integrals as functions of the time for relaxation to a single decaying ex
ponential. The relaxation times of both the α-methyl and methylene protons on 
PMAA were less than 10 msec, while values for PEG are shown in Table Π. 

The relaxation time for complexed PEG chains is expected to be shorter than that 
for uncomplexed chains because complexation effectively decreases the mobility of 
the chains, thereby enhancing the low frequency contributions to the spectral density 
function. In fact, if irreversible complexes were formed, the T 2 value for the com
plexed chains would likely approach that of the PMAA protons (approximately 10 
msec), an order of magnitude lower than the values for uncomplexed PEG (over 500 
msec). However the complexes are reversible and the PEG chains undergo rapid ex
change relative to the NMR relaxation timescale. Therefore the observed relaxation 
time is a weighted average of the values for die complexed and uncomplexed chains 
(46). As shown in Table Π, although the presence of the PMAA has a relatively 
small effect on the relaxation time of PEG of molecular weight 1500, it has a pro
nounced effect on the T 2 value of PEG of molecular weight 5000. These results sug
gest that the spin-spin relaxation time is indeed sensitive to the formation of complex-
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es, and that there is a measurable chain length effect on the complex stability between 
PEG molecular weights of 1500 and 5000. For the 1500 molecular weight PEG, the 
ten percent decrease in T 2 from 570 msec to 511 msec provides evidence for com
plexation even at this relatively short chain length. 

Table IL T 2 Values for Complexed and Uncompleted PEG 

Molecular Weight Uncomplexed (msec) Complexed (msec) 

1500 570 511 
5000 530 310 

The experimental results may be explained in terms of the statistical thermody
namic description of the complexation equilibrium reported by Scranton et al. (40). 
These authors considered the complexation thermodynamics of dilute solutions of 
free and graft oligomers with complementary polymers. The total free energy change 
upon complexation was divided into two contributions which were considered sepa
rately. An internal contribution to the free energy accounted for conformational de
grees of freedom as well as the segmental binding interactions, while an external con
tribution accounted for the configiirational (translational) degrees of freedom. The 
external contribution could be evaluated from combinatorial considerations, while 
the internal canonical and grand canonical partition functions were formulated in 
terms of sequence generating functions for trains, tails and loops. A simple random 
walk model was used to evaluate the statistical weights of these generating functions. 
Details of these calculations may be found in reference 40. 

In agreement with the experimental results reported here and in the literature the 
theoretical simulations revealed a marked dependence of the equilibrium bound frac
tion on the segmental binding free energy and the PEG chain length. Moreover, sim
ulation results indicated that covalently attaching the complementary polymers to 
(Hie another promotes the formation of complexes primarily due to a decrease in the 
configurational entropy change upon complexation. If the complementary polymers 
are covalently attached to one another, they are effectively immobilized and are in 
close proximity prior to complex formation. This result corroborates the NOE ex
periments which indicate the lack of a critical chain length for the graft copolymers. 
Other simulation results indicate the loops may be important in the conformation of 
a complexed oligomer, and the conformational averages for the ungrafted case as
ymptotically approach those for the grafted case as the segmental binding free ener
gy, polymer concentration and PEG chain length increase. 

Nuclear Overhauser Effect Studies. Proton nuclear Overhauser effect (NOE) stud
ies were conducted to provide insight into the molecular characteristics of PEG:P-
MAA complexes. NOE is useful for structural determination in solution because its 
presence indicates that two nuclei are undergoing dipole-dipole cross relaxation, and 
are therefore in close proximity to one another. In proton NMR the presence of a nu
clear Overhauser effect indicates the two protons are within 5 angstroms of one an-
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other (47). Information about the spatial distance between the interacting protons can 
be obtained from the initial growth rate in a pre-steady-state NOE experiment (48). 
Here the NOE growth rate is higher for protons which are closer together. Klier et 
al. (41) demonstrated the sensitivity of proton NOE experiments for detecting 
PEG:PMAA complexes in systems containing free and grafted PEG. These investi
gators measured die NOE growth rate in the PEG ethylene peak when the PMAA cc-
methyl was irradiated. NOE was detected under complex promoting conditions, but 
not under conditions which break the complex. Due to the existence of a NOE, com
plexes were detected for PEG molecular weights as low as 1500. 

In this study NOE was used to determine the relative importance of the PMAA 
α-methyl and methylene groups in the hydrophobic stabilization of the complexes. 
The experiments were performed by irradiating the ethylene peak on the PEG, and 
then measuring the NOE growth rates in both the α-methyl and the methylene on the 
PMAA. The NMR sample contained 0.09 wt% PEG of molecular weight 5,000,000, 
and 0.01 wt% PMAA in D 20. Excess PEG was used to ensure that the PMAA would 
exist in the complexed state, while PEG of high molecular weight was used to keep 
the complexes soluble in water. 

The NOE results are shown in Figure 5. The figure includes plots of the NOE 
evolution for both the PMAA α-methyl and methylene peaks upon irradiation of the 
PEG ethylene peak. The initial NOE growth rate for the α-methyl is higher than that 
of the methylene. This result indicates that in the complexed state the ethylene pro
tons of the PEG are spatially closer to the α-methyl protons than to the methylene 
protons, and suggests that the α-methyl group plays a larger role than the methylene 
in the hydrophobic stabilization of the PMAA:PEG complexes. Therefore, these 
studies provide spectroscopic evidence for the importance of the α-methyl group, and 
supports previously reported conclusions based upon pH and viscosity measure
ments. 

Conclusions 

The complexation of poly(ethylene glycol) with poly(methacrylic acid) was studied 
in dilute aqueous solutions and in covalently crosslinked hydrogels. Crosslinked 
polymer gels of P(MAA-g-EG) exhibited responsive swelling behavior over a wider 
range of PEG molecular weights than previously reported. In contrast to ungrafted 
polymer systems, no lower limit on PEG molecular weights was found for the graft 
copolymers. This behavior was attributed to a smaller configurational entropy 
change upon complexation of covalently attached grafts as compared to independent 
polymer chains. Thé sensitivity of complexation to pH and solvent composition re
sulted in gels which exhibited transitions in swelling over narrow pH and solvent 
composition ranges. The ability of an organic solvent to disrupt complexes in these 
systems is probably due to a combination of its ability to disrupt hydrophobic inter
actions and to compete with the PEG ether oxygens for hydrogen-tonding sites. In
vestigation of solvent effects in swelling is being extended to strong Lewis base sol
vents and poly(acrylic acid-g-ethylene glycol) systems. 
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The nature of the complexation equilibria were studied using NMR spectrosco
py. Proton nuclear Overhauser effect experiments and relaxational studies indicated 
that complexation between PEG and PMAA may occur at lower PEG molecular 
weights than previously reported, and at quite low concentrations. However, the ef
fects of complexation on the spin-spin relaxation time are much more pronounced as 
the PEG molecular weight is increased, suggesting a strong molecular weight depen
dence upon complex stability. Consequently, discrepancies among critical molecular 
weights, concentration effects and complex stoichiometries reported in the literature 
may be due to differences in the sensitivities of the experimental techniques. Com
plexation probably takes place outside of the molecular weight and stoichiometry 
limits measured by viscometry and sedimentation as indicated by more sensitive 
spectroscopic techniques. Other NOE results shown here indicate that in the complex 
an intimate contact exists between the α-methyl groups of PMAA and the ethylene 
groups of PEG. These results affirm the importance of hydrophobic stabilization of 
the complexes. 
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Chapter 12 

Monitoring Polyelectrolyte Mobility by Gel 
Electrophoresis 

Evangelia Arvanitidou, David Hoagland, and David Smisek 

Department of Polymer Science and Engineering, University 
of Massachusetts, Amherst, MA 01003 

Electrophoretic methods are applied to studies of probe chain motion in 
gels, exploiting free solution measurements of the same motion to 
isolate gel matrix effects. Trends observed for gels, particularly in 
relationships between mobility and chain length and between mobility 
and chain topology, support a three state entanglement depiction, each 
state characterized by its own chain transport mechanism. These 
include excluded volume (unentangled regime), entropie barriers 
(weakly entangled regime), and reptation (strongly entangled regime). 
Intermediate entanglement provides the best fractionation, and 
evidence is presented that spatial variations in chain entropy control 
motion whenever the probe size approximately matches the gel mesh 
spacing. The backbone charge density, potentially an uncontrolled 
variable for synthetic samples, is shown to exert negligible influence 
on the mobility of highly charged probe molecules. 

Gel electrophoresis has long been recognized as the method of choice for fractionating 
and analyzing mixtures of high molecular weight biological molecules (7). Despite 
the method's widespread acceptance, until recently only minor efforts had been made 
to develop a comprehensive understanding of electrophoretic transport mechanisms at 
the molecular level. Fundamental research was finally spurred in the early 80's with 
the discovery that pulsed field gel electrophoresis can fractionate enormous, 
chromosome-sized DNA chains (2). Fully exploiting pulsed field methods requires a 
sophisticated understanding of molecular transport in gel media, and the conspicuous 
lack of such understanding initiated a wave of research activity that continues 
unabated. Recognizing the richness and universality of electrophoretic transport 
mechanisms, and realizing that applications in the synthetic polymer field were 
notably lacking, we began a systematic study of the electrophoresis of model 
polymers about 5 years ago; these polymers serve as model materials in the sense that 
we select chemical structures that are well-suited for the testing of proposed transport 
mechanisms. In the absence of a basic molecular description for even the simplest 
electrophoretic techniques, we have focused our attentions on the least complicated 
cases: electrophoresis in homogeneous gels and solvents under steady, low applied 
fields. The present contribution will summarize our most recent findings in this area. 

0097-̂ 156/92y0480-0190$06.25/0 
© 1992 American Chemical Society 
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The term electrophoresis is used to describe the migration of a charged solute 
under the action of an electric field. At steady state, the driving force due to die electric 
field balances the drag exerted on the solute by the surrounding medium. The resulting 
steady motion is characterized by the electrophoretic mobility μ, defined as the ratio of 
the velocity u to the field strength E: 

In the low field limit, μ is independent of E. At higher fields, μ may vary with E, 
reflecting the potential of strong applied fields to alter solute friction. As a random 
coil polymer stretches and orients in the field direction with increasing E, for example, 
μ will rise since these processes reduce drag. Pulsed field electrophoretic methods 
rely entirely on the nonlinear nature of μ(Ε), with the nonlinearity greatly accentuated 
by the presence of a strongly confining gel. Operation in the nonlinear μ(Ε) range 
with steady fields, however, significantly reduces the sensitivity of mobility to solute 
structure. Our research program has thus been directed almost entirely toward 
experiments performed at very low applied fields (5 2 V/cm), incapable of perturbing 
equilibrium polymer structure and verified in each case to produce mobilities 
independent of E. The penalty for following this strategy is a lengthy run time (~ 2 
days) for high molecular weight samples (i.e., those with molecular weights above 
106). 

If a system is diluted in charged solute and Ε is small, μ can be related to the 
solute diffusion coefficient in the same environment, 

where D is the tracer diffusion coefficient, Q is the total solute charge, and Ν is the 
degree of polymerization; a prefactor involving the ionic strength and the density of 
ionic groups along the backbone has been neglected. Essentially the classical Einstein 
relationship for ion mobility, equation 2 is derived under the implicit assumption that 
long range intramolecular hydrodynamic interactions are the same for both diffusion 
and electrophoresis; in fact, long range hydrodynamic interactions are absent during 
electrophoresis of flexible macromolecules (reasons to be discussed later), so the 
proper diffusion coefficient for equation 2 is the one evaluated in the absence of 
hydrodynamic interactions (i.e., using the Rouse model). The information contained 
in μ is analogous, within a factor involving the charge density and ionic strength, to 
the information contained in D. Most importantly, this equation provides a means of 
relating the molecular weight dependences of μ and D. Therefore, electrophoresis 
provides a convenient means to study diffusion phenomena in a variety of 
environments ranging from gels to polymer solutions to porous media. 

Support media (gels) were originally introduced in electrophoretic methods to 
suppress convection currents arising from Joule heating. Investigators later 
recognized that the same media might also be responsible for electrophoretic 
separations based on molecular size. Agarose and poly(acrylamide) gels are the most 
common separation media, mainly because of their simple preparations and high 
mechanical strengths. Properly prepared gels contain few, if any, bound ionic 
groups; if such groups are present, solvent flow created by the electrical forces on 
mobile counterions can produce solute convection (i.e., electro-osmosis) greatiy in 
excess of solute motion by electrophoresis. Agarose possesses large pores (~10-100 
nm) (3,4) and is consequendy employed to study larger macromolecules such as DNA 
restriction fragments. Poly(acrylamide) gels, with smaller pores (5), are used for 
separating proteins and sequencing short DNA fragments. Agarose is a natural 
polysaccharide, isolated from red algae, with a low percentage of bound, negatively 
charged functional groups. Gelation occurs as aqueous solutions are cooled to room 

μ=ιι/Ε (D 

μ ~ DQ ~ DN (2) 
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192 POLYELECTROLYTE GELS 

temperature; the mean pore size, as well as the highly distributed pore size 
distribution, depends strongly on agarose concentration. Poly(acryiamide) gels are 
the product of polymerization of acryiamide in the presence of a multifunctional cross-
linker such as Ν,Ν'-methylene-bis-acrylamide. The gel network is formed at room 
temperature in the presence of the buffer solution selected for the electrophoresis 
experiment. Poly(acrylamide) gels are normally prepared at higher gel concentrations 
(3.0-20.0 wt. %) than agarose gels (0.1-4.0 wt. %). 

Many polymers routinely analyzed by gel electrophoresis can also be studied by 
aqueous size exclusion chromatography (SEC). Electrostatic exclusion from the pores 
of the support, coil expansion due to intramolecular electrostatic repulsion, and 
adsorption on support walls are a few of the difficulties that can make aqueous SEC 
less attractive than gel electrophoresis (6). Moreover, velocity gradients in the 
chromatography experiment create band-broadening effects not present in 
electrophoresis. The resolution of an electrophoretic separation can thus be much 
higher than one produced chromatographically; for example, 500 basepair DNA 
chains are routinely baseline resolved from 499 basepair DNA chains by 
electrophoresis in sequencing gels. Even under the most ideal circumstances, 
chromatographic methods for high molecular weight polymers are restricted to much 
lower resolutions (6,7). In fact, with synthetic polymers of molecular weight less 
than 10̂ , gel electrophoresis can theoretically provide discrete molecular weight 
distributions, i.e., with each degree of polymerization resolved into a separate band. 
Efforts to attain this unprecedented separation quality are currently being pursued for 
anionically polymerized poly(styrene) samples. The final advantage of electrophoresis 
is its molecular weight range; separations are obtained for molecules ranging in size 
from dimers to whole chromosomes with 10? repeat units. The negative features of 
the electrophoretic approach, as opposed to SEC, are the need for solute charge and 
solubility in a high dielectric constant solvent such as water. In some cases an 
inappropriate solute, such as the poly(styrene) just mentioned, can be readily modified 
to provide a charged analog with the original backbone structure and length. 

Numerous biopolymer applications of gel electrophoresis have been developed, 
with new methods reported regularly in journals such as Electrophoresis. The most 
common and perhaps most important applications are the molecular weight 
fractionation of proteins in poly(acrylamide) gels (8-10) and DNA fragments in 
agarose gels (11-13). Determination of the molecular weight distributions of synthetic 
polyelectrolytes by gel electrophoresis was first attempted by Chen and Morawetz 
(14). They described poly(acrylamide) gel electrophoresis of low molecular weight 
polys tyrene sulfonate) [PSS], adapting conventional protein sizing techniques. 
Recently, Smisek and Hoagland (75) discussed methods to measure PSS molecular 
weight in agarose gels, a procedure more akin to fractionation of large DNA 
fragments. In their initial studies with synthetic polymers, both groups demonstrated 
that by using monodisperse polyelectrolyte standards, a calibration curve could be 
developed between molecular weight and mobility. This curve, in conjunction with 
the measurement of the mobility of an unknown of the same chemical type, permitted 
determination of molecular weight and its distribution by comparison. This approach 
sidesteps the need for a molecular level understanding of the mechanism of molecular 
weight fractionation. Without a fuller understanding, however, further quantitative 
applications in the synthetic polymer field will remain problematical since only a 
handful of charged polymers with monodisperse standards are available. 

Although electrophoresis is simple to perform, many parameters are known to 
affect the mobility (gel concentration and type, ionic strength, electric field strength, 
chain stiffness). Our goal is to understand, at a molecular and pore size level, the 
influence of each parameter. The most novel feature of this work is the use of model 
synthetic polymers as the probe species. By using model solutes and gels, we attempt 
to focus directly on the mechanisms of electrophoresis. Efforts to develop satisfactory 
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model gels, however, have not been entirely successful; we believe that access to 
model gels (or alternative media) will eventually become a major research issue in the 
electrophoresis field. 

Experimental 

Electrophoresis in poly(acrylamide) gels is performed in a vertical apparatus using an 
Ephortec 500-V power supply operating at constant voltage. After each run, the gel is 
stained with a pH 4.0, 0.01 wt. % methylene blue solution for 15 minutes and 
destained with distilled water for several hours; stained bands are then scanned using 
an ISCO Model 1312 densitometer operated at 580 nm. Poly(acrylamide) gels are 
prepared from a 40% stock solution of acrylamide/bis-acrylamide (29:1 ratio) mixed 
with 25 ml TEMED, 600 μΐ of 10 wt % ammonium persulfate, 10 ml 0.01 M 
sodium phosphate dibasic buffer (1=0.03 M), and water. The volumes of water and of 
the aciylarmde/bis-acrylamide stock solution are varied to control gel concentration. 
Since polymerization of acrylamide is inhibited by oxygen, gels are poured between 
two 19.5 cm χ 21.5 cm glass plates. The gel thickness is dictated by rigid spacers 
inserted between the plates and is typically about 1.0 cm. Polymerized gels are 
allowed to solidify for 30 minutes at room temperature before use. Gel concentrations 
range from 3.0 to 7.0 wt. %. 

Agarose gels are prepared by dissolving FMC SeaKem agarose in a 0.01 M 
sodium phosphate dibasic buffer solution at a high temperature (95 C). After cooling, 
the solution is cast in a 15 cm χ 15 cm tray, and electrophoresis is performed in the 
horizontal mode (submarine cell from BioRad). Agarose concentrations vary from 
0.3 to 0.9 wt. %. The staining procedure is the same as for poly(acrylamide) gels; in 
a few cases, with DNA as the probe species, ethidium bromide is exchanged for 
methylene blue in the staining step, and DNA bands are recorded photographically 
over a UV transilluminator. Further experimental details on run procedures were 
presented in an earlier publication (75). 

Electrophoresis of PSS in the absence of gel, termed free solution 
electrophoresis, is performed with a Coulter Electronics DELSA electrophoretic light 
scattering apparatus. Samples are prepared at a series of concentrations spanning the 
dilute and semidilute regimes, and the true dilute solution mobility is obtained by 
extrapolating mobility data to zero polymer concentration. The DELSA instrument 
permits redundant scattering measurement at four angles using two crossed incident 
beams to create an optical grating at the scattering volume. The scattering volume is 
located at the stationary plane of the electrophoresis chamber to eliminate extraneous 
solute convection arising from electro-osmosis. The rate of motion of the charged 
solute is determined from the frequency spectrum of the fluctuating scattered light 
intensity; the fluctuation occurs as charged solute moves through the grating. Unless 
the same velocity is measured at all angles, the data are not reported here. At low 
molecular weight and/or at low ionic strength, the scattering contrast decreases and the 
mobility becomes unobtainable by this method. In a few cases, the free solution 
mobility has been verified by direct measurement on a dilute solution in a capillary 
electrophoresis apparatus (ISCO). 

A range of narrow molecular weight distribution PSS samples are available 
(4,000<Mw<2,000,000), either purchased from Pressure Chemical or prepared from 
monodisperse PS standards (Polysciences, Polymer Laboratories and Toyo Soda) 
according to Vink's (16) procedure. When Vink's procedure is applied, the starting 
poly(styrene) concentration must be well below the polymer's overlap concentration 
C to reduce or eliminate the fraction of cross-linked chains in the sulfonated product 
For electrophoresis, PSS is dissolved into the appropriate buffer at concentrations 
about 50 ppm, well below C* at all conditions and molecular weights; experience 
shows that overly concentrated samples (although still dilute when compared to C*) 
become obvious during staining, with the stained region for these samples extending 
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outside the borders of the sample lane and distorting the appearance of the band. 
DNA samples are purchased from BRL Life Technologies and studied under the same 
conditions as with PSS. 

Results and Discussion 

Free Solution Mobility. To discern the influence of the gel matrix on the 
mobility, an important control step is to explore the mobility in absence of a gel 
medium. In this case, assuming the field is low, the two most relevant variables are 
the probe molecular weight and the solvent ionic strength. The dependence of PSS 
mobility on these variables is plotted in Figures 1 and 2. A key result is immediately 
apparent, that with all other conditions fixed, the mobility in absence of gel is 
independent of molecular weight (or more accurately, of degree of polymerization N). 
This observation is in accord with many previous investigations (77-27), and a 
qualitative physical explanation has emerged in the literature (22). Superficially the 
molecular weight independence appears strange, since from equation 2 this result is 
consistent with D inversely proportional to chain length N, a dependence at odds with 
well-documented diffusion data for PSS and similar flexible coil polymers in aqueous 
solvents. The classical Rouse model predicts the necessary Ν dependence for D, of 
course, but only by neglect of intramolecular hydrodynamic interactions between 
distant chain segments. 

To rationalize this behavior, one must account properly for the dynamics of the 
counterions clustered around the charged chain backbone. In an electrophoresis 
experiment, the electrical forces exerted on solvent by these ions are equal and 
opposite to the forces exerted on solvent by the backbone-bound ionic groups; this 
balance is a consequence of the zero net charge of the polyelectrolyte and its 
surrounding counterion cloud. At short length scales, the electrical forces are not in 
balance, with the chain and its counterions dragged by the electric field in opposite 
directions. The Debye length κ - 1 (κ = [2e2I/ekTI1/2, where e is the electron charge, 
I is the solvent ionic strength, and ε is the solvent dielectric constant) provides the 
length scale over which the local excess of counterions decays to zero; this length also 
characterizes the distance over which the hydrodynamic forces induced by the electric 
field's action on the polymer backbone can be transmitted. Inter- and intramolecular 
hydrodynamic forces imparted by a backbone segment are "screened" from segments 
located at distances much greater than the Debye length, and consequently free 
solution electrophoresis becomes a problem in local polymer dynamics. In other 
words, at length scales greater than κ - 1 , the polymer coil is "free-draining," and the 
Rouse approach is indeed correct. Because a large flexible polyelectrolyte expands to 
keep distant segments statistically separated by distances greater than order κ - 1 

(thereby reducing electrostatic energy), screening by counterions in dilute solution is 
extremely efficient. Hydrodynamic friction at short length scales (less than the Debye 
length) does reflect the local segment geometry, which presumably is cylindrical. The 
interplay of forces described here is not specific to polyelectrolyte electrophoresis and 
has been well-documented in textbooks and papers that discuss electrophoresis of 
colloidal particles (23). 

Figure 2 demonstrates that the mobility of a flexible polyelectrolyte decreases 
sharply with increasing ionic strength. This behavior is again associated with the 
counterions, which are only weakly associated with the chain at low ionic strengths: 
the counterion cloud size scales linearly with κ - 1 . With an increase in ionic strength, 
the ion cloud compresses toward the backbone, and the electric forces acting on this 
cloud are more effectively transmitted by solvent to the chain. Since these forces are 
in the direction opposite to the forces acting directly on the chain, the chain mobility 
decreases as ions cluster more closely. Again, this effect is well documented in the 
electrophoresis literature for colloidal particles. 
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Figure 1. Chain length dependence of the free solution mobility for PSS; I is the 
ionic strength. 
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A comprehensive model of electrophoresis for a flexible coil polymer in free 
solution has apparendy not been formulated. The effects observed in Figures 1 and 2 
can be explained, at least qualitatively, by either the charged rod model of Henry (24) 
or the porous sphere model of Hermans and Fujita (25,26); both approaches 
tentatively predict the key trends just discussed, although certain parameters in the 
models are difficult to specify for a real system. Given the effective screening by 
counterions, which diminishes or even eliminates the role played by long range chain 
structure, the rod model appears sufficient Refinements and more complete analyses 
of electrophoresis in free solution have been presented by additional authors (2227-
30); the more recent work has dealt mostly with issues pertaining to nonlinear 
electrostatic fields and the so-called "relaxation" effect associated with distortion of the 
counter-ion cloud during motion in an electric field. The most complete treatment 
appears to be the one by Stigter (2829). 

The key finding of the free solution study is that the structural sensitivity 
observed for the mobility during electrophoresis in gels must arise from the 
interactions of the probe molecule with the matrix. If there are no enthalpic 
interactions between the gel and the probe (i.e., in the absence of adsorption), 
transport is entirely controlled by configurational and/or solvent flow phenomena 
associated with motion of the probe polymer through the gel's pore space. These 
latter phenomena depend strongly on probe chain structure, an issue that will be the 
main topic of the remaining discussion. There is no evidence for specific chemical 
interaction or adsorption for systems involving PSS or DNA in agarose or 
poly(acrylamide) gels. Attempts at electrophoresis of more hydrophobic 
polyelectrolytes such as poly(ethacrylic acid) and poly(methacrylic acid) have been 
unsuccessful due to the appearance of weak attractive forces between gel and probe. 
These forces can be inferred from the broad, asymmetric bands noted after 
electrophoresis of narrow distribution polymer fractions. In some cases, the samples 
appear unable to even penetrate the gel and are then deposited on the front solvent/gel 
interface, which is thereby distorted and even fractured. 
Electrophoresis in Gels, Chain Length Dependence. In the presence of a 
gel, the mobility of a flexible polyelectrolyte becomes strongly dependent on 
molecular weight. To simplify discussion, we will consider this dependence only at 
low applied fields and at high ionic strengths. The free solution conformation of PSS 
under these conditions is that of a relaxed flexible coil, with the radius of gyration R* 
expressible as a power law in the degree of polymerization N; for the buffers selected 
here, the power law or excluded volume exponent ν is about 0.55-0.58 (37), values 
characteristic of a flexible coil under good solvent conditions. Recent theoretical work 
(32) suggests the value of this excluded volume exponent is preserved within a 
random gel; experimental confirmation of this invariance, however, has not yet been 
obtained and remains a goal of current investigations by several groups. 

Figure 3 displays the molecular weight dependence of the mobility in a 0.6% 
agarose gel. (Molecular weight is expressed in terms of the degree of polymerization 
Ν since the degree of sulfonation is not known precisely for all samples.) The 
analogous data in a 7.0% poly(acrylamide) gel is given in Figure 4. Both figures 
indicate that as Ν increases, the mobility decreases, at first slowly and then more 
rapidly. As shown previously, these curves reflect at least three types of molecular 
transport that we have identified with unentangled, weakly entangled, and strongly 
entangled regimes; a geometrical depiction of these regimes is provided in Figure 5. 
The degree of entanglement is determined by the ratio of some characteristic polymer 
size (Rg, for example) to the mean gel mesh or pore size ξ. When this ratio is small, 
the prooe chain is unentangled; when the ratio is very large, the probe is strongly 
entangled; and finally, when the ratio is order 1, the probe is weakly entangled. 
Regime boundaries are obviously not sharp. Experimentally, the degree of 
entanglement can be modified in two equivalent ways, by varying molecular weight or 
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Figure 3. Ν dependence of PSS mobility in 0.6 wt. % agarose buffered with 
0.01 M sodium phosphate dibasic. (Adaptai from ref. 15.) 
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Figure 4. Ν dependence of PSS mobility in a 7.0 wt. % poly(acrylamide) gel 
buffered with 0.01 M sodium phosphate dibasic. 
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Radius R 

Weakly Entangled 

Strongly Entangled 

Figure 5. Depiction of the entanglement regimes for flexible chain transport in 
gels. The appropriate regime is determined by the ratio of polymer size R to mesh 
spacing ξ. 
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ionic strength (and thus changing polymer size) and by varying gel concentration (and 
thus changing ξ). 

If data from the unentangled regime are extrapolated to zero N, the free solution 
mobility μο is obtained, to within an error of perhaps +/- 5%. This agreement is to be 
expected, as a small enough chain will have little interaction with a dilute gel network. 
A simple way to clearly define the unentangled regime is to restrict attention to 
probe/gel environments for which the probe and gel interaction is localized to a single 
gel site. This interaction is thus easily modeled, using a selected obstacle geometry 
for the gel site and the known conformation of the probe chain. Motion through a 
dilute environment of obstacles is essentially an excluded volume problem if 
hydrodynamics are ignored; a brief discussion of the importance of these 
hydrodynamics will be made later. 

To quantitatively analyze behavior in the unentangled regime, we have modeled 
dilute gels as arrays of planar, cylindrical, or spherical obstacles and probe molecules 
as spheres, rods, or Gaussian chains (33); the appropriate geometries are displayed in 
Figure 6. Previous workers had used only the sphere depiction for the probe, and the 
behavior of this conformational model in an array of randomly oriented cylindrical 
obstacles is known as the Ogston model (34-36). This model, as well as all others 
that assume a rigid conformation for the probe, predicts that the mobility is a function 
of molecular size. The appropriate molecular size is not necessarily related to size 
measures such as the radius of gyration or the hydrodynamic radius (see refs. 
33,37,38). Figure 7 compares the dimensionless excluded volume Vex for a rod-like 
(length=L), spherical (radius=R), and Gaussian chain (radius of gyration=Rg) probe 
molecule near a cylinder of radius a. The mobility μ in a sufficiently dilute array of 
these cylinders can be written in terms of Vcx and die free solution mobility μο, 

μ/μο = 1-φν 6 χ (3) 

so long as the volume fraction φ of cylinders remains small. The differences among 
the curves in Figure 7, particularly the "glitch" in the Gaussian chain result, indicate 
that polymer conformation has a striking impact on μ for molecules of similar size. 
Rescaling the abscissa by definition of an "effective size" cannot superimpose the 
curves, indicating that the mobility is not interprétable through a universal size scaling. 
Finally, the mobility of a series of flexible chain molecules may not be monotonie in 
the radius of gyration, a result for which some experimental evidence exists (37). 

