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Abstract

Polyampholytes represent a class of ionic copolymer containing positive, negative
and even neutral monomers. The unique physical properties of polyampholytes that
arise from Coulombic interactions between polymeric and solvent ions make them
of interest to both the scientific and engineering community. This study presents an
experimental and analytical investigation of the phase behavior of polyampholyt-
ic polymers and hydrogels as a function of thermal energy, ionic screening length,
solvent interactions, and elastic forces. Using massively parallel supercomputer
simulations the thermal phase transitions of individual polyampholyte chains have
been examined and the extrapolation of these simulations to real physical systems is
critically examined. Based on an experimental study of acrylamide polyampholytic
hydrogels, the role of ion dissociation equilibria and counter ion shielding has been
investigated. By considering the non-equilibrium swelling transitions of polyam-
pholytes it is shown, in contradiction to a number of recent experimental, analytical
and computational studies, that acid and base dissociation equilibria plays a fun-
damental role in the thermodynamic behavior of these materials. The properties of
balanced and slightly unbalanced polyampholytes are compared to polyelectrolyte
systems.
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Chapter 1

Introduction

Polyampholytes represent a special class of ionic copolymers which contain positive,
negative and even neutral monomers. The unique physical properties of these ma-
terials that arise from Coulombic interactions between polymeric and solvent ions
make them of interest to both the scientific and engineering community. Synthetic
polyampholytes are now emerging as a model for understanding the thermodynamic
behavior of proteins, biomolecules and other forms of soft condensed matter. The
phase transitions these materials can undergo in response to small changes in exter-
nal stimuli make them of potential use as artificial muscles or micro actuators, con-
trolled drug release systems, and materials for separation and filtration processes.
Studies into the equilibrium and non-equilibrium phase behavior of polyampholytes
are therefore expected to lead to wide applications in chemical, agricultural and

medical technologies

1.1 Historical Perspective

Since a polyampholyte consists of charged monomers immersed in a solvent medi-
um, it is no surprise that many analytic treatments have their foundations based

on ionic solution theory. Ionic solution theory, like much of polymer physics, arose
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out of the many methods used to treat imperfect gases and simple fluids. It was
through the work of McMillan and Mayer[McM45] that the formal procedures for
treating imperfect gases using virial expansions and integral equations was extended
to ionic solutes in solution. It is interesting to note that the intractability of the long
range Coulombic forces in ionic solutions first lead Debye and Hiickel[Deb23,Lan58§]
in 1923 to develop their potential theory. The Debye-Hiickel theory describes the
thermodynamic behavior of an ionic solution by defining the mean electrostatic
potential in the vicinity of a reference ion. It wasn’t until 1950, however, that
Mayer[May50] developed a cluster expansion theory for ionic solutions that estab-
lished the Debye-Hiickel approximation as a first order correction in an infinite series
expansion.

The shortcoming of many of the ionic solution series expansion methods is that
beyond the Debye-Hiickel approximation calculations become non-trivial very rapid-
ly. As a result, many analytic descriptions of polyampholytes are based on the con-
cept of a Debye-Hiickel plasma which is limited to low ion concentrations. In 1980
Edwards, King and Pincus[Edw80] proposed one of the first theoretical descrip-
tions of polyampholyte phase transition phenomena using the Debye-Hiickel theory.
Their model predicted that polymers which carry a balanced number of positive
and negative charges exhibit a phase transformation from an extended random
flight configuration to a condensed microphase. Higgs and Joanny[Hig91] included
the third virial coefficient in a Debye-Hiickel model where both charged monomers
and small ions contribute to the electrostatic screening. Baker et al.[Bak95] and
Yu[Yu93] have used Debye-Hiickel models with correction factors to explain their
data. Using a modified Flory theory Dobrynin et al.[Dob95] used Debye-Hiickel in-
teractions to model polyampholyte swelling transitions as a function of temperature
and charge offset.