Although the unentangled regime is perhaps the easiest to model, the 
fractionation is not as strongly dependent on molecular structure as when the chain 
lengths are greater, this conclusion is immediately apparent from Figures 3 and 4. 
Skipping discussion of the weakly entangled regime for the moment, the chain length 
dependence of μ in the strongly entangled regime can be interpreted in terms of the 
reptation theory (39-41). With reptation, the gel matrix is regarded as providing 
sufficient lateral confinement that the probe chain advances (or recedes) only by 
motion at its ends. The diffusion coefficient under reptation follows the well known 
behavior D~N - 2 , so from equation 2 the mobility obeys μ-Ν" 1 (42,43). Figure 8 
shows that this chain length scaling is well obeyed; here we are using data for DNA in 
agarose, but the results for PSS in agarose or poly (acryiamide) are much the same. 
The predicted inverse chain length dependence for μ begins at Ν such that the gel 
mesh size is about 2Rg; the mesh size has been obtained from literature correlations 
based on electron microscope images of sectioned gels (3). At large N, it becomes 
extremely difficult to obtain low Ε data, inasmuch as fields of the order 1 V/cm can 
significantly deform these chains and thereby cause μ to depend on Ε (36, 44,45). 
Measurements may take several days if Ε independent data are desired; previous 
workers have seen the same Ν scaling for μ of long DNA chains under these 
conditions (46,47). 
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Figure 6. Gel and polymer models used to calculate the mobility for the 
unentangled transport regime. 
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Figure 7. The mutual excluded volume V e x between the different chain models 
presented in Figure 6 and the cylindrical gel site model. The excluded 
volume/cylindrical length has been made dimensionless with the cylinder cross-
sectional area. Reff is defined as (VTC/2)R; this definition superimposes the 
Gaussian chain and hard sphere results at lowVex- (Adapted from ref. 33.) 
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The Ν dependence of μ for PSS in an agarose gel, displayed in Figure 3, could 
be interpreted solely through a combination of the unentangled and strongly entangled 
transport regimes. Figure 4, which shows the analogous data for PSS in a 
poly(acrylamide) gel, clearly reveals an intermediate regime characterized by a 
stronger Ν dependence. Although the data on this figure are limited, the steepest 
region of Figure 4 corresponds to a power law relationship between μ and Ν with an 
exponent approaching -2.4, much greater than the terminal, reptation exponent of -1; 
use of a power law correlation is only for convenience since the slope is never 
constant across a wide range of N. This large intermediate exponent is incompatible 
with the two conventional transport mechanisms, excluded volume (unentangled) and 
reptation (strongly entangled), introduced earlier. We thus must consider a new 
mechanism, one operative over the approximate range 0.1<R^<2, where ξ is the 
gel's mean mesh spacing. Over this domain, the characteristic coil dimension is 
comparable to the pore spaces through which the probe molecule must past; 
intuitively, neither excluded volume nor reptation appears suitable to the description of 
this transport. Before discussing what this new transport mechanism might be, we 
will discuss an additional set of experiments in this entanglement regime that have 
greatly clarified our thoughts on this issue. 
Electrophoresis in Gels, Dependence on Chain Topology. A major 
distinction between excluded volume controlled transport and reptation is that the 
former fractionates molecules based on molecular size while the later fractionates 
molecules based on chain length. To uncouple these parameters, the topology of the 
probe chain must be altered. We thus have conducted an additional series of 
experiments with star PSS and circular DNA. Figure 9 shows the chain length 
dependence of the mobility of flexible linear and circular DNA in two gels, one at 
0.6% agarose and the second at 0.3% agarose (ionic strength 1=0.03 M). 
Surprisingly, the chain topology does not appear to affect mobility in the more dilute 
gel, at least not within the Ν range studied. In the more concentrated gel, this Ν 
independence persists to some critical molecular weight, and then the mobilities for the 
two topologies diverge. To understand these trends, we will initially consider how 
the circular chain topology affects polymer conformation. Here, a simple Gaussian 
chain analysis will suffice; the ratio of the squared radius of gyration of a long linear 
polymer is exactly twice that of a circular chain containing the same number of 
segments. Incorporating excluded volume and electrostatic interactions more properly 
will alter this ratio, but not appreciably. 

Applying a size perspective to die interpretation of the upper curve in Figure 9, 
we see that although the mobility has a sharp dependence on N, there is absolutely no 
dependence on molecular size. As a direct consequence of this finding, the relevant 
transport mechanism cannot be of the excluded volume type. At the same time, 
however, transport cannot be controlled by reptation since a circular molecule does not 
possess an "end." Next, examining linear and circular polymer data for the more 
concentrated gel, the divergence noted in the upper molecular weight region indicates 
that a circular molecule has a lower mobility than a linear molecule at equal N. Once 
again, this trend is inconsistent with excluded volume transport, as the smaller 
conformation is the one more retarded by the matrix. Perhaps a more useful 
comparison is to examine whether the linear polymer data across the high Ν regime 
agrees with the reptation prediction, μ~Ν _ 1 . In fact, this check has already been 
made, with the divergent linear polymer data at high Ν from Figure 9 being the same 
data previously presented in Figure 8. As Ν increases, separation between ring and 
linear chains only appears as Ν becomes large enough for the onset of reptation for the 
linear chains. Figures 8 and 9 show that the onset of reptation with increasing Ν 
apparently occurs over a fairly narrow range of Ν and that a broad region of highly Ν 
dependent mobility exists for less entangled chains. 

Although not discussed here, the corresponding data for star polymers shows 
the same trends (48); most importantly, the mobility is independent of topology across 
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Figure 8. Ν dependence of DNA mobility, at large N, in a 0.6 wt. % agarose gel. 
The data are consistent with Ν scaling predicted by the reptation model. 
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Figure 9. Comparison between the mobility of linear and circular DNA chains at 
two different agarose gel concentrations; the circular molecules have been made 
flexible by treatment with topoisomerase. The ionic strength is 0.03 M. (Adapted 
from ref. 48.) 
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a broad N range spanning 0.1<Rĝ <2. At larger Ν, where linear polymer behavior is 
consistent with transport by reptation, linear chains possess greater μ than star 
polymers at equal N. Results were obtained for flexible PSS star polymers 
possessing from 3 to 12 arms (3<f<12) and N/f (=Narm) varying by an order of 
magnitude (540<Narm<5000). 
Electrophoresis in Gels, Molecular Mechanism in the Weakly Entangled 
Regime. Transport in the two limiting entanglement environments appears well 
described by conventional theories, but a novel form of molecular transport must exist 
for intermediate entanglements where the polymer coil size approximately matches the 
gel mesh spacing. A successful description of this weakly entangled regime must 
account for the two preceeding observations: (i) the mobility is insensitive to chain 
topology and (ii) the mobility may depend on Ν more strongly than in either of the 
two bounding entanglement regimes. To our knowledge, only one model from the 
literature (32t49£0) can account for both (i) and (ii). This model, termed "entropie 
barriers" transport, was first formulated to explain die results of a molecular dynamics 
simulation of linear chain diffusion in random porous media. The basic idea of 
entropie barriers transport is that a real gel presents a highly inhomogeneous 
environment to a translating flexible molecule. To maximize configurational entropy 
and thereby minimize free energy, the molecule resides predominantly in the more 
open "voids" of the gel matrix. To achieve bulk motion, molecules must occasionally 
pass over "botdenecks" that are comprised of the more highly confining regions of the 
matrix. At any given center-of-mass position, the chain possesses an entropy that can 
be calculated by counting all the equally accessible configurations. The gel thus 
appears to the chain as a three dimensional entropy or free energy surface; the chain 
occupies different locations on this surface according to the Boltzmann statistics 
dictated by the chain's local free energy. Under Brownian motion and the weak 
applied field, the chain will sporadically pass over entropie barriers, following a route 
marginally biased in the direction of the field; the rate of barrier passage will depend 
on the height and width of each barrier, which can be assessed by calculating the 
confinement entropy difference at each bottleneck position relative to the adjacent 
void. A crude depiction of this motion as well as the associated entropy and free 
energy functions are given in Figure 10. 

Entropie barriers transport differs significandy from either of the alternative 
transport mechanisms discussed earlier. In contrast to the models rooted in molecular 
size, this new transport is regulated by confinement entropy. This result appears 
physically reasonable since the motion of a polymer through a highly confining 
network of bottlenecks (Rg'-ξ) is principally governed by the configurational 
Brownian fluctuations that permit motion through small bottlenecks, not by the 
translational Brownian fluctuations that allow motion of the undistorted molecule 
through some fraction of sufficiently large bottlenecks. In essence, this model 
assumes the configurational entropy of a flexible chain dominates over the 
translational entropy when confinement is great. In the unentangled regime at lower 
confinement, the two entropies become indistinguishable. For rigid molecules, on the 
other hand, which possess only orientational and translational entropy, motion is 
dictated by the probability of proper molecular orientation to pass botdenecks. Here, 
for a set of molecules of similar shape, motion is dictated by molecular size. Different 
molecular shapes can be directly compared via an effective molecular size parameter 
that is defined in a way dependent on the local structure of the matrix (37). There is 
no weakly entangled regime for rigid molecules. 

Comparing entropie barriers motion to reptation, the key difference is that 
reptation assumes that a flexible chain molecule possesses the same configurational 
entropy irrespective of its location; in reptation there is no obvious thermodynamic 
driving force behind chain motion. Reptation can only be achieved in a heterogeneous 
gel when the probe chain is sufficiently large compared to fluctuations in the gel 
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Free Energy 

> 
Center of Mass Position 

Figure 10. Pictorial representation of a typical void and bottleneck structure. For 
this configuration, the probe chain must be transported through the bottieneck 
before emerging at the second void. Corresponding changes in the confinement 
entropy and free energy for this process are shown below as functions of the 
probe's center of mass position. 
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environment Using the experimental data presented here, this condition apparently 
occurs only when R g exceeds about 2ξ. 

Constructing a quantitative theory for entropie barriers transport appears 
problematical, inasmuch as the detailed features of both the probe chain and the matrix 
must be stipulated at the onset. For the present purposes, we need only explain how 
model predictions are consistent with the two striking experimental trends reported 
earlier for transport in the weakly entangled regime. The key variable is the probe 
confinement entropy, and as far as model predictions are concerned, this entropy must 
be known as a function of position within the gel. Since the model is rooted in 
thermodynamics, the specific mechanistic details of how a chain actually finds its way 
through constrictions is irrelevant It would appear from the present data that in the 
strongly confined regime, such mechanistic details are indeed necessary to analyze 
chain motion. 

To develop the model predictions, we employ a particularly simple geometrical 
model for a single constriction within the matrix; a real gel can then be regarded as an 
array of these constrictions. Following Figure 11, we analyze the motion of a flexible 
polymer through a narrow slit ( H « R g ) of sufficient length to readily contain the 
entire probe chain ( G » R g ) . The open half spaces on each side of the slit represent 
open voids within the gel matrix. As shown by Guillot (57), the rate of passage of a 
flexible probe molecule through such a barrier is proportional to the local partition 
coefficient Kp, which can be written for a dilute solution 

Kp = e'AGcon/kT _ eASCon/k (4) 

where AGCon and ASCon> the free energy and entropy of confinement of a single 
chain, represent the difference in these thermodynamic quantities between the slit and 
the fiée spaces on either side. In a real gel, the entire probe molecule will likely not fit 
entirely within most constrictions which will be too short to contain the whole chain. 
As shown earlier (22), the key thermodynamic quantities in this case are those 
associated with the transfer of all segments from a void into an adjacent bottleneck. 
Therefore, partial confinement within a finite length slit has no role in the application 
of equation 4 to the geometry of Figure 11. 

The confinement entropies of linear and topologically complex flexible chains 
within a slit have been calculated by previous investigators (38J2J3), and this 
subject is extensively discussed from the standpoint of scaling theories in the text by 
de Gennes (54). Basically, a confined flexible molecule can be modeled as a necklace 
of blobs, each of diameter H and behaving as a hard sphere. Within a blob, the chain 
obeys the normal conformational statistics associated with a linear chain in free 
solution. Communication between blobs, however, is strongly suppressed because of 
confinement. Only when two blobs come into direct contact is there any 
communication. Thus, thermodynamic properties associated with chain confinement 
become linear functions of the number of blobs required to represent the chain 
structure. For a large enough chain, this number is linear in the degree of 
polymerization N. Stated more simply, when a trapped polymer is very large 
compared to the dimension of its local space, a small chain subsection of coil size H 
does not know how the chain is globally assembled. Although this argument follows 
a scaling approach, quantitative calculations which support this picture are readily 
performed for Gaussian chains in the slit geometry. Analytical calculations in more 
complex confinement geometries appear a formidable challenge. 

Once the confinement entropy is recognized as an extensive property, i.e., linear 
in N, the apparently anomalous chain length and topological independence of the 
mobility are easily understood. With AScon linear in N, the rate of passage through a 
single slit is exponential in N; it then follows that the mobility through a series of these 
slits, perhaps the simplest model for a gel, is also exponential in N. In a log-log 
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format, this exponential dependence produces what appears to be N-dependent scaling 
exponents for μ, with the exponent increasing as Ν increases. The transition to 
reptation at large N, unfortunately, is not readily incorporated within this framework, 
and prediction of the terminal crossover remains an outstanding research question. In 
a more complex confinement geometry than the simple slit when multiple length scales 
are important in the description of matrix structure, the exact functional dependence of 
μ(Ν) may not be a simple exponential. The entropie barriers mechanism, however, 
should still be operative across some intermediate entanglement range where the gel 
possesses spatial heterogeneity at lengths scales comparable to the flexible probe size. 

The same argument readily applies to the topological independence of μ; if the 
confinement entropy is explicitly linear in N, chain topology is irrelevant. Even after 
the chain length becomes large enough that reptation dominates for linear chains, the 
smaller star and circular conformations remain in the weakly entangled regime, with 
mobilities that remain lower than those of the equivalent linear chains. As their sizes 
increase further, however, transitions to new transport mechanisms are expected for 
topologically complex molecules (55); measurements corresponding to these new 
regimes have not yet been performed. 

The Ν dependence of D in the weakly and strongly entangled regimes is 
expected to track that of μ, according to the relationship expressed in equation 2. This 
agreement supposes that intramolecular hydrodynamic interactions are strongly 
suppressed within the gel, causing both diffusion and electrophoresis phenomena to 
obey free-draining theories. Efficient screening of intermolecular hydrodynamic 
interactions by the surrounding matrix obviously requires that the matrix be of 
sufficient density, and the precise point of crossover to free-draining behavior with 
matrix density has yet to be calculated. Data has recently been reported for large 
apparent Ν exponents for D in probe chain/gel systems similar to the ones discussed 
here (56-58). These results suggest that at least some screening occurs prior to the 
onset of reptation. At this stage, the mobility data is somewhat more complete 
because of the ease of the electrophoresis experiment compared to diffusion 
experiments, particularly for large probe molecules. A variety of simulation 
techniques are also being developed to analyze diffusion and electrophoresis problems 
in different gel structures. One important simulation result is that the entropie barriers 
mechanism is absent when the gel matrix is periodic and possesses no heterogeneity at 
the length scale of the probe molecule (32). Experimental verification of this 
prediction waits upon the availability of a gel system with periodically placed 
constrictions. 
Electrophoresis in Gels, Role of Chain Charge Density. Variations of the 
charge density within a chain population have been ignored to this point, and it has 
implicitly been assumed that μ is a function only of chain length N, at fixed ionic 
strength I and field strength E. Intuitively, one expects that if two chains possess 
equal length but different total charge Q, μ for the more highly charged chain would 
be greatest. If this suggestion were correct, interpretation of mobility data for 
synthetic samples would be difficult, inasmuch as synthetically produced 
polyelectrolytes inevitably exhibit poorly characterized, but often appreciable, 
polydispersity in charge density. Natural polymers, on the other hand, are either 
uniform in native charge density (DNA) or readily modified to produce a structure 
with uniform charge density (SDS-protein complexes). 

To assess the significance of charge density variation, we have prepared a series 
of hydrolyzed poly(acrylamide)s from a single unhydrolyzed poly(acrylamide) parent 
of weight average molecular weight 720,000. Increasing levels of hydrolysis raise the 
density of carboxyl groups but leave the chain length unchanged; when the hydrolysis 
occurs under basic conditions, as was done here, the charge is believed to be 
uniformly distributed along the backbone. These samples remain water-soluble at all 
degrees of hydrolysis, but significant conformational rearrangements are probable as 
the charge density is increased, all other conditions held fixed. To prevent these 
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conformational changes from hindering data interpretation, electrophoresis 
experiments are performed only in the weakly and strongly entangled regimes, where 
conformational variations are not likely to substantially perturb the mobility. Finally, 
to assure that carboxyl groups are equally ionized across the set of samples, the 
solvent for the electrophoresis experiment is adjusted to pH 7.5. 

Figure 12 shows how the degree of hydrolysis affects the mobility in a 0.6% 
agarose gel with I = 0.03 M [tris(hydroxymethyl)aminomethane buffer]. At low 
charge densities, a strong dependence on charge density is apparent, but above 30-
40% substitution, μ becomes independent of this variable. The practical 
consequences of these results are that the electrophoretic mobilities of highly charged 
polyelectrolytes - those with charge approaching magnitude e per repeat unit - are 
insensitive to small variations in the actual charge density. When the charge group 
substitution falls below 30-40%, on the other hand, uncoupling of the chain length 
and charge density effects in the mobility will be difficult. The PSS samples 
employed throughout experiments discussed in the previous sections are all 
characterized by sulfonation of at least 85% of the styrenic repeat units; the mobility 
appears completely insensitive to the slight variations in the sulfonation level (+/-10%) 
that have been detected by C 1 3 NMR measurements. The trends revealed in Figure 12 
are consistent with the phenomenon known as "counterion condensation" (59,60). A 
more complete discussion of experimental results, as well as theories for the 
functional dependence of μ on charge density, will be presented in a later publication. 
A quantitative experimental study of these effects in the context of the free solution 
mobility can be found in a contribution by Whidock (21). 

Conclusions 

This study was initiated by a need to more completely understand electrophoretic 
transport mechanisms if enhancements to the quality and scope of the method were to 
be implemented for synthetic polymers. The most significant result is there are at least 
three distinct transport mechanisms at low field associated with the unentangled, 
weakly entangled, and strongly entangled regimes. We have speculated that each 
form of transport arises solely from configurational effects, with the appropriate 
transport mechanism dictated by the ratio of the polymer size to the gel's mesh 
spacing. Although no unequivocal proof can be offered here, there is no compelling 
reason to evaluate explicidy the hydrodynamics associated with this transport. The 
conventional models, such as excluded volume transport (the Ogston model) and 
reptation, also ignore or circumvent hydrodynamic analysis. In all cases, structure-
sensitive separations are postulated to arise from configurational effects, and the 
hydrodynamics are lumped into a segmental friction coefficient which is inversely 
proportional to the mobility. Following equation 2, this friction coefficient can 
depend on the density of charge, the ionic strength, and (probably) the cross-sectional 
dimension of the chain backbone. 

This neglect of hydrodynamic detail is supported by the present data, with the 
free solution mobility independent of chain length and the mobility across the weakly 
entangled regime independent of topology. It is difficult to envisage a realistic, solely 
hydrodynamic model which would display these behaviors because correspondence 
with the data would then imply that hydrodynamic interaction of the chain with the 
matrix sites must correlate with Ν independent of chain structure, which appears 
physically implausible. Although weak probe/matrix hydrodynamic interactions must 
occur, especially in more dilute gels, we believe these interactions are too weak to be 
isolated from the strong, approximately exponential Ν dependence that arises from 
configurational effects that dominate across the unentangled and weakly entangled 
regimes. In the strongly entangled regime, we are certain that the matrix totally 
screens long range intramolecular hydrodynamic interactions. 
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4 

Figure 11. Simple geometrical model for a bottleneck connecting two large voids. 
The channel is much longer and wider than the chain, but its height is much less. 
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Figure 12. Mobility of hydrolyzed poly(acylamide) as a function of the degree of 
base-catalyzed hydrolysis for a 0.6 wt % agarose gel at I = 0.03 M. 

Electrophoretic measurements are rather simple to perform, and all the 
measurements reported here were conducted on equipment that can be assembled for 
less than $2,000. Given the connection between diffusion coefficient and mobility, 
strong incentives exist to study probe diffusion using electrophoretic methods. The 
connection between diffusion coefficient and mobility, however, will be strengthened 
when duplicate measurements are performed on a single probe/gel system. Such 
measurements will better pinpoint when the matrix is fully capable of screening 
intrachain hydrodynamic interactions in the diffusion experiment. Our speculation is 
that the screening becomes highly efficient even as the matrix density increases within 
the unentangled regime. Thus, the diffusion coefficient and mobility information are 
presumed to reflect the same physics. If this speculation is incorrect, still another 
regime transition is expected as the gel's mesh size is decreased. 
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Provided that both a sharp molecular weight fractionation is established and that 
the mobility is insensitive to charge density, gel electrophoresis can readily be 
employed for empirical molecular weight measurement of unknown samples using 
analytical standards for calibration. In fact, within our own laboratory we routinely 
measure poly(styrene) molecular weights by performing electrophoresis on the 
sulfonated analogs. In this way, we can sometimes measure polydispersities for 
anionically polymerized samples at the level 1.01 +/- 0.005; the same separation 
quality extends from the smallest to the highest molecular weight PSS samples 
examined (2xl03 < molecular weight < 2x1ο 7). The resolution is better than with 
SEC, and die experimental procedures are more easily conducted. Applications to 
additional polyelectrolyte species await the rather straightforward development of 
more general band staining procedures and a better understanding of the polymer/gel 
binding problem. Also, there is not yet an adequate theory for predicting die 
segmental friction coefficient associated with electrophoresis, so die calibration 
standards must be of the same polymer species as the unknown. Although not 
presented here, the list of synthetic polymer types we have examined, sometimes only 
qualitatively, now contains 10 entries. Even in the absence of appropriate standards, 
useful general information is normally discernable by evaluating the relative locations 
of stained bands by eye. Most of our current efforts are directed toward development 
of improved gel matrices to optimize the separation quality and further expand this list. 
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Chapter 13 

Moving Ion Exchange Fronts 
in Polyelectrolyte Gels 

Stevin H. Gehrke1, Gaurav Agrawal2,3, and Ming-Chien Yang1,4 

1Department of Chemical Engineering, University of Cincinnati, 
Cincinnati, OH 45221-0171 

2Department of Materials Science and Engineering, University 
of Cincinnati, Cincinnati, OH 45221-0012 

The classic shrinking core model can be used to correlate the movement 
of a sharp front that develops when poly(acrylamide-co-sodium 
methacrylate) gels equilibrated at pH 4 are immersed in 0.010 Ν 
aqueous sodium hydroxide. At this front, observable as a sharp 
refractive index gradient, the gel is converted from the nonionic 
hydrogen form to the ionized sodium form as the hydroxide reacts with 
the carboxylic acid proton. The boundary film mass transfer 
coefficients and the diffusion coefficients obtained from a least squares 
fit of the model to the data are physically reasonable. However, the 
diffusion coefficients obtained are significantly less than independently 
estimated values. 

In many applications of polyelectrolyte gels, the gels are converted from one ionic form 
to another during use; in other words, ion exchange occurs. The rate at which this 
exchange occurs is often critical to the success of the application. In most cases, the 
mechanism of ion exchange must be inferred by measurement of changes in the bulk 
solution surrounding the gel. However, an optically sharp front can develop within the 
polyelectrolyte gel. Ion exchange occurs at this front, so measurement of the rate at 
which the front advances toward the center of the gel allows a means of studying ion 
exchange kinetics by observing changes within the gel itself rather than in the solution. 

In this chapter, applications for polyelectrolyte gels are briefly reviewed with an 
emphasis upon gels which respond to changes in their environment. The development 
of moving ion exchange fronts within gels is explained and past work on the 
measurement and modeling of this phenomenon in ion exchange resins is reviewed. 
Then a shrinking core model is developed and applied to a pH-responsive poly
electrolyte gel. The success of this model in describing the movement of ion exchange 
fronts is evaluated. 
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212 POLYELECTROLYTE GELS 

Applications of Ion Exchange Resins and Polyelectrolyte Gels 

The difference between a polyelectrolyte gel and an ion exchange resin is primarily a 
difference in terminology. However, ion exchange resins generally have high 
exchange capacities and are rather rigid, polymer-dense materials whose volumes do 
not change significandy as a result of the ion exchange. In contrast, polyelectrolyte 
gels may have rather low concentrations of ionogenic (ionizable) groups and are usually 
highly compressible materials that swell and shrink substantially during ion exchange. 

Ion exchange resins have a long history of diverse technological application, 
especially for water treatment and purification (7). These resins can be effectively used 
to recover dilute metal ions from solution as well as separate complex mixtures of high 
molecular weight species like proteins (2). Ion exchange resins can also be loaded with 
doses of ionic drugs; taken internally, the resins release the drugs in a controlled 
fashion (J). The most common ion exchange resins are derivatized styrene-
divinylbenzene copolymers; however, ion exchange resins are made from many 
different polymers. 

Covalently crosslinked polyacrylamide copolymer gels are the subjects of this 
report. Polyacrylamide gels are important chromatographic supports, especially for gel 
filtration chromatography, and are also the separation media most commonly used for 
gel electrophoresis. The inclusion of ionizable comonomers like acrylic acid or sodium 
methacrylate in the gel formulation makes the gel a polyelectrolyte; hydrolysis of 
polyacrylamide gel in base will also create a polyelectrolyte gel. Ionizable 
polyacrylamide gels have been widely studied due to the large changes in their swelling 
degrees as a function of solution composition. These gels are highly swollen at high 
pH values due to the osmotic swelling pressure of the counterions associated with the 
ionized acidic groups, but have much reduced swelling degrees at low pH values where 
the acidic groups are in the unionized hydrogen form. This change in swollen volume 
from a highly swollen state to a much less swollen state has been shown to occur 
abruptly with infinitesimal changes in acetone concentration in solution or electric field. 
Such a volume transition has been identified as a phase transition. 

Applications of Responsive Polyelectrolyte Gels. Polymer gels whose 
properties, most notably their solvent-swollen volumes, respond to specific 
environmental stimuli have been termed "actuated," "stimuli-sensitive" and 
"responsive" gels. Most of these gels are polyelectrolytes. The stimuli which have 
been demonstrated to induce these changes in the gel properties are startlingly diverse, 
and include pH, ionic strength, electric field, solvent composition, light intensity, 
pressure and temperature. Perhaps no other class of materials can be made to respond 
to so many different signals. The properties which can change reversibly include: 

• swelling degree (ratio of swollen to dry mass) - from less than 1.2 to over 100; 
• sweUing/shririking kinetics - time constants less than Is to over lO ŝ; 
• solute permeability - impermeable to highly permeable; 
• clarity - completely opaque to completely transparent; 
• mechanical properties - stiff to flexible. 

These changes can occur gradually over a broad range of stimulus values or 
suddenly and discontinuously at a specific stimulus level. 

The unique properties of responsive gels have resulted in substantial applications 
research, especially since the early 1980's. However, research in the field of 
responsive polymer gels was initiated in 1949 by Katchalsky (4). He investigated 
aqueous solutions of polymeric acids and found that the chains could be made to 
reversibly stretch and contract with a change in the degree of ionization of the polymer. 
These polymers were then crosslinked to form a three-dimensional network or gel 
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13. GEHRKE ET AL. Moving Ion Exchange Fronts 213 

which reversibly swelled and deswelled in response to pH. He and his coworkers 
designed a number of elegant machines which were driven by changes in pH and ionic 
strength (5,6). 

The responsive gel applications being developed today can be loosely grouped as 
mechanical devices, controlled solute delivery devices, and chemical separation 
mechanisms. As mechanical devices, Suzuki and Tatara have both determined that the 
generated power density of gel actuators is on the order of 0.1 W/cm^, about that of 
skeletal muscles (7,8). Urry et al. measured a responsive gel made of an ionizable 
polypentapeptide to pick up weights 1000 times its dry weight (9). Shiga et al. recendy 
published an interesting demonstration of the potential for responsive gels, showing 
that an electrically responsive polyelectrolyte gel can lift and carry a quail's egg (10). 
De Rossi and coworkers have mathematically modeled the dimensional changes of 
electrically responsive polyelectrolyte gels (11-13). Osada et al. described the use of 
polyelectrolyte gels as switching devices based on the repetitive oscillations of electric 
current in the gels when a constant electrical potential was applied (14,15). In addition, 
since a similar phenomenon is observed in the electric response of human nerves, these 
gels might be used as artificial nerves. 

However, the most active area of application development for responsive gels is in 
the area of controlled delivery of solutes, especially of drugs to the body. The 
possibilities in this area have recendy been reviewed by Gehrke and Lee, Hoffman, and 
Urry (16-18). These devices can function in several different ways. In response to an 
appropriate stimulus, gels can be used to expand like a piston to pump drug from a 
reservoir (79), contract around a reservoir, squeezing solution from it (17,18), or alter 
the permeability of a gel membrane, turning drug release on and off (1720). Many 
different types of systems have been proposed to do these things; see, for example, the 
work by the research groups of Hoffman, Horbett, Kim, Ratner or Siegel (21-32). 

The controllable permeability variations of responsive gels has also been used to 
achieve a variety of size- or charge-selective separations. For example, Gehrke et al. 
have used pH-sensitive gels to concentrate solutions of macromolecules and ionic 
solutes, and temperature sensitive gels to dewater coal slurries (33 J4). This process, 
originally proposed by Cussler et al. (35), has also been used by other groups for 
dewatering various sludges and slurries (36). Osada's (37-39) group has developed 
chemical valves to control the permeability of water and macromolecules through 
electrically responsive membranes, as has Grodzinsky's group (40-41). 

Most of the applications proposed for responsive hydrogels depend critically upon 
the kinetics of the volume change. The rate limiting steps for the kinetics could be 
either the stimulus rate itself or the rate of network response. Gehrke and Cussler 
showed that swelling kinetics are often limited by ion exchange rates, but that shrinking 
tends to be dominated by the network response rate (42). Grimshaw et al. have 
developed an elegant model for treating the kinetics of electrically and pH-responsive 
gels, which quantified such observations. Network response-limited volume change 
can be characterized using either the equations of motion (43) or Fick's law (42,44), 
except when the phase transition is crossed, where certain regular deviations from these 
theories are observed. According to Akhtar and Gehrke, the rate of network response 
depends primarily upon the concentration of polymer in the network; this dependence 
has been interpreted using scaling concepts developed originally for polymer solutions 
(44,45). However, research groups have recently reported that gels of a 
heterogeneous, microporous structure may shrink and swell in response to changes in 
temperature roughly 1000 times faster than did previously reported homogeneous gels 
(46-49). It appears that an interconnected porous structure which allows water to be 
expelled from the pores by a convective process rather than a diffusive one results in 
this enhanced response rate. The response rate of polyelectrolyte gels made by these 
techniques would likely be limited by ion exchange kinetics. 
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Kinetics of Ion Exchange in Polyelectrolyte Gels 

Since the ion exchange reactions are very fast, the rate limiting steps of ion exchange 
are generally either mass transfer of ions through the boundary film surrounding the gel 
particle or diffusion of the ions within the gel particle. Intraparticle diffusion tends to 
be rate-limiting for gels with low degrees of swelling and low capacity contacted with 
well-stirred, concentrated solutions. In contrast, film diffusion tends to be rate-limiting 
for small diameter particles of highly swollen, high capacity gels contacted with 
unstirred, dilute solutions. The polyelectrolyte gels studied here are highly swollen, of 
low capacity, large size, contacted with unstirred solutions of intermediate 
concentration. Such conditions are likely to be representative of a number of 
polyelectrolyte gel drug delivery systems. In oral drug delivery using polyelectrolyte 
gels, for example, stirring is likely to be minimal so that significant film-limited effects 
may arise. Such conditions may also persist in systems where polyelectrolyte gels are 
expected to function as mechano-chemical actuators, swelling and shrinking in 
response to small changes in their environmental pH. Thus, both film and particle 
diffusion are expected to influence the rate of ion exchange in a variety of 
polyelectrolyte gel systems. 

The type and concentration of fixed ionogenic groups are generally the most 
important properties of polyelectrolyte gels, regardless of application. For ion 
exchange resins, these groups determine the nature and number of ions captured and 
also the types of ions excluded from the gel by the Donnan effect (1). For ion-
exchange chug delivery systems, the groups determine the drug dosage and release 
conditions (3). For pH-sensitive gels, the groups determine the shape of the swelling 
degree vs. pH curve. For all of the different applications of polyelectrolyte gels, the 
rate at which ion exchange occurs will influence and sometimes determine the 
effectiveness of the gels. Most of the kinetic studies on ion exchange systems focus on 
the rate of ion uptake or release measured in terms of concentration changes in the 
external solution, since it is difficult to determine the concentration profiles within the 
gel as a function of time. However, for certain types of ion exchange resins or gels, a 
sharp front develops that can be observed to move toward the center of the gel as the 
ion exchange process takes place. This boundary indicates a region of a sudden 
concentration change, as it separates an inner core containing the counterion (that is, the 
ion with a charge opposite of the fixed gel groups) present within the gel at time zero, 
from an outer shell containing the exchanged ion which originated from the solution. 
Thus, the measurement and modeling of the rate of movement of these fronts provides 
a means of testing ion exchange kinetic theory that focuses upon the interior of the gel 
rather than upon changes in the bulk solution. In the next section the reasons for the 
development of moving fronts in certain ion exchange systems are examined 
qualitatively; later, a mathematical model is developed to describe their motion. This 
chapter concludes with experimental verification of the model for responsive 
polyelectrolyte gels, in which such fronts had not been previously observed or 
modeled. 

Development of Moving Ion Exchange Fronts. Conventional ion exchange 
processes simply involve the displacement of one counterion associated with an 
ionogenic group in the gel with a different counterion. A common example is the 
exchange of Na + and C a + + in water softeners. However, some ion exchange 
processes involve the consumption of counterions in a chemical reaction. Helfferich 
has shown that such reactive ion exchange systems behave quite differently from 
systems in which all counterions maintain their identity (50-52). 

There are four basic ion exchange reaction types, with examples of each given in 
Figure 1: 
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13. GEHRKE ET AL. Moving Ion Exchange Fronts 215 

1) Type 0 is the conventional ion exchange process, where all ions maintain their 
identities - the counterion originally in the solution simply trades places with the 
counterion originally on the gel. There are two possible ion exchange rate-
limiting steps in this system: diffusion of the ions within the gel ("particle 
diffusion") and diffusion of the ions across die boundary layer of unstirred 
solution surrounding the gel ("film diffusion"). 

2) The Type I ion exchange reaction consumes a freely diffusible counterion from 
within the ion exchange gel. For example, this situation occurs when a gel with 
strongly acidic ionogenic groups is immersed in a basic solution. In such 
strong-acid gels, the protons are not strongly associated with the acidic groups 
and thus the gel is ionized even before the protons are consumed upon reaction 
with the base. As in ordinary Type 0 ion exchange, this exchange can be either 
film or particle diffusion controlled. 

3) Type II differs from ordinary ion exchange (Type 0) in that the H + counterion 
from the solution associates strongly with the ionic gel group, neutralizing its 
charge. This is the case when weakly acidic gels in the ionized form (e.g., 
sodium form) are immersed in an acid bath. For pH-sensitive responsive gels, 
Type II exchange corresponds to the shrinking process. Usually only particle 
diffusion is expected for Type II ion exchange systems. A moving boundary 
can develop in this system, as described below. 

4) Type ΠΙ ion exchange consumes the counterion released from the gel, as in 
Type I, but differs in that the counterions initially associated with the gel are 
bound with the gel's ionic groups. Thus the gel is virtually uncharged prior to 
the ion exchange reaction, unlike the initially ionized Type I systems. This 
behavior is seen for initially unionized (hydrogen form), weakly acidic gels 
immersed in a basic solution. For pH-sensitive responsive gels, Type ΙΠ 
exchange corresponds to the swelling process. Type III shows different 
mechanisms of particle diffusion, depending upon the solution composition. At 
high counterion concentrations a moving boundary can develop. Film diffusion 
usually is not rate-limiting in Type III ion exchange systems, but it would be 
similar to Type I film diffusion. 
Let us examine the reasons for the development of moving fronts in Type II ion 

exchange systems and at high counterion concentrations in Type III systems. For 
weakly acidic polyelectrolyte gels, Type II ion exchange occurs when the highly-
swollen ionized (e.g., sodium form) gel is immersed in acid, neutralizing the gel and 
causing it to shrink. However, the reverse of this process, immersion of die unionized 
hydrogen from of the gel in a basic solution, is Type ΙΠ ion exchange. 

The process involved in Type II ion exchange is shown in Figure 2. As H + enters 
the gel, it quickly associates with the weak-acid (e.g., carboxylic) groups, eliminating 
their charge. This association results in the development of a nonionic shell 
surrounding an ionized core. Development of the nonionic shell helps speed up the 
process, since H + and CI" (or other anion) can diffuse into the nonionic shell together 
and up to the reaction front. In contrast, in Type 0 ion exchange, the coion (here, CI") 
is largely excluded from the gel due to the Donnan potential, so counterions can enter 
the particle only as quickly as others leave. Despite this increased rate of intraparticle 
diffusion, rate limitation by the boundary film is unlikely, simply because the diffusion 
of the acid in the fdm will still be faster than diffusion of the acid in the gel (in a sense, 
the unionized shell is an extension of the boundary film). Most particle diffusion 
processes are independent of solution concentration since the ion concentration at the 
gel surface is equal to the equilibrium ion capacity, regardless of the solution 
concentration. Then the driving force for the flux within the gel - the concentration 
difference between the surface and the center of the gel - is nearly independent of the 
solution concentration. However, for the Type II system the front concentration is 
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REACTANTS PRODUCTS 

TYPE GEL SOLUTION GEL SOLUTION 

-COO"* Na*1 CI" + H + -COO** H*[+ | CI' + N ^ 

I |<XXr* Η*1 + | θ Η ' + Na+I—• [<χχ>- + Ν ^ +| H2O" 

II I -COQ~* NS*] + I cr + H + > [ C O Q H 1 + 1 a- + NÏF 

III -COQH OH- + Na+ — H - œ O ~ + N a 1 + H 2 ° 

Figure 1. Four basic types of ion exchange reactions. 

Figure 2. The Type II ion exchange reaction, as observed during the shrinking of 
pH-sensitive gels. Particle diffusion is the rate-controlling step shown; the ions 
and steps which control the rates are indicated in bold-face. (Adapted from ref. 51). 
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13. GEHRKE ET A L Moving Ion Exchange Fronts 217 

always about zero while the surface concentration is about the solution concentration. 
Thus, the particle diffusion rate will be proportional to the solution concentration. 
Since three mobile ions are involved in the ion exchange process, theoretical prediction 
of the exchange rate would be complex (50J1). However, the progression of the 
moving front could be analyzed with the shrinking core model developed later in this 
chapter. 

Type ΙΠ ion exchange occurs when a neutral (hydrogen form) gel is ionized by an 
invading solute. As illustrated in Figures 3a, 3b and 3c, Type ΙΠ ion exchange has 
three different potential rate-controlling steps: film diffusion plus two different particle 
diffusion steps which may develop depending upon the solution concentration. Figure 
3a illustrates the low concentration particle diffusion process. Initially, a base like 
NaOH can diffuse freely into the nonionic gel, but as it ionizes groups on the gel, a 
Donnan potential quickly builds up, inhibiting any further diffusion of NaOH into the 
gel. Exchange then becomes quite slow, as it is limited by the rate at which neutral acid 
groups dissociate, freeing H + ions to exchange with Na + . The protons do not react 
with the hydroxides until the protons reach the solution. A moving boundary will not 
develop in such a system. 

However, a different exchange process is observed if the concentration of NaOH in 
solution is high (or if the solution has a high ionic strength). Under these conditions 
the Donnan potential is greatly reduced, so NaOH can readily diffuse into the gel, as 
shown in Figure 3b. Because the hydroxide will quickly react with the protons 
associated with the weak-acid groups, a moving boundary develops, separating an 
ionized shell from the neutral core. This problem is simpler than that of the Type Π 
problem since there are no mobile ions in die core and because the hydroxide ions are 
consumed at the front. Because the OH" concentration is much less than the Na+ 
concentration in the shell, hydroxide diffusion should be the dominant variable 
controlling the exchange rate (50,51). 

Helfferich solved this problem under simplified conditions, obtaining the usual 
relations for a diffusion-controlled process: t/r^ scaling and short-time Vt dependence 
[50]. His analysis also showed that the rate should be direcdy related to the solution 
concentration, not independent of it, as for ordinary ion exchange. He estimated that 
the high concentration mechanism is operative above solution concentrations of 10~2 
M, while the low concentration mechanism appears below 10"̂  M. These predictions 
are tested later in this chapter. 

Because Helfferich expected both of these processes to be slow, he did not believe 
that film diffusion would be important for Type ΙΠ ion exchange. However, Gehrke 
and Cussler found that the low concentration process could be significandy influenced 
by film limitations (42). The importance of film resistance in the high concentration 
region is examined later in the results section of this chapter. In Type III film 
diffusion, H + from the gel diffuses to the solution/ gel interface where it meets the 
sodium hydroxide which has diffused through the film to the interface, as shown in 
Figure 3c. The H + and OH' immediately react at the surface and the sodium ion 
diffuses into the gel to replace the hydrogen ion. Thus, the rate controlling step for film 
diffusion in Type ΠΙ ion exchange is the diffusion of Na + and OH' together through 
the film, instead of the interdiffusion of the two counterions through the film in 
opposite directions as in conventional Type 0 ion exchange. 

Observations and Modeling of Moving Ion Exchange Fronts. The moving 
ion exchange fronts observed in polyelectrolyte gels are reminiscent of the shrinking 
core models used to analyze fluid-solid reactions in chemical reaction engineering. 
Several authors have adapted this approach to apply to a number of ion exchange 
systems (53-63). The systems that have been successfully treated with this type of 
model include: 
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Figure 3. The Type III ion exchange reaction as observed during the swelling of pH-
sensitive gels. The rate-controlling step shown is (a) the particle diffusion mechanism 
that occurs at low NaOH concentrations, (b) the particle diffusion mechanism at high 
NaOH concentrations, and (c) film diffusion. Ions and steps that control the rates are 
indicated in boldface. (Adapted from rcf. 51.) 
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1) Acid elution of cupric ammine complex from a strong-acid cation-exchange resin 
(Dowex 50WX8 resin, a sulfonated copolymer of styrene and 8% 
divinylbenzene) (53\54). 

2) Adsorption of bovine serum albumin by a weak-base anion exchange resin 
(Sephadex A50, a crosslinked dextran gel functionalized with tertiary amine 
groups) (55). 

3) Various metal ion and proton exchange systems in weak (carboxylic) acid cation 
exchangers (Dowex CCR-2 (56), Amberlite IRC resins (57-59), Lewatit CNP 
resins (58-59). 

4) Uptake of aqueous acid and base by γ-alumina pellets (62). 
5) Various weakly basic anion exchangers (63). 

In the literature diffusion limited theories and fronts have received the most 
attention, since ion exchange processes most commonly operate under these conditions. 
For example, Selim and Seagrave solved the unsteady state version of the moving 
boundary problem in the absence of film limitations (64,65). Other researchers have 
developed shrinking core models similar to the one developed in the next section, but 
under conditions where the boundary film could be neglected (56-59). Their 
experimental work was therefore carried out under conditions where particle diffusion 
was rate controlling. Pinto and Graham incorporated film resistance by estimating the 
film thickness and assuming diffusive transport through it (55). Dana and Wheelock 
developed a shrinking core model which included both an intraparticle diffusion 
coefficient and a film mass transfer coefficient (53). These researchers also carried out 
experiments which tested the theory under a variety of mass-transfer limiting 
conditions; specifically, the acid elution of cupric ammine complex from a strong-acid 
cation-exchange resin. 

These researchers were able to correlate their observed moving boundary problems 
well with their theories. These theories are quite similar in nature; their primary 
differences lie in the treatment of the various dissociation equilibria. For example, the 
heuristic arguments of Helfferich outlined in the previous section neglect the diffusion 
of H+ in basic solutions and the diffusion of OH - in acidic solutions (50). Nativ et al. 
assume that the exchange reactions are irreversible (57). Hôll and Sontheimer consider 
the effect of weak acid dissociation equilibria on the diffusion of hydrogen ions without 
considering the dissociation reaction of water (58). Kataoka and Yoshida also neglect 
water dissociation while using the general Nernst-Planck diffusion equations (56). 
Lewnard et al. have developed the most thorough model of the moving boundary ion 
exchange process, considering both film and particle diffusion plus the coupling of the 
acid and base fluxes through electroneutrality and dissociation equilibrium constraints 
(62). Their formulation provides a generally valid description of H + and OH" diffusion 
within polyelectrolytes at all values of pH. 

Mathematical Modeling of Moving Ion Exchange Fronts 

The system modeled in this chapter is that of a carboxylic group-containing gel in the 
undissociated hydrogen form immersed in a solution of sodium hydroxide at a 
sufficient pH that the moving front postulated by Helfferich develops (high 
concentration Type ΙΠ ion exchange) (50-51). The ion exchange reaction is: 

RCOOH + Na+ + OH" RCOO" + Na + + H 2 0 

Because the hydroxide reacts with the hydrogen ion to form a neutral species, counter-
diffusion of the cation being exchanged is not required, as in ordinary Type 0 ion 
exchange. Instead, the sodium ion diffuses along with hydroxide to the exchange site, 
thus maintaining electroneutrality at all points within the resin. Because the hydroxides 
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are consumed, leaving a large number of sodium ions present within the shell, 
Helfferich postulated that the rate-limiting species would actually be the hydroxide 
anion because its concentration within the gel will be much less than sodium. This idea 
is evaluated in the experimental results section. 

A variety of models have been developed to correlate the moving fronts observed, 
making different types of approximations as discussed earlier. Here we follow the 
basic approach of Dana and Wheelock (55), but for cylinders rather than spheres. This 
shrinking core model is based upon work in chemical reaction engineering (e.g., 
Levenspiel (66)). The work explicidy considers both mass transfer resistance in the 
boundary film surrounding the gel and diffusive resistance within the gel. 

The major assumptions behind this shrinking-core model include: 
1) The reaction rate at the exchange site is fast in comparison to diffusion; 
2) The gel dimensions are constant; 
3) The gel properties (density, concentration of exchange sites) are independent of 

position; 
4) The diffusivities of ions are constants; 
5) Mass transfer of ions to the front is much faster than the movement of the front (this 

allows a pseudo-steady state approximation to be made); 
6) Mass transfer within the gel occurs only by diffusion and the only concentration 

gradients which exist are perpendicular to the gel surface. 
The development of this model begins with the material balance on the hydroxide 

ions within a gel cylinder of radius R and diameter d (overbars indicate gel phase 
concentration): 

— - D { f ! < i £ ) ) (1) 
3t 3r 3r 

The boundary conditions associated with this system are zero concentration at the 
leading edge of the moving front (rc) and continuity of flux at the solution/ gel interface: 

â r s s r c = 0 (2) 

D(—)l r = R = k(Co-^) (3) 
3r λ 

where: k = mass transfer coefficient; 
D = diffusion coefficient inside the gel; 
Co = bulk solution concentration; 
Q = surface concentration of the gel; 
Ci = solution concentration at the gel/solution interface; 
λ = distribution coefficient at the gel/solution interface; 

= 0 ^ ; 
» 1 for hydroxide ions. _ 

If the pseudo-steady state approximation is made, 3C/9t » 0. Under this condition, 
Equation 1 can be integrated and the boundary conditions applied to yield the following 
equation: 

c ^ C o - ^ m ç ) (4) 
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The surface concentration can be eliminated from this equation by noting that Qs = 
Clr=R . yielding an equation for the concentration profile of sodium ions within the 
shell: 

C = Ts— (5) 

2Sh + ln(*-) 

where: Sh = Sherwood Number 
= kd/D 

At this point it is necessary to determine the position of the front boundary r c at an 
arbitrary time fc. If the pseudo-steady state approximation holds, the rate of hydrogen 
ion consumption will equal the rate at which hydroxide ions reach the interface. The 
rate of hydrogen ion consumption is: 

- ^ = ζ . 2 π τ 0 Ι * * (6) 

where: C g = concentration of carboxylic groups in the gel; 
L = cylinder length. 

The rate at which hydroxide ions reach the front is: 

^ = ( 2 ^ ) θ φ ΐ ^ (7) 

Using the pseudo-steady state approximation, equations 6 and 7 can be combined to 
yield: 

- q f - D f W (8) 

At this point the concentration gradient at the front is determined by differentiating 
equation 5 to yield: 

(9) 

Substitution of equations 9 into 8, followed by integration from r = R at t = 0 to r = r c 

at t = tc, yields: 

* 4Co 1 kR XD 

where: ξ = Γς/R. 
From this equation the total time Τ required for the moving front to vanish along the 
axis of the cylinder (ξ = 0 ) is: 
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4C 0 kR xj3 

Division of equation 10 by equation 11 yields a dimensionless expression which relates 
the fractional front penetration ξ to the fraction of front lifetime τ: 

4(1 - ξ 2 ) + (SlL)(l + 2ξ21ηξ - ξ 2 ) 
τ = a--=r (12) 

4 + SÎL 
λ 

The analogous expression for spheres given by Dana and Wheelock can be written as 
(53): 

4 ( 1 - ξ 3 ) + ( ^ ) ( 1 - 3 ξ 2

 + 2ξ 3 ) 
τ = ^ - (13) 

λ 

Equations 12 and 13 are plotted in Figures 4a and 4b, respectively, for values of ShA 
ranging from 0 (film diffusion control) to +°° (intraparticle diffusion control). The 
results of Selim and Seagrave for the unsteady state solution to the particle-diffusion 
limited case match the ShA -> +°° curves in Figure 4a and 4b, indicating the accuracy 
of the pseudo-steady state approximation (64,65). 

Experimental Procedures 

The polyelectrolyte gels studied in this work were copolymers of acryiamide and 
sodium methacrylate, crosslinked by Ν,Ν'-methylenebisacrylamide. Adapting 
terminology from the gel electrophoresis literature, the compositions of the gels were 
described in terms of %T (total monomer), %C (crosslinking ratio), and %Ch (molar 
charge substitution), defined as follows: 

%T = 100 χ total mass of monomers / mass of water; 
%C = 100 χ mass of crosslinking agent / total mass of monomers; 
%Ch = 100 χ Moles of ionizable monomer (charge) / total moles of monomer. 

All gels used here were synthesized with a composition of 16% Τ and 4% C, with 
either 0.5%, 1.0%, 2.4%, or 5.0% Ch. 

Sample Preparation. The following procedure was used to synthesize these gels. 
The appropriate amounts of acryiamide (J. T. Baker, "Baker-analyzed" grade), sodium 
methacrylate (Polysciences, reagent grade) and N.N'-methylenebisacrylarrride (BioRad, 
electrophoresis grade) were dissolved in distilled, deionized water. This solution, 
along with freshly made solutions of the initiators ammonium persulfate and sodium 
metabisulfite (each solution was 0.0030 g initiator in 20 ml of distilled, deionized 
water), was then put under 25 in. Hg vacuum in a vacuum oven for 90 minutes to be 
certain that all dissolved oxygen was removed from the solution. Oxygen is a potent 
inhibitor of the free radical polymerization reactions used to make the gel. Degassing 
was used to remove oxygen instead of nitrogen sparging because it reduced problems 
with gas bubble formation within the gel during polymerization. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
3

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



13. GEHRKE ET AL. Moving Ion Exchange Fronts 223 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
3

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



224 POLYELECTROLYTE GELS 

After degassing, the solutions were transferred to a glove box with a nitrogen 
atmosphere. To 50 g of monomer solution, 3.5 ml of each initiator solution was added 
by pipette. The mixture was stirred without vortex formation on a magnetic stirrer for 
30 s; then the solution was poured into cylindrical glass tubes sealed at the bottom. 
After filling all of the cylindrical molds, the tops of the molds were sealed with 
Parafilm. Gelation occurred within 5-10 minutes. After 24 h or more, the cylindrical 
pieces of gel were removed from the glass molds by gendy cracking the glass with a 
hammer and washing the cracked glass away with distilled water. 

To prepare the gels for the experiments, they were conditioned in a series of HC1 
solutions. There were a couple reasons for taking this step. One is simply to leach out 
of the gel any residual monomers, initiators, or other low molecular weight species. 
Also, it was desired to convert the gel from the sodium form to the hydrogen form. 
The conditioning scheme involved soaking the gels in a large volume of pH 2 solution 
and exchanging this solution after a number of hours for a fresh pH solution. This low 
pH facilitated the H + - Na + ion exchange. After 24 h the gels were then immersed in a 
pH 4 HC1 solution; this solution was exchanged periodically over a couple days until 
the pH stabilized at 4.0. The ends of the gel cylinders were cut off, leaving samples 
with length/ diameter ratios of approximately 15. 

The sorption capacity and water contents of the gels were determined from 
measurements of the gels' mass and volumes. The mass was measured by weighing 
after careful blotting of surface moisture with filter paper, the relative standard deviation 
of this method was 0.6%. The volume was determined by measurement of the linear 
dimensions with a caliper, the relative standard deviation of this method was 2.2%. 
Since the volume measurements were both more difficult and less precise than the mass 
measurements, for most gels only mass measurements were made; these were 
converted to volume via the measured density of 1.02 ± 0.02 g/cm^ (the density was 
the same within experimental error for all gels under all conditions observed in this 
report). The polymer weight and volume were found by air-drying the samples at 
ambient conditions for a month, followed by weighing to determine mass and liquid 
displacement to deterrnine volume. 

The results of these measurements are shown in Table I (in the gel sample notation, 
the number indicates %Ch and the letter indicates the sample diameter at pH 4.0: A = 
0.18 cm; Β = 0.28 cm; C = 0.42 cm; D = 0.64 cm; Ε = 0.86 cm; F = 1.00 cm). In pH 
4.0 HC1 solution all the gels have the same swelling degrees (swollen volume /dry 
volume) and equilibrium water contents regardless of composition. In contrast, in pH 
9.2 NaOH solution (in the high-swelling plateau of the swelling vs. pH curve for these 
gels), the swelling degrees and water contents increase with the level of ionic 
comonomer in the gel. This swelling behavior demonstrates that all of the gels are in 
the unionized hydrogen form at pH 4.0, but in the ionized sodium form at pH 9.2. At 
pH 12, hydrolysis of the acrylamide groups to acrylic acid leads to a continuously 
increasing swelling ratio with time. While hydrolysis makes it impossible to determine 
a value of the equilibrium swelling degree at pH 12, it occurs at such a slow rate that it 
does not affect the moving fronts. 

Measurement of Moving Fronts. When a gel equilibrated with the pH 4.0 HC1 
solution is immersed in a pH 12 (0.01 N) NaOH solution, a distinct front is seen within 
the gel, and this front gradually moves toward the center of the gel. The front is not 
immediately noticed since it is simply a sharp refractive index gradient, but once 
observed it is noted to be quite distinct and well-defined throughout its lifetime. To 
determine if this front was associated with a sharp pH gradient, gel samples were first 
equilibrated with a pH 4.0 solution containing a universal indicator dye mixture (Fisher 
Scientific), and then immersed in the pH 12 solution. Indeed, a sharp color change at 
the front was observed, indicating that the front separated an acidic core from a basic 
shell. In contrast, when the gel was immersed in pH 9.2 solution, no front was 
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Table I. Equilibrium Data for Gel Samples 
~UEL PRIOR TO SWELLING AFTER SWELLING 
SAMPLE solution pH 4.0 solution pH 9.2 

EWC% 1 Q4.0 2 L/R 3 EWC% ! Q9.2 2 Q9.2/Q4.0 L/R 3 

0.5D 8é.8 7.58 3Ô.Ô 90.7 10.72 1.38 31.1 
0.5C 86.9 7.66 33.6 90.4 10.44 1.36 33.9 
0.5B 86.8 7.56 39.3 90.4 10.45 1.38 40.0 
0.5A 86.7 7.52 51.8 90.5 9.48 1.26 54.3 

1.0D 86.4 7.36 25.8 91.3 11.46 1.56 26.0 
1.0C 86.4 7.36 30.0 91.2 11.33 1.54 30.4 
1.0B 86.4 7.37 32.6 91.0 11.13 1.51 32.5 
1.0A 86.6 7.49 25.9 90.8 10.85 1.45 26.3 

2.4F 86.4 7.38 26.8 93.4 15.26 2.07 26.9 
2.4E 29.4 — — 2.08 29.5 
2.4D 86.5 7.43 32.4 93.5 15.40 2.07 32.1 

5.0D 86.2 7.23 30.7 95.8 23.58 3.34 31.1 
5.0C — — 32.8 — — 3.36 33.4 
5.0B 86.2 7.24 32.5 95.9 24.32 3.36 32.3 

^uilibrium water content of the gel 
= 100 χ (swollen volume - dry volume)/swollen volume, ±0.2 

2swelling ratio 
= swollen volume / dry volume, ±0.05 

3length : radius ratio for the cylindrical gel samples, ±0.05. 
4gel sample not fully equilibrated with the solution. 

observed and the color gradient was gradual from the surface of the gel to the core. 
The moving front was seen in sodium hydroxide solutions as dilute as 0.005 Ν (pH 
11.7). Figure 5 shows photographs of this front as it progresses toward the center of 
the cylinder with time. 

Measurements of the front position with time were made by two methods: an optical 
comparator and a microscope with a calibrated eyepiece. In both cases the gels were 
taken from the pH 4.0 HC1 solution and immersed direcdy into a large excess of 0.010 
Ν NaOH solution. The diameters of the cylinder and the internal core delineated by the 
moving front were measured at appropriate time intervals until the fronts met at the 
center of the gel. The solution was not deliberately stirred, but because the gels are 
almost neutrally buoyant, they tended to drift from their original positions. The internal 
core outlined by the front generally had a very consistent diameter along its length, but 
in some samples variations of ± 0.2 mm along the length were observed. Thus it was 
necessary to mark the gels with a razor nick to enable measurement of the core diameter 
at the same point over time. Although the gel was swelling throughout the time the 
front was present, the rate of diameter increase was small in comparison to the rate of 
front movement. Generally, the cylinder diameter increased about 10% between the 
time of sample immersion and disappearance of the central core. 

The first means of front measurement, used with the 2.4% Ch gels only, used a 
Mitutoyo Series #183 Optical Comparator with a floodlight for illumination. With this 
device the front and the gel diameter could be measured to ± 0.1 mm. To make a 
measurement, an end of die gel was held against the reticle and the dimensions were 
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Figure 5. Progression of the moving front within gel sample 5.0C. Photographs 
are taken 9.8, 77.8, 144.3, 178.5, 187.1 and 190.1 minutes after immersion in 
pH 12 NaOH solution (gel was initially equilibrated with pH 4 HC1 solution). 
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noted by comparison against the calibrated grid. This method worked well on larger 
diameter samples (>4mm) until the final stages of the front movement, since the front 
also moves into the gel from the ends. 

For all the other gels, front movement was measured with a microscope (American 
Optical StereoStar 580T) fitted with 10X eyepieces and a calibrated eyepiece reticle 
good to ±0.005 in. Illumination provided by two high-intensity fiber optic light 
sources was adjusted to bring out the front most clearly for measurement. The 
photographs shown in Figure 5 were taken with this microscopic system. 

Results and Discussion 

The measurements of the front position as a function of time for gel cylinders of 
different dimensions and compositions are given in Figures 6a-6d. Because the gel is 
swelling as the front moves into the gel, the front position can be defined either relative 
to the original gel diameter or relative to the actual diameter at the time of front 
measurement. Since the gel diameter increases only on the order of 10% by the time 
the fronts vanish at the center, this correction is not significant. In these figures front 
position is defined relative to the original dimensions of the sample. It is apparent that 
for a given gel composition, the fronts move at about the same velocity, independent of 
the cylinder diameter, until the axis of a cylinder is approached. At this point the rate 
increases sharply. Furthermore, the velocity of the front decreases with an increasing 
concentration of ionic groups on the gel. 

Using the theory described in the previous section, a diffusion coefficient and a 
mass transfer coefficient can be extracted from each curve if equation 10 is rewritten as: 

{ 2 C ^ = ι η ^ 1 - 2 ξ 2 1 η ξ - ξ 2

 } 

R C M i ^ V k θ 2 λ 1 - ξ 2 

This equation has the form of y = mx + b, so a plot of the term in brackets on the left 
hand side of equation 14 against the term in brackets on the right yields a straight line 
with a slope of 1/D and an intercept of 1/k. 

The results of this analysis are given in Tables lia - lie. Averages of the diffusion 
coefficients are included, since these coefficients should be independent of sample 
geometry (though they are expected to depend upon gel charge; see equation 17 below). 
However, the mass transfer coefficient is expected to be a function of the cylinder 
diameter (see equation 19 below). Figures 7a - 7d replot the data from Figures 6a-6d 
with the theoretical curves generated using the best-fit coefficients from each trial. For 
the sake of clarity values of penetration depth in Figures 6a-6d have been normalized 
with respect to the original gel diameter in Figures 7a-7d. The fit between theory and 
experiment is seen to be excellent. The question at this point is whether the values of D 
and k obtained from the curve fit of the theory to the data are physically reasonable or if 
they simply function as adjustable parameters. If they are reasonable, this theory could 
be used to make predictions of front position with time using independendy obtained 
values of D and k. 

The diffusion coefficients will be examined first. These values should be 
independent of the dimensions of the sample, although they may depend upon the 
charge content of the gels (see equation 17 below). Within each group of gel 
compositions, the relative standard deviation of the values of D obtained from die curve 
fit ranged from 3% for the l%Ch gels to 32% for the 0.5% Ch gels. The relative 
standard deviation in the values of D obtained for all the trials is 26% (however, note 
that D is expected to be a function of gel composition, as discussed below). Thus the 
internal consistency of the results is good. 
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Figure 6a. Front position within 16% T, 4%C, 0.5% Ch poly(acrylamide-C0-
sodium acrylate) gel as a function of time for gel cylinders with different 
diameters. 
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Figure 6b. Front position within 16% T, 4%C, 1.0% Ch polyacrylamide-co-
sodium acrylate gel as a function of time for gel cylinders with different diameters. 
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Figure 6c. Front position within 16% T, 4%C, 2.4% Ch polyacrylamide-co-
sodium acrylate gel as a function of time for gel cylinders with different diameters. 

Figure 6d. Front position within 16% T, 4%C, 5.0% Ch polyacrylamide-co-
sodium acrylate gel as a function of time for gel cylinders with different diameters. 
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TIME (rain) 

Figure 7b. Fit of the shrinking core model to the data of Figure 6b using the 
values of k and D obtained via linear regression using equation 14. 