The total number of experimental studies of synthetic polyampholytes is relative-

ly small. The important contributions by Corpart et al.[Cor93], Skouri et al.[Sko94],
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Baker et al.[Bak94,Bak95], Annaka et al.[Ann92,Ann94|, and Yu[Yu93] represent a
significant fraction of polyampholyte studies which have been performed to date. Of
particular interest has been the transition from collapsed balanced polyampholyte
behavior to swollen unbalanced polyampholyte or polyelectrolyte behavior with in-
creasing polymer charge offset. Figure 1-1, for example, shows the data obtained
from one study[Yu93] of polyampholytic hydrogel swelling that clearly illustrates the
transition from collapsed polyampholyte behavior to swollen unbalanced polyam-
pholyte behavior. In particular, the flat swelling transition observed near the bal-
ance point, shown in Fig. 1-2, has been the subject of a number of recent investiga-
tions. In a series of four publications, Kantor et al.[Kan92,Kan94,Kan95a,Kan95b|
made a thorough study of the swelling properties of isolated short chain polyam-
pholytes with a lattice simulation. Kantor et al. found that a critical charge offset
was required to cause swelling and concluded that the flat region shown in Fig. 1-2

was the result of charge offset alone.

The growth in the development in random system theories has inspired a number
of new analytical and computational studies that have been aimed specifically at
understanding the role of disorder in polyampholytes. Qian et al.[Qia88] investigat-
ed randomly charged polyampholyte chains in a 6 solvent using replica field theory.
Gutin et al.[Gut95] also considered randomness in polyampholyte models. Using
a Blume Emery Griffiths Ising spin lattice model Aalberts et al.[Aal94] were able
to reproduce the flat swelling transition region shown in Fig. 1-2. The microscopic
model of Aalberts et al. considered the charge distribution randomness as random
fields producing competing quenched random interactions in a spin system. The
internal pH was assumed equal to that of the surrounding bath.

Due to the very slow kinetics found in spin glass systems, recent computational,
analytical and experimental studies of polymer based polyampholyte transitions
have also considered these systems advantageous from the point of view of their

rapid kinetic response[Yu93,Kan92]. This thesis shows that the kinetic response
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Figure 1-1: Polyampholyte swelling versus charge offset. Previous experimental
studies of polyampholyte phase behavior showed a symmetric swelling distribution
around the balance point. The diameter measurements of cylindrical hydrogels were
scaled to the diameter at which the hydrogel was cast (Do).

of these materials is far longer than realized and is an important part of both
the experimental and theoretical understanding of these materials. In fact, most
of the data presented in Figs. 1-1 and 1-2, which has been used in support of
three extensive studies[Yu93,Kan92,Kan94,Kan95a,Kan95b,Aal94], has not reached

thermodynamic equilibrium.

1.2 Thesis Outline

An interesting aspect of polyampholytes in aqueous solutions that has been repeat-
edly overlooked in most recent studies are the effects of ion dissociation. There

has been no careful study of the hydrogen and hydroxide ion equilibria of synthet-
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Figure 1-2: Polyampholyte swelling near the charge balance point. Near the polyam-
pholyte charge balance point a flat swelling transition was observed. The diameter
measurements of cylindrical hydrogels were scaled to the diameter at which the
hydrogel was cast (Do).

ic polyampholytes which bear both positive and negative charges. In fact many
studies have completely ignored the role of counter ions altogether. By not consid-
ering the long equilibration times one is in essence ignoring ion dissociation effects
when polyampholytes are prepared under certain conditions. This thesis shows that
despite the importance of most of these recent experimental and theoretical investi-
gations, ion dissociation is an effect that cannot be overlooked even for monomeric
groups with highly dissociable ionic groups. The purpose of this thesis is thus not
to undermine, but to complement the results of these previous studies.