 S
ep

te
m

be
r 

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
3

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



13. GEHRKE ET AL. Moving Ion Exchange Fronts 231 

TIME (min) 
Figure 7d. Fit of the shrinking core model to the data of Figure 6d using the 
values of k and D obtained via linear regression using equation 14. 
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Table Ha. Results of Moving Front Analysis 
Gel Charge Cone. = 0.0089 N; Solution NaOH Cone: 0.00987 Ν 

Sample d D k Sh Re V 
Number 10^cm/s = kdlD cm/s 

0.5D 0.618 0.79 4.2 33 45.7 Ô.7Ô 
0.5C 0.414 0.86 3.0 14 9.0 0.21 
0.5B 0.288 0.65 9.4 42 65.5 2.16 
0.5A 0.180 0.37 3.8 18 8.7 0.46 

Average 
(excluding ν >lcm/s): 0.67 0.46 
Standard Deviation: 0.22 0.25 
Relative Standard Dev.: 32% 54% 

Table lib. Results of Moving Front Analysis 
Gel Charge Cone. = 0.018 N; Solution NaOH Cone: 0.00988 Ν 

Sample d D k Sh Re V 
Number c m lO^cnïls l(Hcm/s = kdlD cm/s 

1.0D 0.632 1.1 4.9 28 41.6 ù.6i 
1.0C 0.424 1.0 6.3 26 32.9 0.74 
1.0B 0.284 1.1 6.9 17 15.7 0.53 
1.0A 0.180 1.1 4.2 7.1 2.3 0.12 

Average 
(excluding ν >lcm/s): 1.1 0.50 
Standard Deviation: 0.035 0.27 
Relative Standard Dev.: 3.2% 53% 

Table lie. Results of Moving Front Analysis 
Gel Charge Cone. = 0.042 N; Solution NaOH Cone: 0.00990 Ν 

Sample d D k Sh Re ν 
Number c m lO^cm2!* KHcmls = kdlD cm/s 

2.4F 1 . » 8.8 7.4 92 387.1 3.37 
2.4E 0.826 1.1 2.6 20 20.0 0.23 
2.4D 0.600 7.6 2.1 17 11.1 0.18 

Average 
(excluding ν >lcm/s): 9.1 0.20 
Standard Deviation: 1.6 0.04 
Relative Standard Dev.: 18% 19% 

Table lid. Results of Moving Front Analysis 
Gel Charge Cone. = 0.087 N; Solution NaOH Cone: 0.00992 Ν 

Sample d D k Sh Re ν 
Number cm latent/s l(Hcm/s = kdlD cm/s 

S.ÙD 0.624 7.8 2.9 23 22.4 0.34 
5.0C 0.416 6.4 15 98 359.7 8.22 
5.0B 0.280 7.4 5.7 21.6 18.7 0.63 

Average 
(excluding ν >lcm/s): 7.2 0.49 
Standard Deviation: 0.72 0.21 
Relative Standard Dev.: 10% 42% 
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Table Ile. Average of AH Trials, Excluding ν > 1 cm/s 
D k Sh Re V 

10-6 cn?ls 104 cmls = kdlD cmls 
Average Value 
(excluding ν >lcm/s): 8.8 4.2 20.5 20.7 0.43 
Standard Deviation: 2.3 1.6 7.0 14.0 0.23 
Relative Std. Dev.: 26% 37% 34% 67% 52% 

The next question is whether the diffusion coefficients obtained are reasonable 
values. The values of D for ions and solutes within the gel can be estimated using two 
different approaches. The relationship given by Mackie is [1]: 

Dg = D s ( ^ ) 2 (15) 

where: Dg = diffusion coefficient in the gel; 
D s = diffusion coefficient in the solution; 

ε = void fraction (water volume fraction). 
The relationship given by Wheeler is simply [1]: 

Dg = D s | (16) 

Table III lists the diffusion coefficients of the different ions in free solution. 
However, the diffusion coefficients of the sodium and hydroxide ions are coupled due 
to electroneutrality and zero electric current constraints (/). Within the shell, behind the 
moving front, the concentration of the sodium ions is greater than the hydroxide 
concentration by an amount equal to the charge density of the gel. The diffusion 
coefficient for the sodium hydroxide within the shell can be calculated from the 
following equation, where the subscripts A and C indicate the anion and the cation, 
respectively (7): 

D ^ D A D C (ZA^A + ZÇ^CÇ) ( 1 7 ) 

^ z A2C AD A + zc2CcDc 

where: ζ = valence of the ion. 
This equation predicts that the diffusion coefficient of the more dilute ion will dominate 
the diffusion rate of the ion pair within the gel. As a result, Helfferich expected that the 
diffusion coefficient of the hydroxide ion would control the movement of the front 
observed under these conditions, since sodium ions are in excess in the hydrogen-ion 
depleted shell surrounding the unexchanged core. For diffusion of ions within a 
nonionic gel, the ion concentrations are in stoichiometric proportion, and equation 19 
reduces to: 

DAC = P A D C ( ' Z A U I Z C I ) (18) 
lzAlDA + IzclDc 

Assuming that the concentration of the hydroxide ion in the shell equals the solution 
concentration and that the sodium ion concentration in the shell equals the solution 
concentration plus the gel charge density (Cg), the NaOH diffusion coefficient within 
the gel can be estimated from the free solution values for Na + and OH" by combining 
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Table IILComparison of Measured and Estimated Diffusion Coefficients 

Species Environment 
Diffusion 
Coefficient 

(Experimental) 

Diffusion 
Coefficient 

(Mackie 
Estimate) 

Diffusion 
Coefficient 
(Wheeler 
Estimate) 

Na + Solution 
Nonionic Gel 

1.3 § 
0.76 0.56 

OH- Solution 
Nonionic Gel 

5.3 § 
3.1 2.3 

NaOH Solution 
Nonionic Gel 
0.5% Ch Gel 
1.0% Ch Gel 
2.4% Ch Gel 
5.0% Ch Gel 

2.1 § 

0.67 
1.1 

0.91 
0.72 

1.2 
1.5 
1.7 
2.1 
2.4 

0.91 
1.1 
1.3 
1.5 
1.8 

§ Taken from (68) 
All diffusion coefficients have units of 10-5 cm2/s 
Void fraction ε is 0.865 for all gels 

equation 17 with either equation 15 or 16. Table ΠΙ compares these predictions with 
the values of D obtained from the moving boundary measurement. The diffusion 
coefficients obtained from the shrinking core model fall between the values of the 
sodium and the hydroxide ionic diffusion coefficients predicted within the gel. 
However, the measured values of D are quite a bit less than the estimated values for 
NaOH, since equation 17 predicts that the OH" diffusion coefficient should dominate 
the diffusion of the ion pair. The significance of this discrepancy is unclear, since the 
estimates themselves are rough. Both the Mackie and Wheeler models for estimating 
the diffusion coefficients of solutes within gels are rather simplistic and may not be 
accurate. Furthermore, since the actual concentrations of ions within the gel are 
unknown, equation 17 can be applied only as an approximation. Thus the final 
conclusion is that the shrinking core model yields reasonable, internally consistent 
values of diffusion coefficients, although it would be difficult to accurately predict the 
movement of the moving boundary based on estimates of D within the gel based upon 
the free solution ionic diffusion coefficients. 

Evaluating the physical reasonableness of the mass transfer coefficients is also 
difficult. To begin with, the mass transfer coefficient is simply an empirical parameter, 
unlike the diffusion coefficient. It also depends upon the cylinder dimension. But the 
biggest problem is that it depends upon the flow field of the solvent past the gel. Since 
this was not well-defined for these experiments, nor would it be in practical 
applications for polyelectrolyte gels, k will be difficult to estimate, and in fact probably 
varied over the course of the experiment. However, each gel was treated similarly 
during the experiments. 

Many expressions are available in the literature to correlate heat transfer coefficients 
for flow perpendicular to a cylinder, using the Colburn analogy between heat and mass 
transfer, these expressions can be extended to correlate mass transfer coefficients as 
well. Considering the ill- defined flow field, it does not seem necessary to choose 
anything more complex than the following expression, valid for Reynolds Numbers 
between 1 and 4000 (67): 
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Sh = 0.43 + 0.532 R e 0 5 S e 0 3 1 (19) 

where: Sh = Sherwood Number 
= kd/D 

Re = Reynolds Number 
= dv/v 

Se = Schmidt Number 
= v/D 

ν = kinematic viscosity 
d = cylinder diameter 
ν = velocity of fluid approaching the cylinder at right angles to its axis. 

Since the flow velocity is unknown, the Sherwood number cannot be calculated 
directly from this expression. Thus the approach taken here is to solve for the 
Reynolds number using the values of D and k obtained from the model for the moving 
front to calculate the Sherwood and Schmidt Numbers. The average flow velocity can 
then be derived from the Reynolds number. This value should be small and nearly the 
same for for all samples since since the solution was not deliberately stirred in any trial. 

From Tables Ila-IIe, the Reynolds numbers average 20.7, which is within the range 
of applicability for equation 19. Three essentially random trials came out with 
velocities drastically higher than the average; if these points are excluded, the average 
flow velocity is 0.43 cm/s with a relative standard deviation of 52%. This internal 
consistency is excellent, considering the lack of control of the flow field. Furthermore, 
this velocity is of an appropriate order of magnitude. Equation 19 also predicts that the 
mass transfer coefficient should vary with 1/Vd. However, this dependence is not 
clearly seen since the variation in d between the different samples is of the same order 
of magnitude as the deviation in the estimated flow velocities. 

Conclusions 

The pseudo-steady state shrinking core model described in this paper can effectively 
describe the moving front which develops during the Type III ion exchange process 
examined in this work. As a simple curve fit, the model describes the movement of the 
front toward the center of the gel cylinder very well. Furthermore, the values of the 
diffusion and mass transfer coefficients obtained from the model are physically 
reasonable, although they differ somewhat from independent estimates of their values. 
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Chapter 14 

Development of Electrochemical Sensors 
for Hydrogen, Oxygen, and Water Using 

Perfluorosulfonic Acid Membranes 

David R. Morris, Xiadong Sun, and Lietai Yang 

Department of Chemical Engineering, University of New Brunswick, 
P.O. Box 4400, Fredericton, New Brunswick E3B 5A3, Canada 

The development of solid state potentiometric 
sensors for hydrogen and oxygen utilizing Nafion 
polymer electrolyte is described. The reference 
electrode comprises a mixture of FeII and FeIII 

sulphate hydrates. For pure hydrogen at 1 atm. 

pressure, EOH = + 0 .68V; for pure oxygen at 1 atm. 

pressure, EOO = - 0 . 3 6 V . For hydrogen inert gas 

mixtures in the pressure range ~ 1 0 - 4 < p H ≤ 1 atm, 
and for oxygen-inert gas mixtures in the pressure 
range ~ 1 0 - 2 < po ≤ 1 atm, Nernstian response is 
observed. For mixtures of hydrogen, oxygen and an 
inert gas, a mixed potential is observed which is a 
linear function of the ratio of the pressures of 
hydrogen and oxygen over the range ~0.25 < ΡΗ/PΟ 

< ~10.0. 

The sensor is also responsive to hydrogen 
introduced into steel e.g. by a corrosion reaction. 
The elapsed time between the initiation of the 
corrosion reaction on the inner surface of a steel 
vessel and detection of hydrogen by the sensor at 
the outer surface permits estimation of the 
diffusion coefficient of hydrogen in steel ~ 2 X 1 0 - 6 

cm2/s at ambient temperature. 
Data on water sorption by Nafion, the diffusion 
coefficient of water in Nafion and the electrical 
conductivity of Nafion are presented. Nafion 

0097-6156/92/048O-O240S06.00/0 
© 1992 American Chemical Society 
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14. MORRIS ET AL. Development of Electrochemical Sensors 241 

absorbs ~ 14 mols Η 2 Ο / m o l H+ when equilibrated 
with water at unit activity. The diffusion 
coefficient of water is a strong function of the water 
content. The electrical conductivity is also a strong 
function of the water content. This latter 
dependency is exploited in the development of an 
amperometric sensor for water vapour in gases. 

The availability of perfluoro sulphonic acid membranes (e.g. 
Nafion, Du Pont Co. Inc.) has enabled the development of 
relatively simple solid state electrochemical sensors for the 
monitoring of hydrogen, oxygen and water in various 
environments. The results of initial development work have 
been described by Morris, Kumar and Fray (1) ; this work was 
primarily concerned with the hydrogen sensor. In this paper 
the results of further developmental work on the hydrogen 
sensor, for improved long-term stability and reproducibility, 
and development work on the oxygen and water sensors, are 
described. In addition, measurements of water sorption by 
Nafion and some transport properties are presented. 

Sensors for Hydrogen and Oxygen 

The sensors for hydrogen and oxygen are of the potentiometric 
type and may be represented schematically as the sequence of 
phases, 

Gas, H20(g), Pt I Nafion I reference mixture, C, stainless steel. 
I II 

The test gas is humidified by saturation with water at 
~ 2 0 ° C ; Pt represents platinum black applied to the surface of 
the Nafion from a slurry in Nafion solution. A sectioned 
drawing of the sensor is shown in Figure 1. (2) . The reference 
mixture comprises Fe 1 1 and Fe 1 1 1 sulphate hydrates with Nafion 
powder. A stainless steel ram with a graphite disc is used to 
compress the mixture against the Nafion and serves as an 
electrical terminal. The graphite disc is inserted to prevent 
corrosion of the ram by the reference material. 

The equilibria at the interfaces I and II of the sensor are 
postulated to be, 
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242 POLYELECTROLYTE GELS 

I Hydrogen gas, H 3 0 +

( N a f . ) + e- ( P t ) === \ H 2 ( g ) + H 2 0 ( g ) 

I Oxygen gas, 0 2 ( β ) + e^) = o^(Pt) 

T T ^ „ _ 3+ ^2+ 
II Reference mixture, F e ^ + e_(c) === F e ^ 

The Nernst equation leads to the following expressions for 
the sensor voltage E H or E 0 for fixed gas humidity, and fixed 
activities of the components of the reference mixture, 

Hydrogen-inert gas mixtures: E H = Ε H + (RT/2F) i n p H (1) 

Oxygen-inert gas mixtures: E Q =E Q - (RT/F)in po (2) 

where E ^ and E Q are constants, p H and p 0 are the ratios of the 

hydrogen pressure and oxygen pressure to the standard 
atmospheric pressure in the mixtures with inert gas, and R, Τ 
and F have their usual meaning. Sensors similar in principle 
have been described by Miura et al. (3) . 

Calibration of Sensors; Mixtures with an Inert Gas. The 
sensors were calibrated by mounting in a small stainless steel 
vessel with the gas electrode I pressed against stainless steel 
gauze. Eight such vessels were connected in series with 
continuous gas flow. The hydrogen (or deuterium) partial 
pressures in the gas mixtures were in the range 1.0 £ p H £ 1 χ 
10"4 atm.; the oxygen partial pressures were in the range 1.0 £ 
p 0 > 0.01 atm. The inert gas components of the mixtures were 
usually nitrogen or carbon dioxide. Voltage was measured with 
a Keithley high impedance electrometer. 

Typical calibration charts for the hydrogen and oxygen 
sensor are shown in Figures 2 and 3. The regression equations 
and correlation coefficients r are, 

E H = 0.6808 + 0.0297 log p H , r = 0.996 (3) 

E 0 = -0.3564 - 0.0599 log p 0 , r = 0.999 (4) 

The gradients, Δ Ε / A l o g p , agree well with the predicted 
values from Equations 1 and 2 with Τ ~ 298K. Responsiveness 
to change of hydrogen pressure is essentially instantaneous; 
responsiveness to change of oxygen pressure is less rapid. The 
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Legend: 
1 Stainless Steel Ram 
2 Tufnol ring 
3 Graphite disc 
A Reference mixture 
5 Tufnol cylinder 
6 Tufnol disc 
7 Nafion electrolyte 

with Pt black 

Scale 
Figure 1. Section of Electrochemical Sensor. 

Figure 2. Nernstian Response of Sensor to Hydrogen Pressure. 
Humidified hydrogen-inert gas mixtures at ambient temperature. 
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slow response to change of oxygen pressure is attributed to 

relatively slow adsorption/desorption kinetics of the O2 ion on 

platinum. Standard deviation of the voltage of a sensor 
operating under apparently constant conditions for long term 
tests (103 to 104h) is in the order lmV. Variability of voltage 
between sensors is in the order lOmV. 

Reactive Gas Mixtures. The sensor voltage attained with a 
reactive gas mixture (e.g. hydrogen + oxygen + inert gas) is 
interpreted as a mixed potential from the simultaneous anodic 

H 2 + H 2 0 -> H 3 0 + +e~) and cathodic ( 0 2 + e" •> O^) reactions 

occurring, and kinetic parameters are paramount. The results 
of typical measurements of sensor voltage E H 0 with various 
reactive gas mixtures are presented in Figure 4. The empirical 
regression line equation is, 

E H 0 = 0.291 + 0.252 log (H/O), r = 0.994 (5) 

where H/O represents the ratio of partial pressures of hydrogen 
and oxygen in the mixture. Relatively few tests have been 
conducted with reactive mixtures, and it is uncertain whether a 
sensor would operate satisfactorily over extended periods of 
time. 

Sensing of Hydrogen in Steel. It is well known that 
hydrogen in steel causes embrittlement of the metal, blistering 
and failure, particularly in a "sour" environment of sulphides. 
In a corrosive situation sulphides promote the entry of atomic 
hydrogen into the steel by suppressing the formation of 
hydrogen gas molecules. The sensor described appears to have 
application for monitoring hydrogen in steel. 

Responsiveness of the sensor to hydrogen in steel has 
been demonstrated by clamping the sensor to the side of a 
small steel vessel on which a flat surface had been milled; the 
thickness of the steel was -1.8 mm. A smear of silicone grease 
was applied between the surfaces to exclude air (1) . The 
sensor voltage, E , measured between the stainless steel ram, 
and the steel vessel was recorded as a function of time. The 
results of a typical experiment are presented in Figure 5. The 
following notes summarise the observations: 
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Legend: 

χ H-O-N Gas 

ο D-0-C0 2 Gas 

01 1 ι 1 1 1 1 1 1 

-0.6 -0.4 -0.2 0 •0.2 »0.4 «0.6 «0.8 • 1.0 
log ( H / 0 ) 

Figure 4. Response of Sensor to Hydrogen-Oxygen Pressure Ratio. 
Humidified hydrogen-oxygen-inert gas mixtures at ambient 
temperature. 
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1. Sensor mounted on outer surface of steel vessel. Sensor 
voltage stabilised at -0.55V after approximately 30 h. 
The equivalent hydrogen pressure was - 4 X 10"5 atm, 
Equation 3. 

2. Hydrochloric acid solution was introduced to the steel 
vessel at time 78 h. Sensor voltage rose rapidly to ~ 
0.70V, equivalent to a hydrogen pressure of - 4 atm. 

3. A small quantity of zinc sulphide was added to the acid 
solution at time 119 h. The sensor voltage rose rapidly to 
-0.72V. The equivalent hydrogen pressure was - 30 atm. 

4. Thereafter, the sensor voltage declined as the acid was 
consumed and removed from the steel vessel at time 160 
h. 

5. In order to verify the interchangeability of sensors, the 
sensor was replaced at time 305 h with a second sensor. 
The voltage generated by the second sensor fluctuated 
initially as indicated by the dashed line. 

6. Fresh hydrochloric acid was introduced to the steel vessel 
at time 353 h. The sensor voltage rose rapidly as 
previously observed to - 0.72V. 

7. Thereafter, the sensor voltage declined following 
consumption of the acid and removal of the acid from the 
steel vessel at time 380 h. 

The above observations are attributed to the diffusion of 
hydrogen introduced into the steel by the cathodic reaction, 

Η 3 0 +

( & ς ) + e- -> H ( a d s ) + H 2 0 (6) 

where H( a ( j s ) represents a hydrogen atom adsorbed on the 
surface of the steel. The adsorbed hydrogen may then form 
molecular hydrogen gas, 

2 H(ads) * H2(g) ( 7 ) 

or enter the steel as interstitial atoms, 

H(ads) "> H ( F e ) (8) 

and diffuse through the steel. The diffusing H atoms may 
escape to the atmosphere at the external surface or at faults in 
the metal structure to form hydrogen gas. The latter 
phenomenon can result in the formation of hydrogen blisters as 
noted earlier (4) . The response of the sensor following the 
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addition of zinc sulphide to the solution is also in accord with 
previous observations. (4) . 

A portion of a response chart similar to that presented in 
Figure 5 is shown in Fig. 6. The observed break-through time 
permitted an estimate of the diffusion coefficient (5) for 
hydrogen in steel as - 2 X 10'6 cm 2/s at ~ 25°C in agreement 
with published data (6) . 

Some recent experiments with zirconium into which 
hydrogen had been introduced by corrosion reactions with 
water suggest that the sensor may have application to this 
system also. 

Water Sorption and Transport Properties of Nafion. 

Water sorption isotherms for Nafion H 1100 were determined at 
2 5 ° , 50° and 100°C with a Cahn microbalance and at 25°C by 
equilibration with the vapor phase of a solution of lithium 
chloride of known concentration (7) . 

A small piece of Nafion (~ 0.03 g) was boiled in 
hydrochloric acid solution and water, suspended in the 
microbalance and heated to ~ 1 5 0 ° C under vacuum (~10 - 5 mm 
Hg) to a constant mass. Variation of the temperature(±10°C ) 
caused a small (~ 0.7%) variation in the final mass; some 
darkening of the Nafion was observed. Water vapor was 
admitted to the system after cooling to 25°C and the mass of the 
Nafion recorded as a function of time. Upon attainment of a 
constant mass, additional water vapor was admitted and 
measurements continued. Sorption measurements were 
followed by desorption measurements at the temperatures 
noted. Sample preparation for the isopiestic measurements was 
identical; the specimen was periodically weighed until a 
constant mass was achieved. The equivalent weight of the 
Nafion was found to be 1097.7 ± 5.0 by elution with sodium 
chloride solution followed by titration (7) . 

The results of the water sorption experiments are 
presented in Figure 7 as a plot of the mol ratio Ν (s mois 
Η2Ο/Π10Ι H + ) as a function of the water activity in the gas phase, 
A H 2 0 (= partial pressure water / saturated vapor pressure). It 
is evident that all data form a single curve; at an 2 0 = 1» Ν -14.0 
mois Η2Ο/Π10Ι H + corresponding to a mass fraction ~0.23 water 
in the Nafion. These data are in close agreement with those of 
Pushpa et al. (7) . Water sorption was accompanied by swelling 

 S
ep

te
m

be
r 

8,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
4

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



248 POLYELECTROLYTE GELS 

0.52 

> 
UJ 0.50 

ο 0.48 

^ 0.46 
ο 
V) 
c 

ο 
ο ο 

ο 
ο 

- ο 
_ ο 

ο 
ο 

- ο 
_ ο 

ο 
ο 

_ ο 
ο 

- ο 
) oo oo oo ο 

/Ρ ι ι ι ι ι 1 1 1 
20 40 60 80 

Time / min. 
100 120 140 

Figure 6. Breakthrough Time for Response of Sensor to Hydrogen in 
Steel. 1, Acid solution introduced to steel vessel; and 2, sensor voltage 
increasing. 
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Figure 7. Sorption of Water by Nafion. Measurements with 
microbalance and equilibration with L i C l - H 2 0 solutions. 
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of the Nafion; the specific volume of the material increased from 
0.49 cm 3/g for material dried at 130°C under vacuum, to 0.55 
cm 3 /g for material equilibrated with pure water. 

Water sorption data obtained from the microbalance 
permitted evaluation of the average diffusion coefficient for 
water in Nafion over the range of the concentration increment 
(or decrement). The diffusion coefficient D was determined 
from the data using the expression (8) , 

M t / M . = (4 /7T 1 / 2 )(Dt/ i 2 ) l /2 (9) 

where M t and ML are the mass of water at time t and mass at 
equilibrium and i is the thickness of the material. Plots of 
M t / M - vs t 1 / 2 showed good linearity to M t / M - ~ 0.5, for both 
sorption and desorption. 

Diffusion coefficients thus determined are presented in 
Figure 8 as a function of the average mol ratio Ν for the 
particular increment (or decrement). It is seen that the 
diffusion coefficient is a strong function of the water content, 
and that data obtained from sorption experiments differ from 
those obtained from desorption at a given value of N. These 
differences are attributed to dimensional changes of the Nafion 
accompanying sorption and desorption. Furthermore, it is seen 
that D increases with increase of water content to N~ 4.0 
followed by decreasing D for Ν > 4.0. 

Data obtained at 100°C are least reliable due to the small 
mass change of the Nafion and the restricted experimental 
range. In particular at the lowest water activity levels, 
oscillation of the microbalance obscured the measured mass 
change of the specimen. At the water activity level an 2 o ~ 0.02, 
the activation energy for water diffusion has been estimated as 
~ 3.46 kcal/mol. 

E lec tr i ca l Conduct iv i ty of Naf ion. The electrical 
conductivity of Nafion was measured with the following 
schematic arrangement, 

Air, H 2 0 , Pt I Nafion I Pt, H 2 0 , Air 

A Nafion disc, to each side of which Pt black had been 
applied, was held between platinum gauze and clamped with 
plexiglass flanges, provided with gas access ports. The unit was 
mounted in a small vessel provided with connections to an air 
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supply of known humidity, and located in a constant 
temperature oven. The electrical resistance of the Nafion was 
measured with an A C conductivity bridge or by use of an A C 
power supply in conjunction with an ammeter. The electrical 
conductivity of the Nafion is primarily a function of the mol 
ratio Ν as shown in Fig. 9. The regression equation is, 

log σ = 6.48 log Ν - 5.08; r = 0.996 (10) 

It is evident that the electrical conductivity is a strong 
function of the water content of the Nafion; the Grotthuss 
mechanism of conduction is suggested to account for this 
dependency. 

Amperometric Sensor for water. The strong dependency of 
the electrical conductivity of Nafion on the water concentration 
indicates possible application as a water sensor. The 
responsiveness of the sensor, constructed in a similar manner to 
that described in the previous section, to changes in the 
humidity of the air stream at ambient temperature is shown in 
Figure 10. It is evident that the device shows good 
responsiveness and reproducibility. 

Conclusions 

1. Electrochemical sensors of the potentiometric type for 
hydrogen and oxygen in inert gas mixtures utilizing 
Nafion polymer electrolyte show a Nernstian response 
with good long-term voltage reproducibility and stability. 

2. With a reactive gas mixture, e.g., hydrogen and oxygen 
with an inert gas, the sensor voltage is interpreted as a 
mixed potential. 

3. The sensors have application for monitoring of hydrogen 
in metals, e.g., Η in steel and zirconium. 

4. The equilibrium water concentration in Nafion is 
determined by the activity of water in the gas phase. 

5. The diffusion coefficient of water in Nafion is a strong 
function of the water content. 

6. The electrical conductivity of Nafion is primarily a 
function of the water content. 

7. An amperometric sensor for water utilizing Nafion has 
been developed. This unit showed good reproducibility 
and responsiveness to changes in gas humidity. 
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Mol Ratio N : n ^ 0 / n H . 

Figure 8. Diffusion Coefficient of Water in Nafion as Function of 
Temperature and Water Content 

ο ο 

ο 
χ* χ 

Legend : 
χ t= 85 to 95*C 
ο t=25'C 

1.0 2.0 3.0 4.0 
Mol ratio, Ν = η Η ^ 0 / η Η · 

5.0 

Figure 9. Electrical Conductivity of Nafion as Function of Water 
Content. 
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Chapter 15 

Polyvinylpyrrolidone-Grafted Silica Resin 
Promising Packing Material for Size-Exclusion 

Chromatography of Water-Soluble Polymers 

Yoram Cohen and Patricia Eisenberg 

Department of Chemical Engineering, University of California, 
Los Angeles, CA 90024 

General approaches to the modification of silica resins for 
aqueous size exclusion chromatography (ASEC) are reviewed 
with emphasis on surface modification by polymers. A new 
approach to the modification of silica SEC resins via graft 
polymerization with vinylpyrrolidone is described. The resulting 
VP-silica resins was found to be useful for ASEC of water 
soluble polymers. The ability of the VP surface layer to swell in 
various solvents, while the silica support maintains the 
mechanical integrity of the resin, provides for an additional 
degree of freedom in developing ASEC applications. 

Size exclusion chromatography is an analytical technique in which molecules 
in a mobile phase are separated according to their effective size; thus, retention 
is principally controlled by the pore size distribution of the packing material. 
Size exclusion chromatography has been used to characterize water-soluble 
polymers since the 1950's (i). When size exclusion chromatography (SEC) was 
first introduced, it was performed exclusively using crosslinked polymeric resins. 
For example, dextran gels were used to characterize biopolymers in aqueous 
media and macroreticular polystyrene resins have been used to separate 
synthetic polymers in organic solvents (2). The early polymeric-type gel resins 
were restricted to low solvent flow rates to avoid gel compaction due to high 
operating pressures, with the consequence of long analysis times. More 
recently, a variety of highly cross-linked resins that can be used at pressures as 
high as 3000 psi have been introduced. As an alternative to polymeric resins, 
rigid porous silica-based packings of controlled pore size were developed. 
These porous silica beads are incompressible up to pressures of about 400 atm 
(6000 psi). However, problems of polymer adsorption and denaturation of 
proteins on silica packings have severely limited their application. 

0097^156/92Λ)480-Ό254$06.00Α) 
© 1992 American Chemical Society 
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When silica-based packings are used, particularly with aqueous mobile 
phases, band distortion due to secondary retention can occur. Secondary 
retention can be attributed to ion exclusion, ion exchange or non-specific 
surface adsorption (3). Ion exclusion occurs when the pH of the mobile phase 
is greater than about 4 and thus the silica surface carries a negative charge due 
to the ionization of the surface silanol groups. Consequently, negatively 
charged solute molecules are repelled from the surface and thus may not enter 
the pores of the packing material. Solute molecules which are excluded from 
the pores will experience shorter retention times and hence the molecular 
weight obtained from the universal calibration curve will be higher than the 
true value. Secondary retention due to ion exchange is experienced when the 
pH of the mobile phase is higher than 4 and the polymer molecules being 
analyzed are cationic species. Given the above conditions, solute molecules 
can be attracted by the surface leading to an increase in the solute's retention 
and consequently the determined molecular weight will be lower than the true 
value. Higher retention times can also be caused by non-specific solute 
adsorption as well as adsorption due to hydrogen-bonding with the silica silanol 
groups. In addition to undesired retention of the injected samples, adsorption 
onto the silica surface results in low solute recovery. 

To overcome the above problems associated with silica resins, 
interaction between the silica and the polymer solute to be separated must be 
reduced or eliminated. Various procedures for minimizing polymer-silica 
interactions have been proposed. These procedures include modification of 
eluent composition by adding salt to the mobile phase or increasing buffer 
concentration, or changing the pH of the mobile phase so neither the surface 
nor the sample are ionized. These procedures have been partially successful, 
but they require tedious method development time, and reproducibility at long 
operating times can be difficult. 

The breakthrough in controlling solute-silica interaction was achieved 
by chemical modification of the silica surface. These modifications include 
silica surface silylation, adsorption of polymers, polymer adsorption followed 
by crosslinking of the adsorbed layer, and surface-grafted polymers (7). In this 
chapter modified silica packing materials are briefly reviewed with a focus on 
gel-like polymer surface layers that have shown promise as effective modifiers 
of silica SEC resins. 

Silylated-Silica Resins. The feasibility of using various silylated silica surfaces 
in size exclusion chromatography of water soluble polymers was reported by 
numerous investigators (4-10). For example, Engelhardt and Mathes (4,5) 
demonstrated that a bonded amine phase was suitable for exclusion 
chromatography of polyvinylpyrrolidone (PVP) and dextran, but it partially 
retained polyethylene glycol (PEG). 

In another study the use of a polar diol bonded phase was demonstrated 
by Herman and Field (11). The diol-silica resins, however, retained up to 75% 
and 100% of polyethylene oxide (PEO) and PVP samples, respectively. It was 
found that upon addition of an organic solvent to the aqueous mobile phase 
(50% methanol in water for PEO, and 40% acetonitrile in 0.01 M KHjPO* 
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pH=2.1 for Ρ VP), the recoveries of both samples increased to 100%. Herman 
and Field (11) suggested that since PVP may behave as a weakly acidic 
polyelectrolyte, the adsorptive retention due to the diol columns using water 
as the mobile phase are due to hydrophobic interactions with the diol phase 
and not due to adsorption on the residual silanols. The above study and the 
recent work of Parnas et al. (12) demonstrated that surface chemistry of the 
modified silica clearly has an important factor in controlling surface-polymer 
interactions. 

Adsorbed-Polymer Silica Resins. A number of investigators have proposed that 
porous silica packing modified with an adsorbed water soluble polymer layer 
can be utilized for SEC of water soluble polymers and proteins (13-15). 

The early study of Hiatt, et al. (13) demonstrated that porous glass 
conditioned with an adsorbed layer of PEO with high molecular weight 
(100,000 and 200,000) prevents the adsorption of rabies virus. Since PEO has 
a strong affinity for complex formation by hydrogen bonding, the displacement 
by the rabies virus was effectively blocked. In another study Hawk et al. (16) 
investigated the performance of a resin made by adsorbing polyethylene glycol 
(PEG, MW=20,000) onto controlled-pore glass minimized the adsorption of 
protein and enzymes. Adsorption of proteins and enzymes was apparent with 
the above resin, and thus phosphate buffer mobile phases were used to reduce 
polymer solute adsorption onto the modified silica packing. In a landmark 
study Letot, et al. (17) investigated the aqueous SEC of PEG, PEO, PVP, and 
Dextran using a porous silica resin modified with an adsorbed PVP (MW= 
10,000) surface layer. Their study revealed that injected PVP samples showed 
a delayed elution. Letot et al. (17) suggested that dipolar interactions between 
adsorbed PVP and PVP chains in solution was responsible for the above 
behavior. 

The studies with adsorbed polymer layers demonstrated that surface 
modification with polymers has merit. Unfortunately, long term stability with 
such silica resins with a gel-like polymer surface layer is poor, due to the 
eventual attrition of the polymer layer. 

Cross-linked adsorbed polymer-silica Resins. Polymers adsorbed onto silica 
can be stabilized by cross-linking the adsorbed polymer and thereby creating 
a networked coating. In this approach a polymer layer is first adsorbed onto 
the silica surface, and it is subsequently crosslinked using an appropriate 
crosslinking agent (18-22). For example, using the above method Kohler (79) 
immobilized polyvinylpyrrolidone (molecular weight in the range of 10,000-
360,000) on small and large-pore silica (5 μ m particle size and 10 nm pore 
diameter and 7 μ m particle size, with 30 nm pore diameter) and evaluated the 
performance for protein analysis. In one illustrative example a PVP-silica resin 
(MW=24,000) was used with a protein mixture consisting of transferrin 
(MW=80,000), hemoglobin (MW=68,000), ribonuclease A (MW=13,700) and 
lysozyme (MW=14,400). Recovery studies revealed that all the investigated 
proteins were eventually quantitatively eluted, with the exception of 
conalbumin (MW=86,000) for which sample recovery was in the range of 80% 
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to 85%. More recently, Santarelli et al. (20) developed a SEC silica resin (40-
100 μ m particle size, 30 and 125 nm pore size) prepared by coating the silica 
resin with 2-dietylaminoethyl (DEAE)-dextran in which a small fraction of 
dextran units contained the D E A E groups. In order to avoid attrition of the 
coated polymer, the DEAE-dextran layer was cross-linked. Most of the proteins 
investigated, using the DEAE-dextran-silica resin were eluted successfully, 
except for cytochrome c, which was significantly retained by the modified silica. 
The authors attributed this abnormal behavior to a low ionic strength of the 
mobile phase and to the small size of this protein. They concluded that some 
silanol functions inside the pores of the modified silica were not completely 
masked by the DEAE-dextran coating. 

Polymer Grafted-Silica Resins. Silica SEC resins can also be modified by a 
direct covalent bonding of polymer chains onto the silica surface. Polymer 
chains may be grafted onto the surface of a solid or by graft polymerization or 
polymer grafting. Graft polymerization involves the growth of polymer chains 
from surface active sites by step or chain polymerization reaction mechanism. 
In contrast, polymer grafting involves the chemical bonding of live polymer 
chains to the support surface. The polymer grafting approach allows for the 
attachment of monodispersed polymers. However, since polymer molecules 
must diffuse to the solid surface, diffusional limitations and steric hindrance 
effects severely reduce the degree of surface coverage and graft yield obtained 
by the polymer grafting method (23). In contrast, in graft polymerization 
diffusion limitations and steric hindrance effects in porous supports are 
diminished due to the smaller size of the monomer molecules. Thus, a higher 
surface concentration and a more uniform surface coverage by the grafted 
polymerized chains are possible. Recently, a PVP-grafted silica resin 
prepared by Krasilnikov and Borisova (27) was used to purify different viruses 
without the loss of biological activity. Their study with the PVP-grafted column 
revealed that a tris-HCl buffer mobile phase (pH=7) could be used for the 
complete elution of the viruses. In contrast, a much higher pH was required 
for complete recovery of viruses on unconditioned silica resins. 

The interest in PVP-Silica resins has increased in recent years due to 
the unique potential of PVP in enabling the separation of proteins and water 
soluble polymers. Polyvinylpyrrolidone, which is of particular interest in this 
work, is a nontoxic and biocompatible polymer which is soluble in aqueous as 
well as many organic solvents (24). The following sections focus on a 
description of a novel PVP-Silica resin synthesized by graft polymerization. 

Experimental 

Chemical Modification of Porous Silica by Graft Polymerization. The 
synthesis of the PVP-grafted silica resin involves two steps: a) a silylation step, 
which provides active sites on the silica surface for a graft polymerization 
reaction with the monomer; and b) a graft polymerization step in which 
polymer chains grow from active sites of the silica surface, by a free-radical 
polymerization reaction. The silica support resin used in this study was 
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Nucleosil 1000-10, with an average particle diameter of 10 μ m, average pore 
size of 1000 Λ, and a surface area of 50 m2/g. The process of graft 
polymerization for which a U.S. Patent was recently issued to the University of 
California is briefly described below. 

Silylation. The silylation procedure involves the exposure of the silica 
substrate to an excess of organosilane dissolved in either an anhydrous solvent 
or an aqueous solvent (25). Prior to silylation the silica particles are washed 
with dilute hydrochloric acid to remove trace contaminants (26). Subsequent 
washing of the silica resin with deionized water also results in the hydrolysis of 
surface siloxane groups to form silanols groups, which provide the reactive sites 
for silane bonding (27). In the present process the silylated silica particles 
were dried at 150°C under vacuum to remove surface water and avoid the 
formation of polysilanes which may limit the development of a uniform surface 
coverage (28). High drying temperature should be avoided in order to 
eliminate the condensation of the surface silanol groups to form siloxane 
bonds. 

The silylation procedure employed in this work followed the method of 
Chaimberg et al. (25) (see Figure 1). Accordingly, a predetermined amount 
of silica was placed in a round-bottom flask into which a 10% solution of 
vinyltriethoxysilane in xylene was added. The reaction was performed for 5 
hours, and the condenser was kept at a temperature above the boiling point of 
the displaced alcohol (ethanol in this case), but below the boiling point of the 
silane solution. The silylated particles were washed several times with xylene 
and allowed to cure overnight at 50°C under vacuum (29). 

Since the subsequent graft-polymerization reaction was performed in an 
aqueous solution, the remaining ethoxy groups on the surface grafted 
triethoxyvinyl silane were first converted to hydroxyl groups in order to obtain 
hydrophilic silica particles which can be effectively dispersed in the aqueous 
reaction mixture. This latter step was carried out by hydrolysis of the ethoxy 
groups (Figure lb) in water at a pH of 9.5 (30). 

The amount of surface-bonded vinylsilane was determined by 
thermogravimetric analysis (TGS-2, Perkin Elmer, Norwalk, CT) of the silica 
particles. The silica particles were first held at 100°C until no weight loss was 
observed for a period of 10 minutes. This procedure was performed in order 
to eliminate the nonchemically bonded water. Subsequently, the weight loss 
upon heating of the silica particles in an air atmosphere, at 25°C/min from 100 
to 700°C, was recorded. The upper limit of 700°C was sufficient to remove the 
bonded silane from the silica surface. The amount of surface-bonded 
vinylsilane was then determined by subtracting the weight loss of the virgin 
silica from the weight loss of the silylated silica sample. The results for two 
different resins synthesized in this work are given in Table I. 

Graft Polymerization. The graft polymerization reaction of 
vinylpyrrolidone onto vinylsilane modified porous silica particles was performed 
in an aqueous slurry batch reactor (31) (Figure 2) under a nitrogen 
atmosphere. All the experiments were conducted at 70°C. The polymerization 
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a) Silylation Reaction 

OH OH CH=CH, , CH=CH« ÇH=CH, 

" ' 2Et0-Si-0Et t K >-*-™ « · + * 
Silica OEt 

Silica 

b) Silane hydrolysis and condensation 

pH=CHi CH=CHf π Λ ÇH=CHi CH=CHi 
EtO-ShOEt EtO-|i-OEt ft" > HQ-|i-—0—$i-QH 

Silica Silica 
Figure 1. Silylation procedure using organic solvents. 

Figure 2. Graft polymerization reactor. 
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TABLE I. Vinyl Group Concentration and Polymer Graft Yield 

Type of column Silica Type 
Vinyl Groups 
Concentration 

(/imol/m2) 

Polymer 
Graft Yield 

(mg/m2) 

PVP-30 (30% VP 2) Nucleosil 1000-10 2.4 1.10 

PVP-10 (10% VP) Nucleosil 1000-10 3.2 1.05 

Adsorbed PVP-silica Nucleosil 1000-10 - 0.75b 

a VP - vinylpyrrolidone 
bResin prepared by adsorbing PVP (MW = 10,000) at the adsorption plateau 
region. 

procedure consisted of first placing a predetermined amount of silylated silica 
particles into the reaction vessel along with a 200 ml solution of 
vinylpyrrolidone monomer and deionized water. The reaction mixture was 
heated until the solution reached the desired temperature. Subsequently, 0.4 
ml of ammonium hydroxide (58%) was added, and the grafting reaction was 
then initiated with 1.0 ml of hydrogen peroxide (30%). Ammonium hydroxide 
acts as a buffer for the reaction mixture, and thus it prevents the formation of 
undesirable acetaldehyde by-product under acidic conditions (52). In addition, 
ammonium hydroxide has a strong activating effect on the polymerization 
reaction which shortens the latent period and increases the rate of reaction. 
The nitrogen atmosphere was necessary in order to eliminate the atmospheric 
oxygen which is known to lead to an increase in the latent period of 
polymerization, as well as a decrease in the rate of polymerization. 

The conversion of the monomer in the reaction mixture was determined 
by UV analysis. Vinylpyrrolidone monomer and polyvinylpyrrolidone both 
contain carbonyl groups which absorb UV radiation at 196 nm. The vinyl 
groups which absorb at 233 nm are only present in the monomer. Therefore, 
by taking the ratio of the absorbance at 233 and 196 nm, one obtains the ratio 
of monomer to polymer concentration and thus the conversion is given by: 

conversion = 
(Abs 233/196) t . 0 - (Abs 233/196), 

(Abs 233/196) t . 

The concentration of grafted polymer in the reaction mixture was negligible 
compared to the amount of homopolymer. Thus, a correction to account for 
the grafted polymer was not needed in the calculation of the conversion as 
given above. The conversion versus time results for the PVP-grafted silica 
resins; for resins PVP-30 and PVP-10 prepared using an initial monomer 
concentration of 30% and 10% (v/v) respectively are depicted in Figure 3. 
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The initial rate of homopolymer formation was found to increase with 
increasing monomer concentration (Figure 3). These results are in qualitative 
agreement with the previous homopolymerization study of Kline (32). 

The amount of grafted polyvinylpyrrolidone in the silylated silica 
particles was also determined by a thermogravimetric analysis as described 
previously. The graft yield, defined as the mass (mg) of grafted polymer per 
square meter of silylated silica, as a function of the reaction time is shown in 
Figure 4 for the synthesis at initial monomer concentration of 10% (v/v). The 
final graft yields for resins PVP-30 and PVP-10, prepared following the 
procedure described above, are given in Table I. 

Size Exclusion Chromatography with PVP-Silica Resins. The PVP-Silica resins 
were packed into stainless steel columns (25 cm length, 0.46 cm I.D with 2Mm 
frits, Beckman Instruments, Fullerton, CA) by a slurry technique using an Isco 
pump Model 3250 (Isco Inc., Lincoln, Nebraska). The columns were packed 
at a temperature of 40°C and a maximum flow rate of 0.6 ml/min. 

Aqueous size exclusion chromatography (SEC) analysis of PEG, PEO 
and PVP using untreated, adsorbed PVP-Silica and grafted PVP-Silica porous 
silica resins was performed using a high pressure liquid chromatographic 
system. The stability of the columns was evaluated through the use of a sample 
recovery analysis. The HPLC system consisted of a ternary gradient system 
(Isco Inc, Lincoln, Nebraska) connected to an autoinjector (ISIS model, Isco 
Inc, Lincoln, Nebraska) with a sample loop injector (Valco C6W, Houston, 
Texas) and a metering pump (FMI RHOCTC Oyster Bay, New York). A 
Hewlett-Packard series 1050 multiple wavelength U V detector (Hewlett-
Packard, Richmond, California) was used as the concentration detector. 

Results and Discussion 

Unmodified Silica resin. The initial experiments with the freshly packed virgin 
NU-1000 silica column demonstrated total retention of low molecular weight 
PEG and PEO polymer standards (MW=4,250 - 100,000). The injection of 
higher molecular weight polymers yielded low sample recovery consistent with 
the finding of Hawk (16) and Letot (17) for SEC of PEG and PVP using silica 
resins. Upon continued injections with PVP, the peak areas gradually 
increased. This behavior indicated that as the adsorption capacity was reached, 
the fraction of the injected polymer sample that could adsorb decreased. 
These results suggested that a fully coated PVP adsorbed layer is required for 
complete elution of injected polymer standards. 

Adsorbed PVP-Silica resin. A second SEC column was prepared in which low 
molecular weight PVP was used to develop an adsorbed PVP layer that would 
allow better coating within the silica resin pores. The adsorbed PVP-Silica 
resin was prepared by eluting a 2% PVP solution (MW 10,000) through the 
column at 0.5 ml/min for 15 hours. At the conclusion of the coating period, 
the PVP solution was replaced with deionized water, which was eluted until a 
stable baseline at the detector was observed. Upon completion of the 
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200 300 
Time (min) 

400 500 

Figure 3. Vinylpyrrolidone conversion for two different initial monomer 
concentrations (T=70°C). 

2.0 

200 300 
Time (min) 

Figure 4. Polyvinylpyrrolidone graft yield as a function of reaction time. 
Initial vinylpyrrolidone monomer concentration of 10% (T=70°C). 
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adsorption procedure, the chromatographic peak areas were found to be 
significantly higher relative to the untreated silica resin. PEG and PEO 
polymer standards (Mw/Mn<1.12) were used to characterize the calibration 
curve with typical operating pressures in the range of 350-400 psi at a flow rate 
of 1.0 ml/min. The total permeation limit of the PVP-10K column was 
approximately 3.25 ml which corresponds to a molecular weight of 
approximately 10,000. The upper exclusion limit was not found due the 
unavailability of sufficiently high molecular weight standards. 

In addition to the PEG and PEO standards, broad molecular weight 
distribution samples of dextran and PVP were injected for comparison of 
elution volumes. The lower molecular weight PVP samples showed a delayed 
retention which is in agreement with the results of Letot et al. (17). Although 
the adsorbed PVP-10K column demonstrated reasonable resolution, 
degradation of the adsorbed polymer layer occurred with continued operation. 
In order to demonstrate this degradation effect, timed hourly injections were 
made with three PEO standards of molecular weights 23,000, 105,000, and 
400,000 over a period of four days. The variability of the normalized peak 
height of the chromatograms with time of operation (Figure 5) reveals complex 
adsorption/desorption effects that demonstrate the instability of the adsorbed 
PVP layer. The above results suggest that, while the original idea of Letot et 
al. (17) of using a PVP surface layer is appealing, such a polymer layer should 
be covalently bonded to the silica resins to impart long-term stability. 

Grafted PVP-Silica Resin. The PVP-10 and PVP-30 grafted Ρ VP-Silica resins 
prepared in this work had a PVP surface layer with an average molecular 
weight of 7,000 and 13,500, respectively. The molecular weight was estimated 
based on the analysis of Chaimberg (33). Since the grafted PVP layer consists 
of terminally anchored chains, it can have a significant effect on the 
permeability of the packed SEC column. In this study, the permeability of the 
PVP-10 and PVP-30 SEC columns was evaluated for four different mobile 
phases. The mobile phases were deionized water (at 25°C and 28°C) which is 
a good solvent for PVP, watenacetone (33.2:66.8 v/v) at 25°C and aqueous 0.55 
M sodium sulfate solution at 28°C. The two latter mobile phases are theta 
solvents for PVP (34). The experimental procedure consisted of evaluating the 
flow rate-pressure drop curves for the SEC columns and subsequently 
determining the permeability from Darcy's law for flow through packed beds 
(35): 

[ μ l . 

where Q is the flow rate (cm3/sec), A is the cross sectional area of the column 
(cm2), Δ Ρ is the pressure drop (Pa), μ denotes the viscosity of the mobile phase 
(g/(cm sec)), L length of the column (cm), and k is the permeability (cm2). 
The permeabilities calculated from the slope of the pressure drop-flow rate 
curve (see Figure 6 for PVP-30) for each mobile phase and for each column 
are listed in Table II. The permeability for water at both temperatures was 
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U . O U 1 1 ' » 1 ι ι ι I 
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TIME (DAYS) 

Figure 5. Illustration of column stability for adsorbed PVP-silica resin 
for different injected molecular weight samples of PEO. (Peak height is 
normalized with respect to the initial peak height.) 

0.30 

Figure 6. Flow curves for PVP-silica packed columns (PVP-30) for 
different solvents. 
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TABLE II. Permeability of PVP-Grafted Silica Columns 

Mobile Phase k(cm* ) χ 101 2 Mobile Phase 

PVP-30 PVP-10 

Water 
(25°C) 

4.09 13.05 

WatenAcetone (33.2:66.8 v/v) 
(25°C) 

8.63 15.70 

Water (28°C) 4.43 14.22 

Sodium Sulfate 0.55 M 
(28°C) 

13.67 18.55 

lower than for the two theta solvents (watenacetone 33.2:66.8 v/v and sodium 
sulfate 0.55M). This trend is consistent with the fact that in a good solvent the 
grafted polymer chains are expected to have an expanded conformation, which 
results in a greater resistance to the flow and thus a lower permeability. In a 
theta solvent the polymer chains adopt a more compact conformation, and thus 
the resistance to flow is lower and in turn the permeability of the column is 
higher relative to a good solvent. The above implied change in the surface 
conformation with solvent power suggests that an additional degree of freedom 
may be available in designing polymer-silica matrix resins for SEC applications. 

The performance of the PVP-10 and PVP-30 SEC columns is illustrated 
by the calibration curves plotted in Figure 7. Both columns demonstrate good 
size exclusion behavior with well defined total permeation and exclusion limits. 
The selective permeation or fractionation ranges for the PVP-30 and PVP-10 
columns were 500-200,000 and 1000-500,000, respectively. The calibration 
curves for the PVP samples for both PVP-grafted columns are qualitatively 
similar, in distinct from the calibration curve for the PVP-adsorbed column. 
It is plausible that effects other than dipolar interactions as suggested by Letot 
(17) are operating with the adsorbed-PVP column. A comparison of the two 
PVP-grafted columns and the PVP-adsorbed column is also shown in Figure 
7. It is quite clear that the PVP-grafted Silica columns demonstrate good 
molecular weight resolution in size exclusion chromatography for a large range 
of molecular weights. 

Percent sample recovery studies were performed for PEG, PEO, 
dextran, and PVP polymer samples to determine the adsorption retention for 
the adsorbed PVP-silica and grafted-PVP silica resins. The adsorbed PVP-
Silica resin displayed significant adsorption of the injected polymer solutes for 
the initial injections of the solute. The percent recovery increased after 
multiple injections once the resin's surface was fully covered with polymeric 
solute. The adsorbed PVP-Silica resin, however, was unstable as discussed 
previously (see Figure 5). In contrast, the grafted PVP-Silica resins displayed 
minimal interaction with the eluting polymer solute with an average recovery 
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3E6 

1E2I . . ι L — i 1 1 
1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 

ELUTION VOLUME (ml) 

Figure 7. Molecular weight versus elution volume calibration curve for 
adsorbed PVP-silica (PVP-10K) and PVP grafted-silica (PVP-10 and PVP-
30). 
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of the injected solute of 93%, 97% and 98% for PEO, dextran and PVP, 
respectively. Given that the estimated error in the analytical technique is 
about ±5%, it can be concluded that the performance of the grafted PVP-
Silica SEC resin is excellent. 

Finally, it should be noted that the grafted PVP-Silica resins were not 
optimized for high performance SEC analysis. Work is currently in progress 
to optimize the degree of grafted polymer surface density and molecular weight 
to produce SEC resins that will have a high resolution and high permeability 
to allow operation at high flow rates. 
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Chapter 16 

Polyanionic Polymers in Bio- and 
Mucoadhesive Drug Delivery 

Sau-Hung S. Leung1 and Joseph R. Robinson2 

1Columbia Research Laboratories, Madison, WI 53713 
2School of Pharmacy, University of Wisconsin, Madison, WI 53706 

Bio/Mucoadhesive drug delivery improves intimacy of contact 
between the drug delivery system and the absorptive surface and 
increases dosage form residence time. Bio/Mucoadhesive drug 
delivery systems adhere to the mucin-network and/or mucosal layer 
and remain in place until they dissolve or in the case of cross-linked 
polymers until the mucin or tissue layer replaces itself. Adhesive 
polymers can be neutral, anionic or cationic. On the basis of balance 
between adhesiveness and toxicity antonic polymers are preferred over 
neutral and cationic form. Bio/Mucoadhesion begins with 
establishment of intimate contact between the polymer and substrate. 
This is followed by bond formation and interpenetration/interdiffusion 
of polymer and substrate. Any factor that favors intimacy of contact, 
increases bond formation and enhances physical entanglement, will 
potentially increase bioadhesive strength. 

Bio/Muco adhesion is becoming an important strategy for drug delivery because of 
the substantial advantages of localization and duration. As a result bioadhesive 
polymers have recently received considerable attention as platforms for controlled 
drug delivery. (1-12) Mucoadhesive drug delivery systems can localize the 
medicament in specified regions to improve and enhance both local concentration and 
systemic bioavailability, as well as promote intimate contact between the formulation 
and underlying absorbing mucosal layer. Furthermore, mucoadhesives prolong drug 
delivery system residence time with a corresponding reduction in dosing frequency. 

There are four possible interactions between mucoadhesives and glycoproteins 
on epithelial surfaces:(l) covalentattachment;(2) electrostatic interaction;(3) hydrogen 

0097-6156/92/0480-0269S06.00/0 
© 1992 American Chemical Society 
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bonding; and (4) hydrophobic interactions. Aside from covalent attachment e.g., 
cyanoacrylate- "Super Glue", which is not presentiy a prominent mechanism for 
mucoadhesion, the remaining three interactions require intimate contact between 
polymer and mucin both for optimum adhesion. Polyelectrolyte polymers and mucin 
both swell in an aqueous medium. The expanded network of die swollen polymer 
and mucus enhances interdiffusion resulting in an increase in mechanical 
entanglement and area of contact, with a subsequent increase in interactions between 
polymer and mucin strands and thus an increase in adhesion. 

When traditional formulations are administered to different locations of the 
body, e.g., ocular, nasal, buccal, vaginal, rectal and gastrointestinal, they are 
removed from the site of administration by the natural clearing mechanisms of the 
body. Thus, ocular formulations are diluted by the tear and removed via the 
drainage system. Nasal formulations are removed, with the aid of blinking, together 
with the mucous fluid, propelled by cilia toward the throat. Buccal gels or films are 
washed daily by 0.5 to 2 liters of saliva secreted by the salivary gland. Furthermore, 
oral formulations are propelled distally toward the large intestine by the motility 
pattern of the intestine. All mocoadhesive dosage forms must have sufficient 
adhesive force to resist the normal cleaning mechanism(s) of specific route of 
administration. 

SCREENING METHODS FOR MUCOADHESIVES 

Attachment of soluble polymers to the cultured human conjunctival epithelial cell 
surface was studied by Park and Robinson using a fluorescent probe technique(2J. 
Thus, the lipid bilayer portion of the cell was labeled with a fluorescence probe, 
pyrene. Adhesive polymers which bind to the cell surface, compress the lipid bilayer 
and change fluorescence intensity of the probe. A large value of fluorescence change 
indicates a strong binding potential of the soluble polymer to the cell membrane. It 
was found that, compared with polycations and neutral polymers, polyanions with 
high charge density, such as polyacrylic acid, are better bioadhesives. This method, 
however, cannot be used to measure the interaction of water-insoluble polymers to 
the cell membrane because of the interference of water-insoluble polymers to 
fluoresence spectra. 

A majority of screening methods are based on determination of the shear or 
tensile strength of bioadhesionfiij. Tensile and shear strength are the vertical and 
horizontal components of the mucoadhesive strength. The tensile strength was 
measured by a Wilhelmy plate method^ and a modified tensiometer method (J, 7/J. 
The Wilhelmy plate method^ was designed by Smart et al. to measure the tensile 
strength between mucus and water-soluble polymers. The plates were first coated 
by submerging in a 1 % test polymer solution and then oven-dried at 60°C to constant 
weight. The coated glass plate was then immersed in homogenized mucus solution. 
The tensile strength of the polymer-mucus interaction was measured after 7 minutes 
of contact, the shortest time to achieve measurable mucoadhesion. This is a quick 
screening method for water-soluble polymer, however, the mucin used is in 
homogenized state and not in natural state, consisting of a sol and a gel phase. The 
modified tensiometerfriij was designed to measure the tensile strength of the 
interaction between test polymers and the mucus layer. In this method a section of 
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rabbit's stomach tissue was mounted onto a lower support, and another section of 
rabbit's stomach tissue was mounted onto an upper stopper, mucosal surfaces facing 
each other. A test polymer was placed between the mucin layers in a suitable test 
medium, e.g., 0.1M pH2 isotonic phosphate buffer. The force of detachment was 
then measured and the tensile strength determined. The mucoadhesion to natural 
mucus layer is measured, however, one has to be careful not to disrupt the mucus 
layer during tissue preparation. 

Shear strength represents the horizontal component of mucoadhesion. A dual 
tensiometer was designed by Leung and Robinson (5) to measure the shear strength 
in mucoadhesion. The combination of tensile and shear strengths in mucoadhesion 
provides a better understanding of the mucoadhesion process. In this method two 
modified tensiometers were used. 

Peppas and Buri(6"J have developed a method to study the static and dynamic 
mucoadhesive properties of polymeric particles. They used a thin channel filled with 
artificial mucus gel or natural mucus. The particles were preswollen in a mucin 
solution and placed inside the mucus gel channel. The motion of these particles was 
generated by a controlled air flow and their motion with time were photographed. 
The velocities of the particles were determined from the pictures, and the 
hydrodynamic force required for detachment calculated. In this method, both freshly 
excised mucus layer or gastrointestinal tissue can be used. 

The mucoadhesiveness of micro-size particles was determined by Teng and 
Ho(7) using a falling liquid film system. In this method an excised intestinal segment 
was spread on a plastic flute and inclined at an angle. A suspension of test particles 
was allowed to flow down the flute. The concentration of particles entering and 
leaving the intestinal segment were measured, and the amount of micro-particles 
retained by the mucous layer determined. By comparing the fraction of retained 
micro-particles, adhesion of polymer coated microparticles to the intestinal mucosal 
surface can be compared. 

In addition to the above screening methods, an in-situ method using glass 
spheres coated with polymers to test the mucoadhesiveness of these polymers on rat 
jejunum or stomach was used by Ranga Rao and BurifSJ. The coated glass spheres 
were placed on the rat jejunum or stomach. The tissues were then rinsed with 
phosphate buffer or dilute acid. The number of particles remaining after rinsing was 
determined and used as an index for mucoadhesion. 

The gastrointestinal transit of mucoadhesives in rats was studied by Ch'ng et 
àl.(ll). Male Sprague-Dawley rats were fasted with free access to water for 48 
hours prior to the experiment. A capsule containing radioactive test material or solid 
control was inserted into the stomach through a 2 to 3 mm opening in the stomach. 
4 ml of normal saline was injected into the stomach. The rats were allowed to 
recover from the anesthesia and sacrificed at selected time intervals. The stomach 
and small intestine were removed, and the small intestine was cut into segments. 
The amount of test material and control were determined by measuring the amount 
of radioactivity or counting the number of particles in each segment of gut. 

The adhesiveness of bioadhesive dosage forms was studied by Ishida et 
al.(5,74) and Marvola et al.(75,). A "stickiness" test apparatus ;̂ was used to 
measure the adhesiveness of tablets. In this method mouse peritoneal membrane was 
mounted on a support by a metal ring. The adhesiveness of the tablet on the 
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peritoneal membrane was measured by a spring balance. A shearing "stickiness" test 
apparatus (14) was also used to measure the adhesiveness of an ointment. A 
horizontal force was applied to the interacting surfaces, and adhesiveness of the 
ointment was measured by a spring balance. Furthermore, Marvala et al. (15) used 
the isolated swine esophagi in aerated medium to determine the adhesive tendency 
of both tablets and capsules to esophagus. 

A colloidal gold staining technique was developed by Park^ to study 
mucoadhesion with the use of mucin-gold staining technique. In this method red 
colloidal gold particles were stabilized by forming mucin-gold conjugates with the 
mucin molecules. When the mucin-gold conjugates were added to a mucoadhesive 
hydrogel, a red color developed in the interacting interface. The mucoadhesive 
properties of different polymers can then be evaluated by measuring the intensity of 
the red color developed or by measuring the decrease in concentration of the 
conjucates. 

Radiolabelling technique was used by Bridges et si. (16) to evaluate the 
bioadhesiveness of N-(2-hydroxypropyl) methacrylamide copolymers containing 
pendent sugar residues or quaternary ammonium groups. In this method intestinal 
rings were incubated with r25I-labelled copolymers. The intestinal rings were then 
solubilized in 1 M NaOH. The amount of protein and radioactivity were determined, 
and amount of polymer captured per unit weight of tissue protein calculated. 

Interactions of mucoadhesives with biological substrate surfaces may be 
studied using a confocal imaging technique. The scanning laser fluorescent confocal 
microscopy, an improved light microscopy, can be used to view biological structures 
with a minimal amount of disturbance, and scan optically with little loss in image 
quality of the interior sections^ 7). Confocal fluorescence microscopy can image 
samples within a narrow depth of focus with improved resolution and elimination of 
out-of-focus noise. Which allows visualization of biological structures that emit or 
reflect light in thick specimens that are reasonably transparent. Permeation of 
protein through cornea, a transparent tissue, has been successfully studied using the 
confocal imaging technique^). Thus, confocal fluorescence microscopy may be 
used to study interactions of polymers with the natural mucin network with minimal 
disturbance to the mucus layer. 

THE PROCESS OF BIO/MUCOADHESION 

In the bio/mucoadhesive delivery of drugs, three different layers are involved, 
(Figure 1): (1) the mucoadhesive drug delivery system; (2) the mucus layer; and (3) 
the epithelial cell layer. 

Epithelial Cell Layer. In the epithelial cell layer, the cell membrane is viewed as 
a two dimensional oriented viscous lipid solution where protein are free to move(19). 
There are polysaccharide - containing structures on the external surface of cells and 
are collectively referred to as the glycocalyx(20J, which is maintained and 
synthesized continuously by the underlying ce\\(21) and appears to be partly 
responsible for the adhesive property of the cell. Most epithelial tissue carry a net 
negative charge, and the surface of this tissue is a dynamic interface containing 
regions for all types of non-specific and specific interactions. Adhesion at the 
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epithelial layer can occur when the continuity of the mucus layer is interrupted either 
naturally, through the sloughing of cells and mucus, chemically by mucolytic agents, 
or by physical abrasion. The adhesion of certain polymers onto the epithelial layer 
depends significantly on the interaction between the polymer and specialized 
structures and/or macromolecules on the epithelial cell surface. The presence of 
macromolecules surrounding the cell has been well established(22), e.g., 
fibronectins(25J, lectin^, concanavalin(24), \igstm(25), and polypeptides^. 
Attachment of natural and synthetic polymers onto the exposed epithelial layer may 
serve several different functions: formation of a continuous layer with the mucus 
network to cover exposed epithelium and thus protect the underlaying cell against 
physical and chemical insults; carry out some of the functions of natural mucin, e.g., 
lubrication and tissue hydration; facilitation of the recovery of damaged or diseased 
cells; and the sustained delivery of medicaments. 