Chapter 2 examines the properties of isolated polyampholytes using a dynamic
Monte Carlo simulation and analytical arguments. The coil globule transition tem-

perature is found using heat capacity estimates from the simulations. The nature
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of the coil globule transition in balanced polyampholytes is described and com-
pared to other analytic studies. The scaling behavior of the radius of gyration as
a function of temperature and polymer length is also obtained. This chapter then
discusses the implications of ignoring counter ions in these models. In particular,
the extrapolation of these models to real physical systems is critically examined.

Chapter 3 presents a detailed analytical and experimental study of the equilib-
rium and non-equilibrium properties of polyelectrolyte hydrogels. Since polyelec-
trolytes contain charge groups of only one sign their properties are extremely im-
portant for comparing and contrasting the behavior of polyampholytes with both
positive and negative charges. In particular, the charged monomer used in this s-
tudy is a dissociable acid group that produces very clearly the swelling characteristic
of a polyelectrolyte with dissociable ionic monomer groups.

In chapter 4 the role of counter ions and ion dissociation in establishing the
equilibrium swelling of balanced and unbalanced polyampholytic hydrogels is inves-
tigated experimentally and theoretically. The swelling dependence on both the net
charge offset and the external bath salt concentration is examined using an acry-
lamide based polyampholytic hydrogel. By careful consideration of the swelling kin-
etics, this chapter illustrates the effects of ion dissociation equilibria and counter ion
shielding in polyampholytic hydrogels near their balance point where both polyelec-
trolyte and polyampholyte effects are present. The theory presented in this chapter
considers a Flory type swelling model where the Coulombic interactions between
fixed ions in the hydrogel resemble those of an ionic solid with a Debye screen-
ing factor. Theoretical predictions from this model are shown to be in qualitative
agreement with experimental results.

The role of counter ions and ion dissociation in establishing the equilibrium
swelling of balanced and unbalanced polyampholytic hydrogels with variable con-
centrations of neutral monomeric spacers is investigated in chapter 5. The compet-

ing solvent, elastic, polyelectrolyte, and polyampholyte effects over a wide range of
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bath salt concentrations and monomeric composition is illustrated. It will be shown
that dissociable monomeric groups with very high dissociation constants can still
show swelling patterns consistent with ion association at low ionic strengths.

This thesis will demonstrate that many of the interactions that have been used
to explain real experimental data are often masked by ion dissociation effects at low
ionic strengths and high monomeric ion concentrations. It will be shown how disso-
ciation effects can easily be overlooked in many cases simply because the associated
kinetcs can be very long. This thesis will also describe the disadvantages of the
Debye-Hiickel approximation in polyampholytes where the polyion and small ion
concentrations are on the order of 1 M. It will be shown that very simple Donnan
models, which have been in existence for over fifty years, can still provide valuable

insight into ionic polymeric systems in aqueous solutions.
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Chapter 2

Polyampholytic Polymer Phase

Transitions

Abstract

The thermal phase behavior of isolated polyampholyte polymers in a good solvent
is examined using a dynamic Monte Carlo simulation and analytical arguments. It
is shown computationally that polyampholytes with an equal number of positive
and negative charges exhibit a well defined first order phase transition from an
extended coil configuration to an ordered crystalline structure. A heat capacity
peak between the random coil configuration and a Debye-Hiickel globular structure
was not observed. The important role of counter ions in unbalanced polyampholyte
behavior is discussed.

2.1 Introduction

Polyampholyte polymers consist of a linear sequence of positive and negative mon-
omers. Balanced polyampholytes have an equal number of positive and negative
monomers while unbalanced polyampholytes have an excess of one type of charged
monomer. A polyelectrolyte polymer is a polyampholyte with charge groups of only
one sign. The many body Coulombic interactions which dominate the behavior of

polyampholytes near the balance point in a good solvent create a very complicated
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set of interactions which are still not very well understood.