Mucus Layer. On the surface of all orifices of the body, with the exception of the 
ears, there is a continuous layer of mucus. Mucins are synthesized by goblet cells 
lining the mucosal epithelium layer and by special exocrine glands, such as salivary 
glands(27J. The basic component of all mucus is the mucin glycoproteins, which 
have strong adhesive properties to each other and other bioadhesive molecules. 
Mucin glycoproteins bind firmly to the epithelial layer resulting in a continuous and 
unstirred gel layer over the mucosa. Mucin glycoproteins have oligosaccharide side-
chainsf28;, and terminal L-fucose(29J and sialic acids(50, 31) groups at periodic 
intervals. The pKa of sialic acid is 2:6 giving a substantial negative charge to the 
tissue surface at physiological pH. Mucus is a viscoelastic gel with macromolecules 
linked together via cross-linkings, disulfide bonds(J2J and physical entanglementfiij 
to form an infinite network. 

Bio/Mucoadhesive. Bio/mucoadhesives include water-soluble, linear 
macromolecules and water-insoluble, crosslinked macromolecular networks. In a 
study of the adhesiveness of a series of anionic, cationic and neutral polymery, it 
was found that polyanionic polymers are better bioadhesives than polycationic and 
neutral polymers when both bioadhesiveness and cellular toxicity are considered. 
Furthermore, polyanions with carboxyl groups e.g., polyacrylic acid, appear to be 
better candidates than those with sulfate groups^). 

Bio/mucoadhesives are usually polymers with numerous hydrophilic functional 
groups that can form hydrogen-bonds, e.g., carboxyl, hydroxyl, amide, and sulfate 
groups(34). Some contribution of electrostatic interaction to bio/mucoadhesion is 
also likely, because mucin and mucosal surfaces are negatively charged at pH 7.4(50, 
31). When mucoadhesives make contact with aqueous media, they swell and form 
a gel. The rate and extent of water uptake by the mucoadhesive will depend on the 
type and number of hydrophilic functional groups in the polymer structure, as well 
as the pH and ionic strength of the aqueous media. For water-insoluble polymers, 
e.g., cross-linked polyacrylic acid, the polymer network absorbs water, swells and 
expands when in contact with an aqueous media. However, the amount of water 
sorbed, i.e., the degree of hydration was found to increase with an increase in the 
percent of charged functional groupsfJJ. As the degree of hydration increases, the 
expanded nature of the polymer network increases, with a corresponding increas in 
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mucoadhesive strength^. Thus, an increase in openness of the polymer network 
favors the bio/mucoadhesion process. Furthermore, the extent of equilibrium 
swelling of cross-linked polyacrylic acid was found to decrease almost linearly with 
an increase in the concentration of cross-linking agent (35). 

In a swollen macromolecular network, the mesh size, i , of the effective area 
for diffusion is the space between the spheres where the chains are confined. Critical 
hole formation occurs by increased chain flexibility and chain movement. The 
average mesh size of the network in angstroms can be represented as(42) 

ζ = « s (2 ηΐψ (1) 

where i is the bond length, η is the number of links (C-C bonds) between two cross
links, and 

ocs = (V/Vo)^ (2) 

V is the volume of the swollen polymer, and Vo is the volume of the unswollen 
polymer. Mucoadhesive strength was found to increase with an increase in the 
openness of the polymer and mucin network^. 

Mechanism of Bio/Mucoadhesion. The process of bio/mucoadhesion may be 
visualized as having two stages: firstly, the development of close contact between the 
adhesive and substrate; and secondly, interpénétration between the polymer and 
mucin (glycoprotein) network. At both stages interficial bonds are formed between 
the functional groups of both networks. Interfacial bonding occurs primarily through 
secondary bonding, e.g., electrostatic and hydrophobic interactions, hydrogen 
bonding, and van der Waals intermolecular interactions. For bioadhesives with 
charged groups, electrostatic interaction and hydrogen bonding appear to be of 
primary importance. 

The development of close contact between the adhesive and substrate depends 
heavily on the miscibility of the two phases or the wetting ability of one phase to the 
other. The Dupré equation (3 7) describes the spreading ability of the adhesive to the 
substrate. 

W A B = Y A + V B " YAB <3) 

Where W A B is the thermodynamic work of adhesion, γ Α and γ Β are the surface 
tensions, and γ Α Β is the interfacial tension. The interaction of cultured human 
endothelial cells with polymeric surfaces of different wettabilities have been studied, 
and an optimal cell adhesion was found with moderately wettable polymers(38). Cell 
adhesion within a series of cellulose polymers was also found to increase with an 
increase in contact angle of the polymer surfacefSPJ. Recentiy a combined spreading 
coefficient was used to study the mechanism bioadhesion(40J. The magnitude of the 
combined spreading coefficient was found to correlate well with the bioadhesiveness 
of a series of polymers. Thus, surface properties that effect surface tension and/or 
the wettabilties between adhesive and substrate have a significant role in 
bio/mucoadhesion. 
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Bio/mucoadhesion between an adhesive and substrate involves a hydrated 
macromolecular network in the adhesive or the substrate or both. At the initial 
contact and during the establishment of intimate contact of the two phases, 
interpenetration/interdiffusion occurs between the adhesive and substrate. The ability 
of the polymer chains to interpenetrate can be approximated by their ability to 
diffuse. Thus, chain-segment mobility of the polymers and substrates can be related 
to their viscosities and diffusion coefficient. Over a sufficientiy restricted 
temperature range, the experimental diffusion coefficient, D, shows an exponential 
temperature dependence of the Arrhenius type(41) 

D = Do exp (-E/RT) (4) 

Where the pre-exponential factor Do is a constant and is independent of temperature 
over a finite temperature range, and Ε is the experimental activation energy for 
diffusion of the segment chains. Bioadhesion is a temperature dependent process 
(Figure 2), and the tensile strength increases with an increase in temperature(56J. 

The diffusion theory of adhesion was first discussed by Voyutskii,f^5j where 
the chains of the adhesive and substrate interpenetrate each other to a sufficient depth 
and create a semi-permanent adhesive bond. The representative mean diffusional 
path, S, for macromolecules can be estimated 2&(44) 

S = (2t D)1* (5) 

where D is the diffusion coefficient. 
The degree of hydration and hence expanded nature of the polymer was found 

to decrease with a decreasing percent of charged groups (5). The average mesh size 
of the polymer network correlates linearly with the percent of acrylic ζο\ά(45). 
Thus, the degree of hydration and the average mesh size of the polymer network is 
controlled by the percent of hydrophilic functional groups. Furthermore, the 
diffusion coefficient of acrylic polymers was found to depend on the mesh size of the 
network to the sixth power(36) t and the tensile strength was proportional to the 
average mesh size of the acrylic polymer network to the third power(36). Thus, 
tensile strength depends significantly on the diffusion coefficient of the adhesive 
polymers. 

The mucoadhesive strength of cross-linked polyacrylic acid was found to 
depend on the pH of the bathing medium (12). The mucoachesive strength is high 
at acidic pH of 1 to 2 and drops sharply at around pH A (12). The sharp decrease in 
mucoadhesive strength around the pKa of polyacrylic acid (4.75) suggests the 
significant of the acid form of the carboxylic group in mucoadhesion. Mucoadhesion 
was also found to depend on the density of carboxyl-group(35). Thus, for 
mucoadhesion to occur, polymer chains must be able to form hydrogen bonds with 
the underlying substrate and should be flexible enough to maximize the formation of 
hydrogen bonds (35). 

APPLICATION OF BIO/MUCOADHESIVES 

Bioadhesive polymers can be used in a variety of different formulations, e.g., tablet, 
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Polymer- Bioadhesive 
mucin drug delivery epithelial 

Epithelial 
cell layer 

Figure 1: Schematic diagram at the site of bioadhesion. 

721 

1/T χ 10'3 (°K ) 

Figure 2: Graph of In (tensile strength) versus 1/T. (Reproduced with 
permission from ref. 36. Copyright 1990 Elsevier.) 
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capsule, minocapsule, film, patch, gel or powder. Bio/mucoadhesive formulations 
can be used in any route that has a mucus covering, e.g., ocular, nasal, buccal, 
gastrointestinal, rectal and vaginal. 

Ocular route. In the precorneal area physiological pH is 7.3 to 7.4. At the 
negatively charged corneal surface, there is preferential uptake of cationic liposomes 
over anionic and neutral liposomes^. Thus, it appears that some electrostitic 
interactions are occuring at the corneal surface with possible involvement of the 
mucus layer. The mucus layers in the cornea and the conjunctiva are 0.02 μτη to 
0.05 μπ\(47) and 1.4 μπ\(48) thick, respectively. Mucus forms the inner layer of the 
tear film and is in contact with the microvilli of both the corneal and conjunctival 
epithelia. 

The major problem of ocular drug delivery is the excessive loss of drug via 
the lacrimal drainage system into the nasopharynx before adequate corneal absorption 
can occur. Besides nonproductive absorption and protein binding, excessive ocular 
drainage caused by induced lacrimation is a major problem in ocular drug delivery. 
The eye is an extremely sensitive organ that responds quickly to external stimuli. 
Administration of an ocular formulation is likely to stimulate the eye to increase tear 
secretion with subsequent drug loss. Thus, in formulation of bio/mucoadhesive 
ocular drug delivery systems, it is essential to carefully adjust the formulation to 
minimize eye irritation. Typical ocular bioavailability of topically applied drugs is 
1 - 10%. 

When an ocular mucoadhesive formulation is administered, there will be 
adhesion of the dosage form to the precorneal tissue. The drug1 will then 
dissolve/diffuse/partition into the tear film and release drug into the precorneal area 
for absorption. 

A mucoadhesive ocular dosage form was used in the rabbit to increase the 
ocular bioavailability of progesterone(49J. The mucoadhesive used was cross-linked 
polyacrylic acid, commonly known as polycarbophil, and the area under the 
concentration-time curve was 4.2 times greater than a conventional ocular 
suspension. Similar results were obtained for ocular bioavailability of 
pilocarpine(50J. The mucoadhesives used were hyaluronic acid, polygalactouronic 
acid, mesoglycan and carboxymethylchitin. 

Nasal Route. The human nasal cavity is divided by the median septum into two 
symmetrical and approximately equal chambers that open into the nasopharynx 
through two oval openings. These two oval openings, the choanae, measure 2.5 cm 
vertically and 1.5 cm transversely (51). The nasal cavity is lined with a continuous 
mucosal layer from the nares to the nasopharynx. The mucosal layer lining the nasal 
choanae, is the thickest and most vascular(51). Thus, drugs can be easily absorbed 
via the nasal route and will bypass first-pass metabolism and lumenal degradation 
associated with the oral route. In terms of nasal drug absorption, it seems that 
hydrophobic drugs are better absorbed than hydrophilic arugs(54). The nasal mucosa 
and submucosa are liberally interspersed with goblet cells, as well as numerous 
mucous and serous glands, to secret mucus that keep the nasal mucosal surface 
moist(52J. The mucus layer consists of 90 to 95% water, 1 to 2% salt and 2 to 3% 
mucin. Mucus moves at a rate of 5 mm/min toward the throat by the ciliated cells 
present on the surface of the mucosafJJJ. 
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Different mucoadhesive formulations have been developed to deliver drugs 
nasally. Carbopol 934 and hydroxypropyl cellulose were used in development of 
powder insulin dosage form(55). The resultant hypoglycemic effect using a 3 u/kg 
was twice that of intraverrous administration of 0.5 u/kg. When hydroxypropyl 
cellulose was used as the bioadhesive base, the nasal powder was found to adhere to 
the nasal mucoas for up to 6 hours after application (56). Mucoadhesive 
microspheres were prepared using albumin, starch and DEAE-dextran. The 
clearance of the microspheres was slowed, and contact between microspheres and the 
mucin/epithelial layer prolonged^. Furthermore, polyacrylic acid gel was used 
in formulations of insulin and calcitonin. The absorption of both insulin and 
calcitonin were found to be enhanced 

Buccal Route. The oral mucosa can be divided into non-keratinized, keratinized and 
highly selective keratinized regionsftfij. The borders of the lips and dorsal surface 
of the tongue is highly selective keratinized. The other keratinized regions are the 
hard plate and the gingiva. The non-keratinized regions consist of the soft palate, 
the mouth floor, the ventral surface of the tongue, the labial and buccal mucosa. The 
buccal cavity is a convenient and easily accessible site for bio/mucoadhesive drug 
delivery. In addition, the buccal route has lower enzymatic activityfJP, 60) and can 
by-pass first-pass metabolism and gastric degradation. 

Absorption of drug through the buccal mucosa is likely to occur most 
efficiendy through the non-keratinized regions. Thus, an appropriate site of adhesion 
for mucoadhesive dosage form is on the non-keratinized regions. 

The buccal cavity is lined by a relatively thick mucous membrane. It is 
highly vascularized and approximately 100 sq cm in areaffâj. A layer of mucus 
lining the entire buccal cavity and copious water from the salivary gland (1 to 2 liters 
per day at around pH6) to act as a bathing medium to hydrate the bioadhesive for 
proper attachment. There are three main sources of saliva: the three pairs of main 
glands (the parotid, the submaxillary and the sublingual); the minor salivary glands 
in buccal, palatal and sublingual mucosa; and variety of smaller glands dispersed on 
the tongue, buccal and sublingual mucosa. 

Mucoadhesive buccal tablets which remain in place for 3 hours were prepared 
using hydrozypropyl cellulose and lactosef&JJ. After placement of the mucoadhesive 
tablet on the buccal mucosa, the tablet was eroded slowly with time. Similary, a 
mucoadhesive buccal nitroglycerin tablet was found to have pharmacodynamic effects 
for up to 5 hours(64). Mucoadhesive gels which have prolonged residence time over 
solution were investigated using polyacrylic acid (65, 66) and 
polymethylmethacrylate^ as gel-forming polymers. 

Mucoadhesive laminated buccal films and patches have also been 
investigated(3, 68-70). Mono- or multilaminated films can be prepared by using a 
standard laminating technique, provided attention is given to the usual swelling 
property of the bioadhesive and thus potential seporation of the rate limiting 
membrane from the bioadhesive. Different layers can function as an adhesive layer, 
as a platform for drug delivery or simply as a drug reservoir. 
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Gastrointestinal Route. The oral route is the most conmonly used route of drug 
delivery. When a dosage form is administered orally, it will quickly reach the 
stomach via the esophagus. The dosage form will stay in the stomach for a certain 
period of time and will subsequently be released into die small intestine. The small 
intestine is 7 meters long from the pylorus to the ileocecal junction. It is divided into 
three portions: the duodenum; the jejunum; and the ileum. The mucous membrane 
of the small intestine is composed of the villi, small projections of cytoplasm, and 
rich network of capillary blood vessels and lymphatic vessels. Thus, the small 
intestine is the main absorption site of the majority of drugs. Bioavailability of drugs 
would be greatly improved if the dosage form can be retained in the stomach or the 
proximal portion of the small intestine and release medicaments slowly. The effect 
would be more significant for drugs with a narrow absorption window. 

In order to formulate a good mucoadhesive oral drug delivery system, the 
gastrointestial (GI) motility pattern needs to be considered. GI motility in human and 
animal follow a cyclic pattern of digestive (fed) mode and the interdigestive (fasted) 
mode. In the fasted mode the motility pattern is divided into 4 distinct phases(71). 
Phase I is a quiescent period, phase Π has random spikes of electrical activity or 
intermittent contractions, phase III is a period of regular spike bursts of regular 
contractions at moximal frequency, and phase IV is the transition period between 
phase III and phase I. However, in the fed mode there is continuous motility with 
retropulsive forces approximately 50% the magnitude of the phase III activity. The 
GI motility in the fasted mode is commonly known as the interdigestive migrating 
motor complex (IMMC) with an average duration of 90 to 120 minutes. The IMMC 
is interrupted when food is administered. Phase III in the IMMC is commonly 
known as the "housekeeper wave". It originates in the foregut and propagates 
distally to the terminal ileum. The "housekeeper wave" serves as a cleaning 
mechanism to clear all indigestible materials, including dosage forms, from the 
stomach and small intestine. Thus, a good oral mucoadhesive drug delivery system 
needs to overcome the cleaning action of the "housekeeper wave" and remain in the 
stomach or proximal small intestine. In addition, the fasted stomach has considerable 
debris consisting of cells and degraded mucus, both of which will coat the 
bioadhesive and make its attachment to the wall very difficult. 

Rectal Route. The rectum is 5 inches in length and is the distal portion of the large 
intestine. The mucous membrane of the large intestine is smooth and devoid of villi 
and hence has relatively small surface area for drug absorption. A large number of 
goblet cells are dispersed in this mucous membrane, and it is responsible for the 
thick mucus layer covering the surface of the large intestine(72,J. The primary 
function of the rectum is water absorption, thus the water content is relatively low 
and viscosity of the fecal matter is relatively high. In formulation of rectal 
mucoadhesive dosage form, hydration rate of the adhesive and dosage form, as well 
as diffusion of released drug needs to be properly controlled. Once the drug 
molecule reaches the absorbing epithelicum, absorption is primarily via simple 
diffusion through the lipid membranefZÎJ and is consistent with the pH partition 
theory (74). 

The proximal one-third of the rectum is drained via the superior hemorrhoidal 
vein to the inferior mesentiric vein and finally to the hepatic portal system. The 
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distal two-thirds of the rectum is drained directiy into the general circulation and by
passes the first-pass metabolism. Thus, for rectal drug deliveries, the formulations 
need to be localized in the lower or middle rectal areas. However, after insertion, 
a rectal suppository has a tnedency to migrate upward into the middle and upper third 
of the rectum. Thus, mucoadhesives can be used in rectal dosage forms to slow the 
upward migration by attaching to the mucin/epithelial layer of the lower two-thirds 
of the rectum. The more intimate contact of the formulation to the epithelial layer 
may also enhance the effect of adjuvants, e.g., penetration enhancers, which are 
present in the formulation. Examples of penetration enhancers used in rectal 
formulations are sodium salicylate(75, 76), 5-methoxysalicylate(75,J and enaminc(77). 

A cylindrical mucoadhesive dosage form consisting of hydroxyethyl 
methacrylate (HEMA) cross-linked with ethylene glycol dimethacrylate was used for 
rectal delivery of antipyrine and theophylline's,). The formulation gave a rapid 
increase in plasma concentration for the first 4 to 5 hours and an almost constant 
release thereafter. A mucoadhesive, polyacrylic acid gel, was used in rectal delivery 
of insulin(79), and was shown to promote the rectal absorption of this drug in rats. 

Vaginal Route. The uterine cervix consists of the portio vaginalis or exocervix and 
the endocervix. The exocervix is covered by nonkeratinized, stratified squamous 
epithelium which protrudes into the vagina. The endocervix consists of a layer of 
tall, columnar endocervical glands, which are responsible for mucin secretion which 
covers the surface of the cervix and vagina. During reproductive years the squamous 
epithelium lining the vagina is thick and statified, and contain a rich supply of 
glycogen. Glycogen is metabolized by the lactobocillus to produce an acidic 
environment^^ which decreases vaginal infections. The mucosal lining of the 
vagina is extremely sensitive to estrogen levels. The squamous epithelium responds 
to both increases or decreases in endogenous and exopenous estrogen level. For 
post-menopaudal women the endogenous estrogen level decreases, and the cervix 
shrinks and becomes atrophic with a reduction in mucus production. Furthermore, 
with atrophy of the squamous epithelium, the glycogen content decreases, with a 
subsequent increase in vaginal pH and infections. 

Cervical mucus contains more sialic acid than does gastric (80, 81), thus the 
electrostatic interaction between adhesives and cervical mucus may be higher. The 
visco-elastic character of cervical mucin was found to vary and be dependent on the 
amount of waterf82j and local calcium concentration (83). Cervical mucus is well 
known for its cycle variation in viscosity. When estrogen dominates the mucus 
appears clear and with low viscoelasticity, which is readily penetrated by sperm. 
Whereas when progesterone dominates the mucus is thick and with high 
viscoelasticity, which resists sperm penetration(85). 

Hydroxypropyl cellulose and Carbopol were used in a disc-\ike(86) and a 
stick-likefSZJ vaginal formulation. Once administered to the cervical canal, the 
formulation swelled and the shape of the dosage form was fairly well maintainedfS7j. 
The amount of released bleomycin was found to increase with the amount of 
mucoadhesive incorporated in the formulation (86). A soluble hydroxypropyl 
cellulose cartridge impregnated with drug was also used for vaginal drug 
delivery (88). Once placed in the vagina, drug is released over an extended period 
of time. The hydrated cartridge becomes a highly viscous gel and provides a 
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soothing effect on the vaginal wall. Furthermore, a cross-linked polyacrylic acid, 
polycarbophil, was used in a mucoadhesive vaginal moisturizer to treat vaginal 
dryness(8PJ. The hydrated polycarbophil attaches to the vaginal tissue surface for 
three to four days to alleviate dryness and subsequent irritations. The low pH of the 
formulation (around pH 3) maintains the desiccated vaginal tissue at an acidic pH and 
may minimize vaginal infections. 

CONCLUSION 

Bio/mucoadhesives drug delivery systems can be designed to localize in specified 
absorption sites with enhanced bioavailability and minimized first-pass metabolism 
and enzymatic degradation. For each chosen administration route, a unique natural 
clearing mechanism exists. Once the natural clearing of the mucoadhesive 
formulation is minimized, design of sustained release dosage form can be successful. 
Thus, a thorough understanding of the administration route and the cleaning 
mechanism is crusial in design of mucoadhesive formulation. Currentiy, there is a 
lacking of a good understanding of intact mucus layer in the natural undisturbed state 
and the interaction between polymers and natural mucin network. To this end, the 
scanning laser fluorescent confocal microscopy may provide some useful information. 
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Chapter 17 

pH-Sensitive Hydrogels 
Characteristics and Potential in Drug Delivery 

Helle Brøndsted1 and Jindřich Kopeček1,2 

Departments of lPharmaceutics/CCCD and of 2Bioengineering, University 
of Utah, Salt Lake City, UT 84112 

The factors influencing the equilibrium degree of swelling of pH
-sensitive hydrogels, such as charge and pKa of the ionizable 
monomer, the crosslinking density and hydrophilicity of the polymer; 
and pH, ionic strength and composition of the surrounding solution 
are reviewed in relation to applications in drug delivery. pH-sensitive 
swelling can be exploited in the development of drug delivery 
systems, which would release the drug in response to the pH of the 
surrounding solution. pH-sensitive hydrogels have potential in drug 
delivery to the gastro-intestinal (GI) tract, due to the pH-variation 
throughout the GI tract, and for more complex systems where a 
physiological stimuli results in a change in pH and release of drug. 
The potential application of pH-sensitive hydrogels in drug delivery is 
illustrated and an example of new pH-sensitive hydrogels for colon
-specific drug delivery is given. 

Hydrogels are defined as infinite three-dimensional polymeric networks containing a 
considerable amount of water, e.g., more than 20% (7,2). Due to their high water 
content, hydrogels possess excellent biocompatible behavior (3). Hydrogels have 
been extensively studied for biomedical applications such as implants (4) and soft 
contact lenses (3) Drug delivery systems developed for many different purposes have 
been based on hydrogels because of their high and, at the same time, controllable 
permeability to drug molecules (5). However, the majority of the studies on 
hydrogels are related to neutral hydrogels. Hydrogels and their properties have been 
reviewed by several authors (2,3,6-9). 

pH-sensitive hydrogels usually contain pendant acidic or basic groups, such 
as carboxylic acids and primary amines, or strong acid and bases, such as sulfonic 
acids and quaternary ammonium salts, which change ionization in response to 
changes in pH, thus changing the properties of the gel (70). Among the first ionic 
hydrogels investigated were gels based on acrylic acid and methacrylic acid (77,72). 
It was observed that the equilibrium degree of swelling of these gels responded to 
changes in pH. When the pH of the swelling solution was increased the gels showed 
an increase in swelling. The fact that polyelectrolyte gels change properties in 
response to pH can be exploited in the development of new drug delivery systems. 

0097^156/92AM80-0285$06.00/0 
© 1992 American Chemical Society 
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Not many such systems have been described so far, even though the swelling 
properties and permeability of pH-sensitive hydrogels have been studied. 

In this chapter we first intend to review the preparation and characteristics of 
pH-sensitive hydrogels, such as equilibrium degree of swelling and drug 
permeability. Their properties will be related to applications in drug delivery of low 
and high molecular weight compounds, and it will become apparent that there exists a 
great potential in using pH-sensitive hydrogels for the development of drug delivery 
systems. Then the application of pH-sensitive hydrogels in drug delivery to the colon 
will be demonstrated using new acidic hydrogels containing enzymatically degradable 
crosslinks. 

Preparation. 

Basic preparation techniques of pH-sensitive hydrogels will be discussed along with 
some classical examples. 

Monomers. pH-sensitive hydrogels are hydrogels containing one or more ionic or 
ionizable monomer in the polymeric backbone or in crosslinks. Copolymerization can 
be achieved with neutral hydrophilic or hydrophobic monomers. The latter improve 
the mechanical strength of the usually weak hydrogel. In principle, hydrogels with 
any desired property can be obtained by varying the amount and type of monomer 
and crosslinker used. Table I lists some of the monomers used in the preparation of 
pH-sensitive hydrogels. The monomers may contain weakly acidic and basic groups, 
such as carboxylic acids and primary or substituted amines, or may contain strong 
acids and bases such as sulfonic acids and quartenary ammonium salts. 

Table I. Monomers used in pH-sensitive Hydrogels 
Type Monomer pH-sensitive group Reference 

Acidic Acrylic acid 
Methacrylic acid -COOH 

13,33 
10,38,40 

Sodium styrenesulfonate -S03-Na+ 17,18 

Sulfoxyethyl methacrylate -SO3H 43 

Basic Aminoethyl methacrylate -NH 2 

N,N-dimethylaminoethyl 
methacrylate -N(CH 3) 2 

39,47 

N,N-diethylaminoethyl 
methacrylate -N(CH 2CH 3) 2 

10,40,70 

Vinylpyridine -O 
Vinylbenzyl trirnemylammonium 
chloride 

-N(CH3)3

+,C1- 17,18 
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Synthesis of Hydrogels. The hydrogels can be prepared by covalent 
crosslinking, such as crosslinking copolymerization, crosslinking of polymeric 
precursors, or by physical crosslinking such as polyelectrolyte complexes where one 
ionic species is in excess. Ionic hydrogels can also be prepared by hydrolysis of 
neutral hydrogels, e.g., poly(acrylonitrile) or poly(hydroxyalkyl methacrylate) 
hydrogels, which results in an acidic hydrogel. Details of these methods and 
important features of the resulting hydrogels are listed in Table Π. 

Crosslinking Copolymerization. Crosslinking copoly-merization is 
performed either in bulk or more usually in the presence of a solvent. In the latter 
case all monomers and the crosslinking agent are dissolved in a suitable solvent. An 
initiator, usually a free radical initiator, is added and the polymerization is initiated by 
the decomposition of the initiator, which can be achieved by elevating temperature or 
applying UV light. After polymerization the hydrogels should be washed in order to 
extract all residual monomers and polymers not incorporated into the network (75). 

Crosslinking of Linear Polymers. Hydrogels may be prepared by 
crosslinking of linear polymers containing reactive groups with a bifunctional 
crosslinking agent. The polymerization is usually done in a solvent, and the gel point 
is reached very quickly (14,15). 

Interpenetrating Networks. An interpenetrating network consists of two 
crosslinked networks which are physically entangled. Such a network can be 
prepared, e.g., from poly(oxyethylene) and poly(acrylic acid) (76). The first 
hydrogel network was composed of crosslinked poly(oxyethylene). Next the 
membrane was soaked in a mixture of acrylic acid, crosslinker and initiator and 
polymerized again, resulting in interpenetrating pH-sensitive networks of 
poly(oxyethylene) and poly(acrylic acid). Interpenetrating networks may also be 
formed simultaneously using two different polymerizations mechanisms such as 
step-growth and free radical polymerizations. 

Polyelectrolyte Complexes. pH-sensitive hydrogels can be formed 
from anionic and cationic polymers, where ionic forces hold the polymers together 
(17,18). A pH-sensitive gel can be obtained by using one of the ions in excess. A 
polyelectrolyte complex composed of poly(vinylbenzyl trimethylammonium chloride) 
and sodium poly(styrenesulfonate) (Ioplex 101) has been studied with regard to 
biomedical applications (2). A difference between polyelectrolyte complexes and 
other pH-sensitive gels is that, as the ionic strength increases, the degree of swelling 
of polyelectrolyte complexes increases, due to interruption of the ionic forces in the 
gel. Ultimately, the gel will dissolve. As will be discussed later the degree of 
swelling of other pH-sensitive hydrogels decreases with increasing ionic strength. 

Hydrolyzed Neutral Hydrogels. By hydrolysis of already existing 
groups in neutral hydrogel, such as esters, amides and nitriles, different degrees of 
ionization can be introduced in the polymeric backbone. The resulting distribution of 
ionizable groups in the backbone will be different than the distribution after 
copolymerization of the two corresponding monomers. A pH-sensitive hydrogel was 
prepared by partial hydrolysis of poly(acrylonitrile) resulting in formation of acidic 
groups. The poly(acrylonitrile) formed a physical network due to association of 
blocks of acrylonitrile and blocks of acrylic acid. These hydrogels have a very high 
water content and very high mechanical strength compared to conventional hydrogels 
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Equilibrium Degree of Swelling. 

Ionized gels often have very high degrees of swelling. A high concentration of ions 
exists inside the gel due to dissociation of acidic or basic groups in the gel and 
diffusion of counterions into the gel from the surrounding medium. The high ion 
concentration will increase water flow into the gel due to osmosis, resulting in an 
increase in swelling described by the Donnan equilibrium. Another factor 
contributing to increases in swelling is the interaction and repulsion of charges along 
the polymer chain. Much literature describes the swelling of ionizable gels; however, 
the swelling equilibrium is very difficult to model mathematically due to electrostatic 
interactions along the chain and the often very high swelling of ionic gels. 
Furthermore, the pKa of the gel, which is a parameter that has to be incorporated into 
the expression, depends on the degree of ionization which changes with pH. In this 
section the different approaches taken to model the swelling of ionic gels will be 
discussed briefly and the factors influencing the degree of swelling of ionic gels will 
be reviewed. 

Theory. The theory for swelling equilibrium for neutral gels was developed by 
Flory and Rehner and was based on the free energy relationship shown in equation 1 
(20). 

0 = AFi + AF 2 (1) 

where AF\ corresponds to the free energy of mixing and AF 2 corresponds to the 
elastic free energy due to expansion. The free energy of mixing favors swelling 
whereas elastic free energy opposes swelling of the gel by a retractive force. Explicit 
expressions for AFi and AF 2 have been derived by various research groups (5,27). 

For ionized networks, equation 1 has been modified to include contributions 
from the mixing of ions with solvent, AF3 and from interactions of charges along the 
polymer chain, AF4 (22) (equation 2). 

0 = AFi + AF 2 + AF 3 + AF4 (2) 

The elastic free energy term AF 2 assumes a Gaussian chain length distribution. For 
high degrees of swelling, this assumption is not valid, and AF 2 must include 
contributions from the non-Gaussian free energy due to the limited extensibility of 
the chains. Expressions for these terms have been developed by Hasa et al (22). 

It has been shown that the modulus of elasticity of ionized gels depends on 
the degree of ionization of the gel and the ionic strength of the solution (22-26). The 
mechanical behavior of ionized gels was described by Hasa et al. by modifying the 
theory of rubberlike elasticity (equation 3). The modulus of elasticity, G, can be 
determined by stress-strain measurements in compression or elongation (22). 

ί/Α=-0(λ-λ-2)=-00(1+φΝ+ΦΕ)(λ-λ-2) (3) 

where f/A is applied force per area, G is modulus of elasticity, λ is the ratio of height 
of deformed sample to height of relaxed sample in compression, <J>N and ΦΕ are 
contributions to modulus due to non-Gaussian behavior (finite extensibility of the 
chains) and electrostatic interactions along the chain, respectively, G° is the modulus 
obtained from the theory of rubberlike elasticity for unionized network. 

For a highly crosslinked poly(2-hydroxyethyl methacrylate-co-methacrylic 
acid) hydrogel with low charge density a good correlation between theory and 
experimental results was observed. However, at very high charge densities, 
deviation from the theory was found (23,24)- It was later confirmed that the swelling 
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behavior of ionic gels could be predicted using a theory based on Hasa et al. (27-29). 

The swelling transition was enhanced by an increase in the number of charges on the 
chain, but decreased with increased concentration of electrolytes and decreased 
flexibility of the chain (28). 

Recently, Brannon-Peppas and Peppas derived a model which describes and 
predicts the swelling behavior of ionized gels. This model is based on three 
contributions to swelling equilibrium; the contributions from mixing, from the elastic 
free energy and from ionic interactions. This model differs from the above described 
model in assuming a Gaussian chain length distribution. These researchers were able 
to predict the swelling of gels with different pKa as a function of pH and ionic 
strength of the surrounding medium (30,31). 

Other research groups have derived models for swelling of ionic gels based 
on Donnan theory (32-36). This theory explains the swelling due to the difference in 
osmotic pressure of ions inside the gel and in the surrounding medium. This theory 
is more simple because it does not involve parameters from the elastic free energy of 
the network. Ricka and Tanaka used the Donnan theory to describe the swelling of 
poly(acrylamide-co-acrylic acid) networks (33). The researchers found that the 
theory was valid as long as only monovalent ions were involved. Phase transitions in 
poly(acrylamide) and poly(acrylic acid) interpenetrating networks were recently 
observed by Ilmain et al. (37). 

Factors Influencing the Swelling of pH-Sensitive Hydrogels. The 
equilibrium degree of swelling of pH-sensitive hydrogels is mainly influenced by the 
charge of the ionic monomer, pKa of the ionizable group, degree of ionization, 
concentration of ionizable monomer in the network and pH, ionic strength and 
composition of the swelling solution. Also, factors such as crosslinking density and 
hydrophilicity/hydrophobicity of the polymer (as for uncharged gels) influences the 
degree of swelling and the pH-sensitivity, that is, the magnitude of the response to 
changes in pH. The effects of these factors on the equilibrium degree of swelling are 
summarized in Table ΙΠ. 

The charge of the ionic monomer effects the pH-sensitivity of the gel. An 
acidic hydrogel will be ionized at high pH but unionized at low pH, thus, the 
equilibrium degree of swelling will increase at high pH where the gel is ionized (38). 
A cationic/basic hydrogel has the opposite pH-dependence of swelling (39). The 
specific resistance of hydrogel membranes containing ionogenic groups was related 
to pH (40-42). The hydrogels were based on 2-hydroxyethyl methacrylate; 
methacrylic acid and Ν,Ν-diethylaminoethyl methacrylate were used in order to 
obtain acidic, basic and ampholytic gels. The dependence of the specific resistance on 
pH as a function of content of ionogenic groups, crosslinking density and degree of 
neutralization were evaluated. Figure 1 shows specific resistance as a function of pH 
for acidic, basic and ampholytic membranes. It was found that the acidic membrane 
showed maximum specific resistance at pH around 3.5, the basic membrane at pH 10 
and the ampholytic membrane around pH 6. Maximum specific resistance was 
obtained at a pH close to the pKa of the membrane, where the membrane became 
neutral or at the isoelectric point of the ampholytic membrane (40). 

pKa was shown to influence the pH-swelling curve. An increase in the pKa 
of an acidic monomer shifted the curve to a higher pH (31). It was shown that the 
swelling response to pH was very sensitive at a pH close to the pKa of the hydrogel. 
Strong acid membranes containing sulfooxyethyl methacrylate as the ionogenic 
monomer were found only to have a small dependence on pH (43) 

The concentration of ionizable monomer in the hydrogel has been shown to 
be important for the swelling and pH-sensitivity of the gel. This effect depends on 
the relative hydrophilicity of the ionizable monomer to the neutral comonomer. It was 
found that as the amount of methacrylic acid in poly(methacrylic acid-co-2-
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Table ΓΠ. Factors influencing swelling of polyelectrolyte hydrogels 
Factor 

Gel " Charge of ionizable 
properties monomer 

pKa of ionic monomer 

Effect RefT 

Degree of ionization 

Concentration of ionizable 
monomer 

Crosslinking density 

Hydrophilicity/ 
hydrophobicity of 
polymer backbone 

Swelling pH 
solution 

Ionic strength 

Coion 

Counterion 

Acidic:pHÎ=*ionizationî 
Basic:pHÎ=>ionization>L 

pKaî=>pH-ionization profile 
shifts to Î pH 

IonizationT=»swellingT 

ConcentrationT=*swelling in 
ionized state? 

Density T=>swellingi 

Hydrophilicity T=>swellingT 

Acidic:pHÎ=>swellingî 
Basic:pHÎ=»swelling>t 

Usually no change 

Effect depends on specie 
(salting-in/salting-out and effect 
on water structure) 

10,40 

31 

10,31, 
40 

13 

13,38 

13,39 

Ionic strengthT=>osmotic 31,39 
pressure inside geli=>swellingi 
(exceptionrpolyelecrrolyte 
complexes) 

Valency of counterion Valencyî=>swellingJ. 

46 

46 

46,47 
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PH 

Figure 1. The specific resistance of hydrogel membranes as a function of pH. 
The membranes are all based on 2-hydroxyethyl methacrylate, containing 2% 
ethylene dimethacrylate as crosslinking agent. The acidic membrane contains 
2.64% methacrylic acid, the basic membrane 2.89% N,N-diethylaminoethyl 
methacrylate, and the ampholytic membrane 1.60% methacrylic acid and N,N-
diethylaminoethyl methacrylate. (Data from ref. 10). 
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hydroxyethyl acrylate) hydrogels increases, dependence of specific resistance on pH 
increases (40). Using a more hydrophobic monomer such as butylacrylate, the 
degree of swelling increases as the amount of acrylic acid increases, both at low and 
high pH (44). 

Crosslinking density influences pH dependent swelling. An increase in 
crosslinking density restricts the equilibrium degree of swelling. Investigating the 
swelling of poly(methacrylic acid-co-2-hydroxyethyl methacrylate) hydrogels with 
different crosslinking density, it was found that this effect was more pronounced at 
high pH than at low pH. At high pH the gel was ionized and hydrophobic 
interactions and hydrogen bonding inside the gel present at low pH were interrupted 
(38). 

The influence of structure of the polymer backbone on swelling was 
investigated using copolymers of methacrylic acid, butyl methacrylate and 
hydroxyethyl methacrylate (45). It was found that the more hydrophilic the polymer 
backbone, the lower the pH-sensitivity. Siegel found that increasing the 
hydrophobicity of the more hydrophobic n-alkyl methacrylates would decrease the 
pH-sensitivity of poly(n-alkyl methacrylate-co-N,N-dimethylaminoethyl 
methacrylate) hydrogels. In this case the swelling at low pH where the gel is ionized 
is highly dependent on the hydrophobicity of the neutral monomer (39). 

Buffer composition and ionic strength effect the swelling of polyelectrolyte 
hydrogels (39,46-48). As ionic strength increases, the swelling decreases due to 
increased counterion concentration, shielding of charges on the polymer chain and 
high ion concentration outside the gel. As the concentration of ions outside the gel 
increases, the concentration of ions inside and outside of the gel will become equal 
and the osmotic pressure inside the gel will decrease. A buffer containing multivalent 
counterions decreases the degree of swelling. One multivalent ion is able to neutralize 
several charges inside the gel. Therefore, the concentration of multivalent counterions 
inside the gel will be less than monovalent ions; the osmotic pressure and the degree 
of swelling of the gel will be decreased. Swelling in phosphate buffer was greater 
than swelling in citrate buffer. The buffer species is not important at high ionic 
strength; in that region the ionic strength is the only determinant of swelling (46). 

The type of coion did not influence the equilibrium degree of swelling, since 
coions do not very easily permeate a swollen gel of the same charge. On the other 
hand, the counterion species was very important for the swelling equilibrium, even if 
the valency was the same. For example, the swelling of poly(methyl methacrylate-co-
Ν,Ν-dimethylaminoethyl methacrylate) hydrogels was much higher with CI" present 
as the counterion than with SCN" as counterion. The result was explained by the fact 
that some ions are water structure breakers that increase swelling, whereas others are 
structure makers and decrease swelling (46). However, Refojo (49) earlier found that 
the swelling of neutral poly(2-hydroxyethyl methacrylate) hydrogels was decreased 
by some electrolytes, e.g., chloride ions, and increased by others, e.g., thiocyanate. 
The decrease in swelling was explained by the salting-out effect of chloride, 
decreasing the solubility of the polymer segments, thus decreasing the swelling. In 
the case of thiocyanate, there is a salting-in effect, increasing the solubility of the 
polymer segments and the swelling. Thus, the effect of a particular ion on the 
swelling of a hydrogel is not easy to predict and is connected to factors such as 
charge on the gel, solubility of the polymer segments in the electrolyte solution, 
secondary interactions in the gel and effect on water structure. It was found that urea 
increases the degree of swelling of poly(2-hydroxyethyl methacrylate) hydrogels. 
The increase in swelling was first believed to be due to the effect on the water 
structure, since urea appears to break ordered water structure, decreasing 
hydrophobic effects. As hydrophobic interactions in poly(2-hydroxyethyl 
methacrylate) hydrogels are broken, the gel swells (49). Later, Ratner and Miller 
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proved that the effect of urea on the degree of swelling was due to the interaction of 
urea with regions in the gel containing hydrogen bonds (50). 

It has been demonstrated that it is possible to control the swelling of pH-
sensitive hydrogels due to a change in pH of the swelling solution. The pH-
sensitivity can be controlled by changing the structure of the polymeric backbone, the 
ionizable monomer and charge density. Ionizable monomer is especially important 
for pH-dependent swelling. 

Drug Permeability. 

Drugs, especially hydrophilic low molecular weight drugs, are often assumed to 
diffuse via the water filled pores in the hydrogel by the so-called "pore-mechanism." 
Diffusion of solutes in hydrogel membranes has been described by Yasuda et al., 
who developed the free volume theory (51,52). More hydrophobic solutes can 
permeate via the "partition mechanism," where the solute interacts with and 
permeates along the polymer matrix. The mechanism of diffusion is dependent on the 
hydrophilicity/hydrophobicity of polymer, pore size, degree of swelling and size and 
hydrophilicity of solute (51J2). 

With respect to ionic gels, it is furthermore necessary to investigate 
permeability as a function of gel charge, surrounding pH and charge of the drug 
molecule. A drug with an opposite charge of the hydrogel could act as a counterion, 
and the release of such a drug would be by ion exchange (7). A negatively charged 
drug molecule may have decreased permeability through a negatively charged 
hydrogel membrane due to repulsion between like charges. 

Kopecek et al. (10) investigated the permeability of NaCl and MgS04 
through hydrogel membranes. Four different kinds of membranes were investigated: 
neutral, acidic containing methacrylic acid, basic containing N,N-diethylaminoethyl 
methacrylate and ampholytic containing equal amounts of acidic and basic monomer. 
The dependence of permeability on the content of ionogenic groups, crosslinking 
density and pH were evaluated. It was found that the permeability was lowest for 
solely acidic and basic membranes. Total diffusion of the salt was slowed due to 
repulsion of coion from the membrane. The diffusion was fastest through ampholytic 
membranes, since these membranes enhance the permeability of both ions. The 
permeability of neutral membranes fell between that of ampholytic and acidic or basic 
membranes. The dependence on crosslinking density was found to be strongest in 
the case of neutral membranes where only pore size and swelling of the membrane 
were important. For ionized membranes charge interactions were dominant and 
crosslinking density was not as important. As charge density increased the 
permeability of ampholytic membranes increased, but was decreased in the case of 
acidic and basic membranes due to higher repulsion. The permeability of MgS04 was 
found to be lower than that of NaCl. For the ampholytic membranes a high 
dependence of crosslinking density was observed, which was attributed to the higher 
radius of the hydrated M g 2 + and SO42- ions as compared to Na+ and CI" ions. As the 
radius of the solute increases, the permeability becomes more dependent on the pore 
size (57). 

Vacîk et al. (53) found that as for salts the permeability of organic 
compounds such as urea and creatinine decreased as crosslinking density of the 
membrane increased. The permeability of these compounds through ampholytic 
membranes was increased; it was suggested that only molecules which interact with 
charges on the hydrogel will have increased permeability in ampholytic membranes 
when compared to neutral membranes. 

The permeability of various compounds, up to a molecular weight of 70,000, 
through hydrolyzed poly aery lonitrile membranes was investigated (79). A linear 
relationship between logarithm of the permeability coefficient and logarithm of the 

 S
ep

te
m

be
r 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



17. BRQNDSTED & KOPECEK pH-Sensitive Hydrogels 295 

molecular weight up to a molecular weight of about 70,000 was observed. Solutes 
with a higher molecular weight did not permeate within 72 hours. 

As mentioned earlier, the crosslinking density is important for pH-dependent 
permeability (54). Weiss et al. (54) synthesized poly(methacrylic acid) membranes 
with different degrees of crosslinking. Dextran coupled to lissarnine-rhodarnine Β 
(molecular weight 6000) was used as the permeant. At high pH the permeability was 
approximately the same for the two membranes. At low pH the membrane with the 
lower degree of crosslinking had a much higher permeability than the highly 
crosslinked membrane. The permeability correlated with the degree of swelling of the 
membranes. When solutes of different molecular weight and charge were 
investigated, it was determined that the permeability of high molecular weight 
compounds was more dependent on pH than low molecular weight compounds. As 
pH increased and the gel became ionized, the degree of swelling increased. The 
permeability of high molecular weight solutes was more dependent on the degree of 
swelling, in accordance with the free volume theory (54). A molecule possessing a 
negative charge also had increased permeability through acidic membranes as pH 
increased. (54-56). The results show that diffusion was mainly dependent on 
swelling and not on the charge density because repulsion of the molecule from the 
membrane would then be expected. 

Models predicting drug release from neutral hydrogels have been developed 
(8). In the case of ionic hydrogels, the models tend to be more complicated (58-60). 
Brannon-Peppas and Peppas developed a model predicting the release from dry 
poly(methacrylic acid-co-2-hydroxyethyl methacrylate) hydrogels (58), whereas the 
model developed by Kou et al. was based on swollen gels (60). 

It can be concluded that the actual mechanism of diffusion is dependent on the 
degree of swelling of the gel, hydrophilicity of polymer backbone, pKa, charge 
density, pore-size and drug properties, such as size, charge and hydrophilicity. 

Approaches to Drug Delivery. 

Drug Delivery to the Gastrointestinal Tract. The system developed by 
Siegel and coworkers, based on a basic poly (methyl methacrylate-co-N,N-
diethylaminoethyl methacrylate) hydrogel, which swells at low pH, can be used in 
the oral delivery of foul tasting drugs (67). At the neutral pH of the mouth the gel has 
a low degree of swelling and drug loaded into the gel will not be released. As pH 
decreases in the acidic conditions of the stomach, the degree of swelling increases 
and drug will be released. An acidic gel would have potential for drug delivery of 
acid labile drugs to the small intestine (38). 

Recently, pH-sensitive hydrogels were prepared for enteric drug delivery 
(62). The gels were based on N-isopropylacrylamide, acrylic acid and vinyl 
terminated polydimethylsiloxane. The gels exhibited both pH and temperature 
sensitive swelling, which allowed fabrication of a hydrogel which was pH-sensitive, 
mainly at a certain temperature, e.g., 37°C. In-vitro release studies were performed 
using a model drug, indomethacin, which can cause severe gastric irritation. In 24 
hours almost no drug was released at pH 1.4, 37°C, whereas at pH 7.4, 37°C, more 
than 90% was released during 5 hours 

Touitou and Rubinstein (63) formulated capsules coated with a poly(acrylic 
acid) polymer (Eudragit) containing insulin and surfactant, sodium laurate and cetyl 
alcohol, in arachis oil. This capsule protected the drug in the upper part of the small 
intestine. As pH increased to pH 7.5 the release of drug increased. It was proposed 
that this resulted in release of drug in colon. Insulin levels were monitored by blood 
glucose level depression and a reduction of 45% was measured. Gwinup et al. (64) 
investigated a similar system based on capsules coated with a methacrylic acid 
copolymer. A weakness of using pH-sensitive release for colonic delivery is that due 
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to fluctuations in pH in the GI tract, release may also take place in the small intestine, 
and absorption may in that case be decreased due to high enzyme activity in the small 
intestine. 

Mucoadhesives. In drug delivery to the gastrointestinal tract, it is desirable to 
retain the drug delivery device at the site of action (for a drug with local action) or at 
the site of absorption (for a drug with systemic action) to assure sufficient time for all 
of the drug to be released. For this purpose, bioadhesive polymers are being 
developed which will adhere to the mucin of the GI-tract and increase the residence 
time. The use of bioadhesives in drug delivery has recendy been reviewed by Gupta 
et al. (65). The bioadhesive properties of neutral, acidic and basic polymers were 
evaluated by Park et al. (66); it was found that anionic polymers possessed the best 
bioadhesive properties. 

The use of anionic gels as mucoadhesives has been proposed for the use of 
prolonging gastric retention time (67,68). It was observed that anionic materials with 
high charge density were good mucoadhesives. A mucoadhesive, polycarbophil, 
based on acrylic acid, was found to have decreased mucoadhesion with increased 
crosslinking density due to reduced interpénétration of the mucus. Poly(acrylic acid-
co-acrylamide) hydrogels were prepared, and the mucoadhesion in relation to pH, 
crosslinking density, charge density and degree of swelling was determined. The 
results suggested the mucoadhesion was favored with high charge density and 
flexibility of the polymer chains. An increase in crosslinking density decreased the 
mucoadhesion. The effect of mucus turnover still remains to be investigated. 

Pepsin Degradable Hydrogels. Hydrogels were prepared by Shalaby and Park 
(69) based on poly(l-vinyl-2-pyrrolidone) containing albumin crosslinks. The gels 
swell to a great extent in the stomach which prolongs residence time. The gels have 
potential for use in drug delivery to the gastrointestinal tract where prolonged gastric 
residence time and drug release is desired. The albumin crosslinks will be degraded 
in the presence of pepsin in the stomach resulting in an increased degree of swelling 
prolonging retention time and release of drug. These gels increased in degree of 
swelling at pH above 7 due to ionization of the albumin. An even higher swelling at 
low pH could be obtained if polyelectrolyte gels which swell to a high degree in the 
stomach were used. Degradation of these gels took place by both surface erosion and 
bulk degradation. 

Self-Regulated Insulin Delivery Systems. Devices which release insulin in 
response to glucose levels are being developed by several research groups (47,70-
72). Glucose-sensitive membrane systems composed of a basic polyamine hydrogel 
membrane and a glucose-oxidase immobilized membrane have been developed by 
Ishihara et al. (70,71) and Albin et al. (72). The basic membrane was based on 
crosslinked Ν,Ν-diethylaminoethyl methacrylate and 2-hydroxypropyl methacrylate. 
As the glucose concentration in contact with the glucose-oxidase immobilized 
membrane increases, glucose will diffuse into the membrane. There it will be 
convened to gluconic acid by the action of glucose oxidase, and the pH will 
decrease, resulting in ionization of the basic groups in the gel an increase in the 
degree of swelling. Insulin loaded into the gel will then be released. It was shown 
that the swelling of the membrane was reversible and very sensitive to changes in 
pH. Insulin release from the polyamine membrane was shown to be controlled by the 
degree of swelling of the membrane, which was dependent on the pH of the 
surrounding solution. The release of insulin could be controlled in response to 
changes in glucose concentration; as the glucose concentration increased, the insulin 
release was increased. Since it has been shown that the swelling of ionizable 
hydrogels is very dependent on the pH, composition and ionic strength of the 

 S
ep

te
m

be
r 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

4,
 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

0.
ch

01
7

In Polyelectrolyte Gels; Harland, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



17. BRQNDSTED & KOPECEK pH-Sensitive Hydrogek 297 

surrounding solution, it is necessary to model the physiological conditions as close 
as possible to be able to predict the insulin release from this device (72). 

Siegel et al. (47) suggests the use of a self-regulating mechanochemical 
insulin pump. The pump consists of 3 compartments. Compartment 3 which is in 
contact with the body fluid consists of a basic hydrogel membrane containing 
immobilized glucose-oxidase similar to the ones proposed by Ishihara et al. (70,71) 

and Albin et al. (72). As the glucose concentration increases, the degree of swelling 
increases and the gel expands. The gel will push against a diaphragm separating 
compartment 2 and 3, increasing the pressure in compartment 1 and 2; insulin from 
compartment 1 will be released through a valve. The advantage of this system 
compared to the ones where insulin is released from a pH sensitive membrane is that 
problems concerning aggregation of insulin solutions, adsorption on the hydrogel 
surface and clogging of the membrane are avoided. In this system stabilized insulin 
solutions or semi-solid insulin preparations can be used. 

Saccharide-Sensitive Hydrogels. Hydrogels containing a immobilized lectin, 
concanavalin A, were synthesized which exhibit saccharide-sensitive swelling (73). 
Concanavalin A is known to possess binding sites for certain saccharides. It was 
found that when an ionic saccharide such as dextran sulphate was added to the gel, 
the degree of swelling of the gel increased due to the negative charges on the dextran 
molecule. As the ionic surfactant was exchanged with a non-ionic surfactant, the gel 
collapsed and degree of swelling decreased to initial value. By changing lectins and 
saccharides used, various swelling profiles can be obtained. 

Hydrogels for Drug Delivery to Colon. 

Hydrogels containing acidic comonomers and enzymatically degradable 
azoaromatic crosslinks have recently been developed for the delivery of drugs to the 
colon (13). These crosslinks are degraded by microbial enzymes predominantly 
present in colon (74). Drug delivery to colon is of interest for drugs that are unstable 
in the upper part of the GI-tract, such as peptide and protein drugs, since the amount 
of digestive enzymes in colon is drastically reduced. It would also be useful to 
deliver low molecular weight drugs which are used for treatment of diseases present 
in colon, such as ulcerative colitis. In the low pH-range of the stomach, the gels have 
a low degree of swelling and drug loaded into the gels is protected against digestion 
by enzymes. As the pH increases when the gel passes down the GI-tract, the degree 
of swelling increases due to increased degree of ionization. Upon arrival in colon the 
gels have reached a degree of swelling which makes the crosslinks accessible to 
enzymes or mediators. The gel is then degraded, and the drug released and available 
for systemic absorption or action in colon. It was found that the enzymatic 
degradation of crosslinks in hydrogels depends strongly on the degree of swelling of 
the gels (75). A too high swelling would result in the undesired release of drug prior 
to the arrival of the gel in colon. Therefore, it is necessary to investigate the 
relationship between pH and swelling of the gel, kinetics of swelling, the pH-profile 
of the GI-tract, GI-transit time, permeability of drug and rate of degradation. 

The hydrogels were synthesized by crosslinking copolymerization,. based on 
acrylic acid, N-tert-butylacrylamide and Ν,Ν-dimethylacrylamide. Two azoaromatic 
crosslinking agents of different spacer lengths were used, 4,4'-
di(methacryloylamino)azobenzene (DMAAB) and 4,4'-di(N-methacryloyl-6-
aminohexanoylamino)azobenzene (DMCAAB). The synthesis and characterization of 
these gels were described previously (13, 76). 

The degree of swelling at different pH was measured. Figure 2 shows the 
equilibrium degree of swelling as l /v2 (v2 is volume fraction of polymer in the 
swollen state) versus percent acrylic acid in the monomer mixture. As amount of 
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acrylic acid increases, degree of swelling at pH 7.4 increases due to increased 
ionization of the gel. At pH 2 degree of swelling decreases with amount of acrylic 
acid, hydrophobic interactions and hydrogen bonding are present. 

In Figure 3 the equilibrium degree of swelling as l/v2 versus percent 
crosslinker in the monomer mixture is shown. As the crosslinking density increases, 
the swelling is restricted and the pH-sensitivity of the gel decreases. 

With respect to applications in drug delivery, the kinetics and reversibility of 
swelling must also be evaluated. It is often desirable that swelling changes rapidly in 
response to pH. For "on-off ' type delivery systems, the swelling must be reversible. 
It was showed that, for poly (acrylic acid-co-N,N-dimethylacrylamide-co-N-tert-
butylacrylamide) hydrogels, the response to a pH change was very fast and 
reversible. The swelling after abrupt changes in pH between pH 2 and 7.4 is shown 
in Figure 4 (13). 

It was found that the swelling behavior and modulus of poly(acrylic acid-co-
Ν,Ν-dimethylacrylamide-co-N-tert-butylacrylamide) hydrogels containing 40% 
acrylic acid could be explained from the theory of rubberlike elasticity for uncharged 
networks. As the content of acrylic acid in the gels increased to 70%, the swelling 
behavior and modulus deviated from this theory (13). This deviation could be 
explained in accordance with the theory proposed by Hasa et al (22). For lower 
charge densities the fN term can be counterbalanced by the fE term, but it can also be 
due to ions in the surrounding solution which shield the charges on the hydrogel. As 
the charge density increases a deviation from the theory will be observed. 

Recently the degradability of the gels synthesized by crosslinking 
copolymerization was studied (14,77). The degradation experiments were performed 
in-vitro using cecum content isolated from rats and in-vivo by implantation of the 
gels in rat cecum. The degradation was evaluated as an increase in the degree of 
swelling and as a change in color, since the gels are yellow due to azobonds. After 
degradation the gels became colorless and disintegrated. As the crosslinks were 
degraded, the degree of swelling increased. Gels containing different amounts of 
crosslinker were investigated. Table IV lists the degree of swelling after 2 days of 

Table IV. Degree of swelling after degradation of hydrogels in-vitro 
% 1M (DMAAB) l/v 2(DMCAABT 

Crosslinker DayO Dav2 DavO Dai 
0.1 131 317 220 474 

0.2 (0.5mm) 90 225 _ _ 

0.2 (1.0mm) 90 122 129 286 
0.5 63 77 87 119 
1.0 34 39 39 54 

Ν,Ν-dimethylacrylamide and 0.1-1.0% 4,4'-di(methacryloylamino)azobenzene 
(DMAAB) or 4,4'-di(N-methacryloyl-6-aminohexanoylamino)azobenzene 
(DMCAAB). Two gels in different thicknesses (0.5 and 1 mm respectively) with 
0.2% DMAAB were investigated. Experimental conditions: Rat cecum content was 
suspended in water, filtered through glass wool and freeze dried. Gel discs were 
immersed in a cecum content suspension (30 mg cecum content/4 ml potassium 
phosphate buffer pH 7.4 0.04 M, the suspension was added 1.25 χ 10'4 M benzyl 
viologen and 1.25 mg/ml a-D-glucose.), bubbled with nitrogen for 5 min and kept in 
a shaking water bath at 37°C, 50 strokes/min for 2 days. After degradation the gels 
were washed and swollen in 0.04 M potassium phosphate buffer pH 7.4 (14,77). 
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Figure 2. The equilibrium degree of swelling shown as l/v2, where v2 is 
volume fraction of polymer in swollen state, for poly(N,N-dimethylacrylamide-
co-acrylic acid-co-N-tert-butylacrylamide) gels as a function of %mol acrylic 
acid. (Reproduced with permission from ref. 13. Copyright 1991, Butterworth-
Heinemann Ltd.) 
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Figure 3. The equilibrium degree of swelling shown as l/v2, where v2 is 
volume fraction of polymer in swollen state, for poly(N,N-dimethylacrylamide-
co-acrylic acid-co-N-tert-butylacrylamide) gels as a function of %mol 
crosslinking agent (4,4'-di(N-methacryloyl-6-aminohexanoylamino)azo-
benzene. 
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degradation of different gels. It was found that, as crosslinking density increased, the 
degradability decreased due to a decrease in die degree of swelling. Two crosslinking 
agents of different lengths were evaluated. When the crosslinking density was the 
same, the gel containing the long crosslinker appeared to be degraded faster. The rate 
of disintegration of the gel also depended on die geometry of the gel; a thin gel was 
degraded faster than a thick gel. The degradation appeared to take place by surface 
erosion as well as bulk degradation. 

In-vivo degradation was investigated by implantation into the stomach or 
cecum (Table V). It was found that the degree of swelling of gels implanted into the 
cecum increased, indicating the gels were degraded. Furthermore, the dry weight of 
the gels decreased, suggesting that the gel dissolved. The gels implanted into the 
stomach did not change in degree of swelling. A good correlation between in-vivo 
and in-vitro degradability was found. 

Table V. Degree of swelling after degradation of hydrogels in-vivo 
Implantation l/v2" % dry weight ~ 

site DayO Day2 Day6 DayQ Day2 Day6 
Stomach 50 54 U TOO ÏÏB 58 
Cecum 90 130 205 100 83 68 

Composition of hydrogels: 40% acrylic acid, 10% N-tert-butylacrylamide, 49.8% 
Ν,Ν-dimethylacrylamide and 0.2% 4,4'-di(meth-acryloylamino)azobenzene 
(DMAAB). Experimental conditions: Gel discs were preswollen in potassium 
phosphate buffer pH 7.4 0.04 M and placed in nylon bags with small mesh size. The 
bags were implanted into the stomach or cecum of rats. After 2 and 6 days the gels 
were recovered, washed and swollen in 0.04M potassium phosphate buffer pH 7.4 
(Data from ref. 14). 

Acidic hydrogels containing degradable crosslinks were also synthesized by 
the crosslinking of polymeric precursors (14,15). These gels appeared to be 
degraded faster than gels formed by crosslinking copolymerization (14,77). For 
example, gels prepared by crosslinking of polymeric precursors were completely 
dissolved after 2 days of implantation in rat cecum. Several factors could contribute 
to this phenomenon. There is the possibility of side reactions during 
copolymerization, which results in non-degradable crosslinks, but more probably, 
differences in the structure of the networks, such as spacing of crosslinks along the 
polymer backbone, influence the rate of degradation. Another factor is that, the 
molecular weight of the polymer main chain is much higher for gels synthesized by 
crosslinking copolymerization than for gels synthesized by crosslinking of polymeric 
precursors; the higher molecular weight would result in a more entangled network for 
copolymerized gels. 

The permeability of insulin as a model drug through poly(acrylic acid-co-
N,N-dimethylacrylamide-co-N-tert-butylacrylamide) hydrogel membranes was 
investigated at pH 2 and pH 7.4. Membranes with different crosslinking density and 
content of acrylic acid were studied. The permeability was much higher at pH 7.4 
than at pH 2 correlating with the degree of swelling of the hydrogel membrane (13). 
Figure 5 shows the natural logarithm of the permeability coefficient as a function of 
1/(1-V2). A non-linear relationship was obtained. Since both the membrane and 
insulin change ionization between pH 2 and pH 7.4, the properties and interactions 
between membrane and solute will change. The free volume theory applies to small 
molecules and its use for insulin is only an approximation. It can be seen from Figure 
5 that the permeability is mainly dependent on the degree of swelling of the 
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Figure 4. Weight percent of water in the equilibrium swollen state (%wt) for 
poly(N,N-dimethylacrylamide-co-acrylic acid-co-N-tert-butylacrylamide) gels 
as a function of time after repeated abrupt changes of pH between pH 2 to pH 
7.4. (Adapted from ref. 13.) 
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Figure 5. The natural logarithm of the permeability coefficient Ρ (cm2/s) of 
insulin through poly(N,N-dimethylacrylamide-co-acrylic acid-co-N-tert-
butylacrylamide) gels as a function of 1/(1-V2), where v2 is volume fraction of 
polymer in swollen state. (Reproduced with permission from ref. 13. Copyright 
1991, Butterworth-Heinemann Ltd.) 
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membrane and not on charge density. This correlates with the results obtained by 
other research groups (54,57). 