The study of isolated polyampholyte polymers has received much theoretical
interest. Edwards and King[Edw80] first showed that the electrostatic interac-
tions within a balanced random polyampholyte lead to a collapse transition from
a random flight configuration to a condensed microelectrolyte with Debye-Hiickel
structure. Higgs and Joanny[Hig91] analyzed polyampholyte phase behavior us-
ing scaling arguments and the uniform expansion method based on the assump-
tion that the ionic distribution was also that of Debye-Hiickel plasma. Gutin and
Shakhnovich[Gut95] investigated random polyampholyte chains near the balance
point using scaling arguments and concluded that Coulombic interactions between
charged monomers leads to globule formation in balanced polyampholytes and e-
longated structures in unbalanced polyampholytes.

Due to the complicated Coulombic interactions within polyampholyte polymers
the application of numerical simulations to these systems has received much con-
sideration. Based on dynamic Monte Carlo simulations, Kantor et al.[Kan92] have
made a very thorough study of polyampholyte phase transitions using a modified
Coulomb potential. The results of Kantor et al. show that a charge offset of /N,
where N is the number of monomers, is required to produce polyampholyte swelling.
De Souza et al.[DeS93] used a Monte Carlo simulation to study polyampholyte tran-
sitions using a screened Coulomb potential and found that balanced polyampholytes
collapse and unbalanced polyampholytes swell. Using a lattice Monte Carlo simula-
tion based on random fields and a three state Ising spin model, Aalberts et al.[Aal94]
observed similar phase behavior near the polyampholyte balance point. Victor and
Imbert[Vic93] performed a Monte Carlo study of alternating polyampholytes and
concluded that a coil to crystalline lattice theta transition describes these polymeric
materials.

The objective of this study is to examine the equilibrium phase behavior of

isolated polyampholyte polymers as a function of temperature using a dynamic
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Monte Carlo algorithm and analytical arguments based on the restricted primitive
Coulombic interaction model[Out74]. Heat capacity measurements are obtained
and the computed thermodynamic parameter variability due to both changes in
the quenched charged sequence and numerical artifacts is illustrated. It is shown
computationally that polyampholytes with an equal number of positive and nega-
tive charges exhibit a well defined first order phase transition from an extended coil
configuration to an ordered crystalline structure. Since a Debye-Hiickel structure
globular conformation does not represent a totally collapsed configuration it is inter-
esting to note that these simulations do not produce a heat capacity peak between
the random coil configuration and Debye-Hiickel globular structures described using

previous analytic approaches.

2.2 Lattice Simulations

2.2.1 Polyampholyte Model

The polyampholyte model in this study consists of a dynamic Monte Carlo lattice
algorithm based on the bond fluctuation method[Car88]. This algorithm has the
advantage of combining the simplicity of lattice Monte Carlo methods with those
of continuous Brownian dynamics. The monomer positions are discretized to a
three dimensional lattice with the polymer connectivity implemented by restrict-
ing the maximum separation between neighboring monomers to four lattice units.
Hard sphere excluded volume interactions are simulated by not allowing any pair
of monomers to come closer than two lattice units.

In three dimensions the Coulombic energy between two monomers is of the form

2 29€2

U@r) = (2.1)

dmrer

where z; represent the valence of monomer charge i, e the unit charge, r the monomer
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separation distance, and € is the solvent permittivity. For the purpose of simulation
it is convenient to define a set of reduced parameters. For a given temperature the

charge coupling is

62 ZB

P ——a 2.2
' dreakpT a’ (2.2)

where a is the lattice unit distance, kg the Boltzmann constant, T the absolute
temperature, and [g the Bjerrum length. The dimensionless reduced temperature
is

T* = (2.3)

1
-

The reduced Coulombic potential for an ensemble of monomers is therefore

Ut(ry) = 3 25 (2.4)
i T

where 7, is the separation distance between monomers i and j in lattice units.