The degradability of these gels combined with the pH-sensitivity suggests 
that the studied gels are suitable for drug delivery to the colon; however, more work 
is needed in order to optimize the system. 

Conclusions. 

Factors influencing the swelling and drug permeability of pH-sensitive hydrogels 
have been discussed. By varying the degree of crosslinking, hydrophobicity/ 
hydrophilicity of the polymer, charge density, monomer ionizability and thickness of 
the hydrogel, we have illustrated that practically any desired swelling profile can be 
obtained. In addition to pH, swelling of pH-sensitive hydrogels is influenced by 
ionic strength and counterions in the swelling medium. The permeability of pH-
sensitive hydrogels is mainly dependent on the degree of swelling of the gel, even 
though the charge of gel and drug may also be important. Hydrogels with pH-
sensitivity have potential for use in drug delivery where a target site may have a 
different pH than its surroundings or where pH fluctuations occur due to pathologic 
situations or other stimuli. For oral delivery, pH-sensitive hydrogels are useful 
because of the pH variation throughout the GI-tract. The latter must to be taken into 
account in designing a drug delivery device. pH-sensitive hydrogels also have 
potential in the development of new "intelligent" drug delivery systems where a 
stimulus induces a change in pH and results in release of the drug, such as glucose 
sensitive membranes resulting in the release of insulin. It was shown how it is 
possible to formulate hydrogels which have potential for drug delivery to the colon 
by combining the pH-sensitive properties with enzyme degradable crosslinks. 
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Acrylic acid grafted polyethylene by 
electron-beam preirradiation method— 
Continued 

pH, effect on quasi-equilibrium 
swelling, 86,88/,89 

swelling of neutralized samples in 
water, 84,85/ 

tensile strength vs. grafting ratio at 
different irradiation doses, 86,87/ 

tensile stress-strain 
grafted samples, 84,86,87/ 
irradiated but ungrafted samples, 84,85/ 

water absorption of samples in acid 
form, 82,83/84 

Acrylic water-soluble polymers 
applications, 24 
heterophase synthesis, 24-40 

Adsorbed polymer silica resins, 
feasibility for use in size-exclusion 
chromatography, 256 

Aggregation number, determination, 44 
Amperometric sensor for water, 

description, 251,253/ 
Application of bio- and mucoadhesives 
buccal route, 278 
gastrointestinal route, 279 
nasal route, 277-278 
ocular route, 277 
rectal route, 279-280 
vaginal route, 280-281 

Asymptotic grafting ratio 
calculation, 81 
values for acrylic acid grafted 

polyethylene, 81,82r 

Bio- and mucoadhesion 
advantage for use in drug delivery, 269 
bioadhesives, 273-274 
charged groups, effect on degree of 

hydration, 275 
epithelial cell layer, 272-273 
mean diffusional path, 275 
mechanism, 274-275,276/ 
mesh size calculation, 274 
mucus layer, 273 
pH of bathing medium, effect on 

mucoadhesive strength, 275 

Bio- and mucoadhesion—Continued 
schematic diagram of bioadhesion site, 

272,276/ 
spreading ability of adhesive over 

substrate, 274 
temperature dependence of diffusion 

coefficient, 275,27^ 
Bio- and mucoadhesives 
application, 275,277-281 
description, 273-274 

Biochemical(s), induction of gel-phase 
transition, 16-17/ 

Biochemically sensitive gels, phase 
transition, 16-17/ 

Bisacrylamide 
effect on swelling behavior of gels, 

102,104-108 
structure, 99 
swelling ratio of gels vs. concentration 
in salt solutions, 99,10Qf 
in water, 99,101/ 

Blob 
definition, 147 
effect on permeability, 151,153 
size estimation, 151 

Buccal route, application of 
bio- and mucoadhesives, 278 

C 

Chemical cross-links, effect on 
heterogeneity of structure, 147 

Chemical potential 
definition, 160,162 
elastic contribution, 163-164,165/166 
ion-water mixing contribution, 162-163 
polymer-water mixing contribution, 

* 163,165/ 
Collective diffusion of gels 
confirmation, 4 
equation, 3-4 

Colloid osmotic pressure 
definition, 139-140 
explanation for hydrophobic 

polyelectrolytes, 139 
Colloidal gold staining technique, 

screening methods for mucoadhesives, 272 
Colon, drug delivery using pH-sensitive 

hydrogels, 297-302 
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INDEX 307 

Complexation, polymeric acid-polymeric 
base, 171-187 

Complexation of polymers, theoretical 
models, 175-176 

Confocal imaging technique, screening 
methods for mucoadhesives, 272 

Controlled delivery of solutes, use for 
responsive polyelectrolyte gels, 213 

Controlled drug delivery, use of 
bioadhesive polymers, 269 

Critical behavior of gels, description, 4 
Cross-linked adsorbed polymer silica 

resins, feasibility for use in size-
exclusion chromatography, 256-257 

Cross-linked polymer networks, 
structure-property relationships, 91 

Cross-linking copolymerization, synthesis 
of pH-sensitive hydrogels, 287,288r 

Cross-linking of linear polymers, 
synthesis of pH-sensitive hydrogels, 
287,288i 

D 

Drug(s), diffusion into pH-sensitive 
hydrogels, 294-295 

Drug delivery approaches using pH-sensitive 
hydrogels, 295-302 

to colon 
hydrogels, synthesis, 297 
pH, effect on permeability of drugs 

through hydrogel membrane, 
300,301/,302 

swelling after abrupt changes in pH, 
298,301/ 

swelling after degradation of 
hydrogels, 298f,300 

swelling vs. percent cross-linker in 
monomer mixture at equilibrium, 
298,299/ 

swelling vs. pH, 297-298,299/ 
to gastrointestinal tract 
insulin delivery systems, self-regulated, 

296-297 
mucoadhesives, 296 
pepsin-degradable hydrogels, 296 
saccharide-sensitive hydrogels, 297 

Drug release, use of mechanochemical 
pump, 131-132,134/ 

Effective functionality, 154 
Elastic modulus of highly swollen gels 
degree of swelling, calculated effect on 

shear modulus, \69f 
evaluation of parameters, 166,169 

Elastic properties of ionic hydrogels, 
description, 166,169̂ ,170 

Electric field, induction of gel-phase 
transition, 15-16 

Electric field sensitive gels, phase 
transition, 15-16 

Electrochemical sensors for hydrogen, 
oxygen, and water using perfluoro-
sulfonic acid membranes 

amperometric sensing of water, 251,253/ 
calibration 
inert gas mixtures, 242,243/244,245/ 
reactive gas mixtures, 244,245/ 

electrical conductivity of perfluorosulfonic 
acid membranes, 250-251,252/ 

equilibria at interfaces, 241-242 
schematic diagram, 241,243/ 
sensing of hydrogen in steel, 

244,246-247,248/ 
transport properties of perfluorosulfonic acid 

membranes, 250,252/ 
water sorption of perfluorosulfonic 

acid membranes, 247,249/252 
Electron-beam preirradiation, acrylic acid 

grafted polyethylene, 80-89 
Electrophoresis 
definition, 191 
use of gels, 191-192 

Electrophoretic mobility 
definition, 191 
field strength, 191 
solute diffusion coefficient, 191 

Electrostatic attraction in gel-phase 
transition, description, 13 

Entanglements, occurrence, 93 
Epithelial cell layer, bio- and mucoadhesion, 

272-273 
Equilibrium degree of swelling for 

pH-sensitive hydrogels 
buffer composition, 293 
charge of ionic monomer, 290 
counterion species, 293-294 
cross-linking density, 293 
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308 POLYELECTROLYTE GELS 

Equilibrium degree of swelling for 
pH-sensitive hydrogels—Continued 

ionic strength, 293 
ionizable monomer concentration, 290,293 
pff., 290 
polymer backbone structure, 293 
specific resistance vs. pH, 290,292/ 
theory, 289-290 

F 

Falling liquid film system, screening 
methods for mucoadhesives, 271 

Fluorescence change, screening methods for 
mucoadhesives, 270 

Fundamental biological interactions 
electrostatic attraction, 13 
hydrogen bonding, 12/",13 
hydrophobic interaction, 11/12 
schematic representations, lOf 
van der Waals interaction, 11 

Gel electrophoresis—Continued 
development, 192 
electrophoretic transport mechanisms, 

need for understanding, 190 
parameters affecting mobility, 192 _ 
polyelectrolyte mobility, monitoring, 

191-205 
Gel(s) of hyaluronic acid gels, See 

Hyaluronic acid gels 
Gel-phase transition, definition, 3 
Gel research 
directions, 17-18 
interest, 1 

Gel-solvent friction, diminishing at 
critical point, 19 

Glycoprotein-mucoadhesive interactions, 
types, 269-270 

Grafting of hydrophilic monomers, 
applications, 80 

Grafting ratio, calculation, 81 

G 

Gastrointestinal tract 
application of bio- and mucoadhesives, 279 
drug delivery using pH-sensitive 

hydrogels, 295-297 
Gel(s) 
applications, 1-2 
diminishing of gel-solvent friction at 

critical point, 10 
discovery of new phases, 13-14 
equation of states, 7/ 
examples of phase transition in 

biological world, 8/9 
historical background, 3-6/ 
occurrence, 1 
permeability, 150-151,152/153 
stimuli inducing phase transition, 14,15-17/ 
structure, 2,147-150 
universal observance of phase 

transition, 6,7/8 
universality class, 9 

Gel electrophoresis 
advantages over aqueous size-exclusion 

chromatography, 192 
biopolymer applications, 192 

Heat, induction of gel-phase 
transition, 15 

Heterogeneity of gel structure 
plateau storage modulus, 153,154-156* 
polyelectrolyte gels, 156-157 

Heterogeneous gels, occurrence of phase 
transitions, 157-158 

Heterophase polymerization 
categorization of domains, 25,26-27/ 
criteria for process distinction, 25 
definition, 25 

Heterophase synthesis of acrylic 
water-soluble polymers 

elementary reaction scheme for 
polymerization, 31,33-34 

interfacial reactions, 31,32/* 
inverse microsuspension polymerization, 

28,29f 
kinetic model, 34-40 
mechanism for polymerization, 

28,30-34 
Historical background of gels 
collective diffusion, 3 
critical behavior, 4 
phase transition, 4,5-6/ 
theoretical works, 3 
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Hyaluronic acid 
biological functions, 117 
biomedical applications, 117 
forms, 116 
gel preparation, 119-120 
modifications, 118 
network formation, 118 
properties, 116 
solution ionic strength, effect on 

properties, 118-119 
solution pH, effect on properties, 118-119 
sources, 116 
structure, 117-118,121/ 
temperature, effect on properties, 119 
transport properties, 117 
viscoelastic properties, 118-119 

Hyaluronic acid gels 
hydrophilicity, 122 
preparation, 119-120 
swelling behavior, 120-128 

Hydrodynamic shielding, description, 150 
Hydrogels 
applications, 43,285 
biocompatible behavior, 285 
definition, 285 
preparation, 43-44 

Hydrogen-bonded complexes 
applications, 174-175 
description, 172-173 
experimental analysis, 173-174 
experimental procedure, 176-178 
models of complexation, theoretical, 

175-176 
NMR relaxational studies, 182,184-185r 
nuclear Overhauser effect studies, 

185-186,187/ 
properties, 173 
swelling studies, 179-183 

Hydrogen bonding in gel-phase transition, 
temperature dependency, 12/13 

Hydrogen sensor 
breakthrough time for response to 

hydrogen in steel, 247,248/ 
calibration 
inert gas mixtures, 242,243/244 
reactive gas mixtures, 244,245/ 

equilibria at interfaces, 241-242 
response to hydrogen in steel, 

244,246-247,248/ 
schematic diagram, 241,243/ 

309 

Hydrolyzed neutral hydrogels, synthesis of 
pH-sensiuve hydrogels, 287,288* 

Hydrolyzed polyacrylamide 
Mark-Houwink equations, 70-74 
viscometric characterization, 64-70 

Hydrophilic membranes, applications and 
preparation, 80 

Hydrophobic interaction in gel-phase 
transition, temperature dependence, 11/12 

Hydrophobic polyelectrolytes 
buffers, 136,138 
colloid osmotic pressure, 139-140 
equivalent fixed charge concentration, 

effect on colloid osmotic pressure, 
136,137/ 

experimental materials, 132-133 
experimental procedure 
colloid osmotic pressure studies, 133,134/ 
titration studies, 133 

hydrophobicity, effect on buffering pH, 138 
ionic strength 
buffering and precipitation pH, 138 
titration curves, 136,137/ 

mechanochemical pump, 132,143-144 
osmotic coefficients for counterions, 

141,142/143 
polymer synthetic procedure, 133 
potentiometric titration curves in NaCl 

solutions, 133,135/136 
three-phase titration effects, 136 
titration behavior, 138-139 

Interpenetrating networks 
definition, 287 
synthesis of pH-sensitive hydrogels, 

287,288* 
Inverse microsuspension, 28,29/" 
Inverse-microsuspension polymerization 
elementary radical reactions, 28,30f 
elementary reaction scheme for acrylic 

water-soluble monomers, 31,33-34 
interfacial reactions, 31,32/" 
kinetic model, 34-40 

Inverse-suspension polymerization, 
description, 25 

Ion(s), induction of gel-phase 
transition, 15 
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310 POLYELECTROLYTE GELS 

Ion-exchange kinetics in polyelectrolyte gels 
description, 214 
moving ion-exchange fronts 
development, 214-218 
observations and modeling, 217,219 

rate-limiting steps, 214 
Ion-exchange reactions 
process for type II reaction, 215,216/,217 
process for type III reaction, 217,218/ 
types, 214-215,216/ 

Ion-exchange resins 
applications, 212 
comparison to polyelectrolyte gel, 212 

Ion exclusion, occurrence, 255 
Ion-sensitive gels, phase transitions, 15 
Ionic hydrogels 
degree of swelling, effect on shear 

modulus, 160,161/ 
elastic modulus of highly swollen gels, 

166,168/170 
salt concentration, effect on equilibrium 

degree of swelling, 160,161/ 
thermodynamics of swelling, 160,162-167 

Kinetic model for inverse microsuspension 
polymerization of acrylic water-soluble 
monomers 

composition drift with conversion, 
36,38/ 

conversion-time plots 
emulsifiers, 36,38/ 
initiators, 36,37/ 

emulsifier, effect on molecular weight, 
36,39/40 

emulsifier radical balance, 35-40 
first-order dependence of polymerization 

rate on initiator concentration, 36,40r 
initiation, 34-35 
macroradical balance on chains with 

terminal emulsifier groups, 35 
rate of polymerization, 35 

Light, induction of gel-phase transition, 
14,15/ 

Light-scattering characterization of 
polyacrylamide-c0-sodium acrylate 

criteria, 60 
molecular-weight method, evaluation, 

62,63i/,64 
refractive index increment at constant 

chemical potential, determination, 
60,61i/ 

Light-sensitive gels, phase transition, 14,15 
Longitudinal relaxation, definition, 182 

Mark-Houwink equations for hydrolyzed 
polyacrylamide 

calculation of molecular weights, 73,75* 
constants, 70,71*,73,74/ 
log-log plots of intrinsic viscosity vs. 

molecular weight, 70,72/ 
molecular-weight calculation from 

viscometric data, recommended method, 
73,76,77/ 

Mean diffusional path, calculation, 275 
Mechanochemical pump for drug release 
applications, 131 
description, 131-132 
hydrophobic polyelectrolytes, 143-144 
schematic representation, 131,134/ 
sensitivity to hydrogen ion 

concentration, 132 
Mesh size, calculation, 274 
Microsuspension, description, 25,28 
Molecular theories of rubber elasticity, 

dependency of swelling and elastic 
modulus on molecular structure, 159 

Molecular-weight characterization of 
polyelectrolytes 

copolymer characterization procedure, 
55,57 

dialysis procedure, 57-58 
difficulties, 53 
fractionation procedure, 55,56; 
hydrolytic procedure, 55 
intrinsic viscosities, 58,59* 
intrinsic viscosity vs. molecular 

weight, 58,59/ 
light-scattering analysis, 60-64 
light-scattering procedure, 58 
Mark-Houwink equations, 70-77 
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Molecular-weight characterization of 
polyelectrolytes—Continued 

polydispersity, reduction upon 
fractionation, 55,56/ 

polymer preparation, 54 
viscometric analysis, 64-70 
viscometric measurement, 57 
weight-average molecular weights, 58,59* 

Moving ion-exchange fronts in 
polyelectrolyte gels 

diffusion coefficients, 227,233,234* 
equilibrium data, 224,225* 
experimental materials, 222 
experimental measurements, 224,225* 
front position vs. time for gel 

cylinders of different dimensions 
and compositions, 227,228-229/ 

heat transfer coefficients, 234-235 
kinetics of ion exchange in 

polyelectrolyte gels, 214-219 
mass transfer coefficients, 234 
mathematical modeling, 219-222 
measurement of moving fronts, 

224-225,226/227 
movement of ion-exchange fronts within 

gel cylinders and spheres according 
to mathematical model, 222,223/ 

moving front analysis, results, 227,232-233* 
observations, 217,219 
sample preparation, 222,224 
shrinking core model, fit to front 

position vs. time data, 227,230-231/ 
Mucoadhesive(s) 
drug delivery to gastrointestinal tract, 296 
screening methods, 270-272 

Mucoadhesive-glycoprotein interactions, 
types, 269-270 

Mucus layer, description, 273 

Ν 

Nafion 
electrical conductivity, 250-251,252/ 
transport properties, 250,252/ 
water sorption, 247,249/250 

Nasal route, application of 
bio- and mucoadhesives, 277-278 

Network structure, relationship to shear 
modulus, 92-94 

Networks of strongly hydrophilic 
polymers, technical importance, 159 

NMR relaxation, studies of polymer-polymer 
complexation, 185 

Nuclear Overhauser effect, studies of 
polymer-polymer complexation, 
185-186,187/ 

Number of alkyl grafts and surfactant 
molecules in aggregate, determination, 
44-45 

Ο 

Ocular route, application of 
bio- and mucoadhesives, 277 

Optical constant, calculation, 62 
Osmotic coefficients, calculations, 

141,142/143 
Overall volume fraction, definition, 151 
Oxygen sensor 
calibration 
inert gas mixtures, 242,244,245/ 
reactive gas mixtures, 244,245/ 

equilibria at interfaces, 241-242 
schematic diagram, 241,243/ 

Ρ 

Pepsin-degradable hydrogels, drug delivery 
to gastrointestinal tract, 296 

Perfluorosulfonic acid membranes 
development of electrochemical 

sensors, 241 
electrical conductivity, 250-251,252/ 
transport properties, 250,252/ 
water sorption, 247,249/250 

Permeability of gels 
blob size, 151,153 
hydrodynamic shielding, 150 
number and distribution of segments, 150 
permeability coefficient vs. overall 

volume fraction of polymer segments 
in gel, 150-151,152/ 

pH, induction of gel-phase transition, 15 
pH-sensitive gels, phase transition, 15 
pH-sensitive hydrogels 
components, 285 
drug delivery to colon, 297-302 
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pH-sensitive hydrogels—Continued 
drug delivery to gastrointestinal tract, 

295-296 
drug permeability, 294-295 
equilibrium degree of swelling, 284-294 
preparation from monomers, 286; 
synthesis of hydrogels, 287,288; 

Phase transition of gels 
biological examples, 8/,9 
electrostatic attraction, 13 
equation of state, 7/ 
folding and unfolding of polymer network, 

reversible and discontinuous, 4,5/ 
hydrogen bonding, 12/",13 
hydrophobic interaction, 11 
interactions, 10-12/13 
occurrence in heterogeneous gels, 157-158 
swelling curves, 5fif 
universal observance, 6,7/8 
van der Waals interaction, 11 
volume change in response to environmental 

variables, reversible and discontinuous, 
4,5/ 

Plateau storage modulus 
definition, 153 
effective functionality values, 154; 
gel composition, 155-156; 
values, 153,154; 

Polyacrylamide, applications and 
synthesis, 24 

Polyacrylamide-c0-sodium acrylate 
applications, 53 
light-scattering characterization, 

62,63/;,64 
molecular-weight characterization, 54-77 
solution behavior, 54 

Poly(acrylic acid) gel, structure-
synthesis relationship, 92-112 

Polyampholytes, definition, 13 
Polyelectrolyte(s), molecular-weight 

characterization, 53 
Polyelectrolyte complexes 
examples, 172 
formation and properties, 172 
synthesis of pH-sensitive hydrogels, 

287,288; 
Polyelectrolyte gels 
applications, 43,131,212 
comparison to ion-exchange resins, 212 
heterogeneity, 156-157 

Polyelectrolyte gels—Continued 
importance of type and concentration of 

fixed ionogenic groups, 214 
kinetics of ion exchange, 214-219 
moving ion-exchange fronts, 211-235 
preparation, 43 

Polyelectrolyte mobility monitoring by gel 
electrophoresis 

bottleneck connecting two large voids, 
geometrical model, 205-206,208/ 

chain charge density, 206-207,208/ 
chain length 
free solution mobility, 194,195/196 
mobility of flexible linear and circular 
DNA, 201,202/ 

chain topology, 201,202/203 
entanglement regimes 
flexible chain transport, 196,198/199 
mechanism in weakly entangled regime, 

203-206,208 
experimental materials, 193-194 
experimental procedure, 190 
future research, 209 
ionic strength, effect on free 

solution mobility, 194,195/196 
mobility of hydrolyzed polyacrylamide 

vs. degree of base-catalyzed 
hydrolysis, 207,208/ 

molecular weight 
DNA mobility, 199,201,202/ 
polystyrenesulfonate mobility, 196,197/ 

mutual excluded volume between chain 
models vs. that of cylindrical gel 
site model, 199̂ (Xy 

structural sensitivity, relationship with 
probe molecule-matrix interactions, 196 

untangled transport regime, calculation, 
199,20Qf 

void and bottleneck structure, pictorial 
representation, 203,204/ 

Polyethylene, acrylic acid grafted, See 
Acrylic acid grafted polyethylene by 
electron-beam preirradiation method 

Poly(ethylene glycol)-poly(methacrylic 
acid) complexes 

applications, 174-175 
complexation, theoretical models, 175-176 
equilibrium solvent weight fraction 
vs. monomer mole fraction, 181-182,183/ 
vs. solution pH, 179,18(y 
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Poly(ethylene glycol)-poly(methacrylic 
acid) complexes—Continued 

equilibrium solvent weight fraction— 
Continued 

vs. weight fraction of organic solvent 
in water, 182,183/ 

equilibrium swelling experimental 
procedure, 177 

experimental analysis, 173-174 
NMR relaxational studies, 

182,184-185* 
NMR sample preparation procedure, 177 
nuclear Overhauser effect 
measurement procedure, 178 
studies, 185-186,187/ 

safety considerations during 
complexation, 176 

spin-echo NMR experimental procedure, 
177-178 

spin-spin relaxation times, determination, 
182,184-185* 

synthesis, 176-177 
Polymer complex(es) 
complexation, effect on properties, 171 
formation, 171 

Polymer complexation, theoretical models, 
175-176 

Polymer-grafted silica resins, feasibility for 
use in size-exclusion chromatography, 257 

Polymer hydrogel systems 
applications, 116 
factors affecting properties, 116 

Polymeric acid-polymeric base, 
complexation, 171-187 

Polyvinylpyrrolidone-grafted silica resin 
adsorption retention, 265,267 
chemical modification of porous silica 

by graft polymerization, 257-258 
conversion determination, 260 
future research, 267 
graft polymerization procedure, 258-262 
performance evaluation, 265,266/ 
permeability calculation, 263,264/265* 
polymer graft yield, 258,260* 
polyvinylpyrrolidone graft yield vs. 

reaction time, 261,262/ 
silylation procedure, 258,259f 
size-exclusion chromatographic 

procedure, 261 
vinyl group concentration, 258 

Polyvinylpyrrolidone-grafted silica resin— 
Continued 

vinylpyrrolidone conversion for different 
initial monomer concentration, 
260-261,262/ 

R 

Radiolabeling technique, screening methods 
for mucoadhesives, 272 

Rayleigh factors, measurement, 62 
Rectal route, application of 

bio- and mucoadhesives, 279-280 
Responsive polyelectrolyte gels 
applications, 212-213 
definition, 212 
properties, 212 
rate-limiting steps for kinetics, effect 

on applications, 213 
Reversible gels 
definition, 149 
structure, 149-150 

S 

Saccharide-sensitive hydrogels, drug delivery 
to gastrointestinal tract, 297 

Salt, surfactant-bridged viscoelastic 
hydrogel volume, 50 

Screening methods for mucoadhesives 
colloidal gold staining technique, 272 
confocal imaging technique, 272 
falling liquid film system, 271 
fluorescence change, 270 
radiolabeling technique, 272 
shear strength measurement, 271 
stickiness test, 271-272 
tensile strength measurement, 270-271 

Self-regulated insulin delivery system, 
drug delivery to gastrointestinal tract, 
296-297 

Semidilute solution 
segment-segment interactions, 147-148 
structural arrangements, rapidly 

changing, 149 
Shear modulus, relationship to network 

structure, 92-94 
Shear strength measurement, screening 

methods for mucoadhesives, 271 
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Silica resins 
adsorbed polymer resins, 256 
cross-linked adsorbed polymer resins, 

256-257 
polymer-grafted resins, 257 
silylated resins, 255-256 

Silylated silica resins, feasibility for use in 
size-exclusion chromatography, 255-256 

Size-exclusion chromatography 
applications, 254 
description, 254 
polymer-silica interaction, 

minimization, 255 
rx)lyvinylpyrrolidone-grafted silica 

resin, 257-267 
secondary retention using 

silica-based packings, 255 
Solution composition, formation of 

surfactant-bridged viscoelastic hydrogels, 
45-49 

Solvent, induction of gel-phase transition, 15 
Solvent-sensitive gels, phase transition, 15 
Spin-lattice relaxation, definition, 182 
Spin-spin relaxation 
definition, 182 
determination for polymer-polymer 

complexes, 182 
Square root law, relationship to 

viscosity, 64-70 
Stickiness test, screening methods for 

mucoadhesives, 271-272 
Storage rigidity modulus of aqueous 

polyacrylamide gels 
effective functionality values, 154r 
gel composition, 155-156* 
measurement, 153 
plateau value, 153,154* 

Stress, induction of gel-phase transition, 17 
Stress-sensitive gels, phase transition, 17 
Structure of gels 
description, 2 
difference among segments, 148 
reversible gels, 149-150 
semidilute solutions, 149 
structural repeat unit, 148 

Structure-synthesis relationship for 
poly(acrylic acid) 

composition of samples, 95,96-97* 
cross-link ratio, effect on swelling 

ratio, 102,104/ 

Structure-synthesis relationship for 
poly(acrylic acid)—Continued 

cross-linker(s), comparison, 99-103 
cross-linker concentration, effect on 

swelling behavior, 106,107/ 
degree of neutralization, effect on 

swelling behavior, 102,104/106,108/ 
extractable(s), analytical procedure, 96 
extractable acid analysis, 98* 
frequency, effect on modulus, 

106,109/110,111/ 
loss modulus vs. cross-linker 

concentration, 110,112/ 
material preparation, 95 
modulus, 106,109/110,111-112/ 
modulus measurement procedure, 98 
network theories, 92-94 
prediction of swelling, 94 
salt vs. water, effect on swelling 

behavior, 102,105/106 
storage modulus vs. degrees of 

neutralization, 110,112/ 
storage modulus vs. theoretical modulus, 

106,109/110 
swelling behavior, 102,104-108 
swelling experimental procedure, 96,98 
synthetic procedure, 95 

Superabsorbent polymer networks 
degree of swelling, effect on shear 

modulus, 160,161/ 
elastic modulus of highly swollen gels, 

166,169/170 
salt concentration, effect on equilibrium 

degree of swelling, 160,161/ 
thermodynamics of swelling, 160,162-167 

Surface-active graft copolymers 
formation of hydrogels, 43 
solution properties, 42-43 

Surfactant-bridged viscoelastic hydrogels 
aggregate composition, effect on 

modulus, 46,48,49/· 
aggregation number determination, 44 
description, 44 
dynamic response, 45-46,47/ 
experimental materials and procedure, 

44-45 
number of alkyl grafts and surfactant 

molecules in aggregate, 44-45 
rheological properties, correlation with 

gel volume, 46,49/ 
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Surfactant-bridged viscoelastic hydrogels— 
Continued 

salt, effect on gel volume, 50 
sodium dodecyl sulfate, effect on 

modulus, 46,47/ 
solution composition, effect on 

formation, 45-49 
temperature, effect on gel volume, 

48,50 
Suspension polymerization, description, 25 
Swelling 
prediction, 94 
thermodynamics, 160,162-167 

Swelling behavior of hyaluronic acid gels 
drying, effect on swelling capacity, 

125,126* 
equilibrium swelling in water, 122,125f 
pH, 120,121/ 
pH-sensitive swelling controlled-

release systems, 120,122 
reversibility of pH-dependent swelling, 

120,123/ 
salt 
buffer solutions, 122,124/ 
concentration, 122,123/ 
swelling degree, 122,124/ 

surface and shape, alterations during 
swelling, 125,127/ 

swelling in acetone-water and Λ-propyl 
alcohol-water solutions, 126,128/ 

temperature, effect on swelling, 
126,127/ 

Swelling behavior of ionic hydrogels 
thermodynamics of swelling, 

160,162-167 
typical behavior, 160,161/ 

Swelling behavior of polyelectrolytes 
influencing factors, 94 
theory development, 94 

Synthesis-structure relationship for 
poly(acrylic acid), See Structure-synthesis 
relationship for poly(acrylic acid) 

Thermodynamics of swelling 
chemical potentials, definition, 160,162 
elastic contribution to chemical 

potential, 163-164,165/166 
equilibrium condition, 160 
equilibrium degree of swelling, 

166,167/ 
ion-water mixing contribution to 

chemical potential, 162-163 
limitations, 169-170 
polymer-water mixing contribution to 

chemical potential, 163,165/ 
salt concentration, calculated effect 

on degree of swelling, 
166,167-168/ 

swelling equilibrium in salt solutions, 
166,167-168/ 

Thermosensitive gels, phase 
transition, 15 

Theta point 
definition, 146 
point of total self-collapse, 146-147 

Transverse relaxation, definition, 182 
Trimethylolpropanetriacrylate 
efficiency as cross-linker, 102r 
structure, 99 
swelling behavior of gels, 102,104-108 
swelling ratio of gels vs. concentration 
in salt solutions, 99,10Qf 
in water, 99,101/ 
with 70% degree of neutralization, 

99,102,103/ 
True gel, definition, 45 

Universality class of gels, critical 
components, 9 

Τ 

Temperature, effect on surfactant-bridged 
viscoelastic hydrogel volume, 48,50 

Tensile strength measurement, screening 
methods for mucoadhesives, 
270-271 

Vaginal route, application of 
bio- and mucoadhesives, 280-281 

van der Waals interaction in gel-phase 
transition, temperature dependence, 11 

Viscoelastic hydrogels, surfactant 
bridged, See Surfactant-bridged 
viscoelastic hydrogels 
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Viscometric characterization of hydrolyzed 
polyacrylamide 

Mark-Houwink equations, 70-75 
molecular weight, recommended method 

for calculation, 
73,76,77/ 

reduced specific viscosity vs. 
concentration, 64,65/ 

viscosity and square root law, 
relationship, 64-70 

W 

Water, amperometric sensor, 251,253/ 
Water-swellable polyelectrolyte gels 
commercial interest, 91 
difficulties in modeling, 91-92 

Ζ 

Zipper effect, description, 12 
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