2.2.2 Method

For each Monte Carlo time step an attempt is made to move every monomer by one
lattice unit in a random direction. The monomers are selected at random and based
on the Metropolis criterion[Met53] each movement is accepted or rejected. For a
given temperature a polymer of length N is thermalized for 250 N? Monte Carlo
time steps and then the first two moments of the squared radius of gyration and
energy per monomer are estimated from the next 250 N? Monte Carlo time steps.
Based on the internal energy variance, AU(T™), and temperature the specific heat
capacity is calculated using
_AU(T)

Cy(T") = T (2.5)
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The equilibrium behavior of polymer chains of lengths between four and six-
ty four monomers were examined as a function of temperature. Simulations were
performed for a total of twelve different temperatures. Each polymer was thermal-
ized at a temperature of ten Monte Carlo degrees and then cooled gradually by
reducing the temperature by a factor of two. For each different polymer length dif-
ferent charge sequences were examined for variability in the measured Monte Carlo

parameters.

2.3 Results and Discussion

2.3.1 Neutral Polyampholytes

Figure 2-1 shows that the heat capacity, C,(T™), of balanced polyampholytes at each
length exhibits a well defined peak indicating the existence of a first order phase
transition at T =~ 0.04 degrees. Each curve represents a different balanced quenched
charge sequence. It was found through repeated simulations that although the heat
capacity peak occurred at a well defined temperature, the height of the peak itself
varied from one simulation to another. Obtaining a specific heat capacity scaling
law was, therefore, not feasible with this algorithm. Any heat capacity temperature
dependence was not observed as a function of polymer length or quenched sequence
within the kinetic constraints of the simulation.

The heat capacity peak indicates that the charge coupling at the transition point
is approximately 25. It is interesting to note that this value is significantly higher
than that obtained by Victor and Imbert[Vic93] using the algorithm of Wall and
Mandel[Wal75]. Based on the covalent radius of carbon in its sp3 configuration, the
distance between two carbons on a real polymer backbone is approximately 1.6 A
and the separation between monomer groups is thus approximately 3.2 A. At room
temperature with an aqueous solvent the Bjerrum length is about 7 A. This implies

that the charged coupling and reduced temperature in a real polymeric system are
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Figure 2-1: Balanced polyampholyte heat capacity versus reduced temperature.
The maximum heat capacity occurs at a well defined temperature for all sequences
and chain lengths.

of the order of unity. A charge coupling of 25 at room temperature would indicate
an intermonomer distance of I3/25 = 0.28 A which is much smaller than most real
polymeric systems.

Figures 2-2 and 2-3 show the squared radius of gyration and energy per monomer
as a function of temperature for balanced polyampholytes of different lengths and
charge sequences. At very high temperatures the thermal energy completely domi-
nates the electrostatic interactions and the polymer behaves as a neutral chain in a
good solvent. As a result, at high temperatures the energy per monomer becomes a
specific function of the charge sequence. One would expect that in the limit of infi-

nite polymer lengths random sequences will not show differences in energy at high
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temperatures. In the neighborhood of 0.1 degrees the energy per monomer for all
charge sequences becomes almost identical. In this temperature range the average
distribution of ions is very similar. As the chain length increases this temperature
interval where similar behavior occurs also increases. Lowering the temperature be-
low the transition point results in a separation of energy levels as the conformations

become trapped in local energy minima.
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Figure 2-2: Balanced polyampholyte squared radius of gyration versus reduced tem-
perature. Balanced polyampholytes exhibit a collapse transition as the temperature
is lowered.

The trend in the average energy per monomer over the different quenches shows
a systematic decrease with increasing polymer chain length. The asymptotic value

can be understood in terms of the cohesive energy per ion of an infinite lattice.
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Figure 2-3: Balanced polyampholyte energy per monomer versus reduced tempera-
ture.

Recall that for ionic crystals the cohesive energy is given by

AN e2

AFlla,tt'éce = _'é‘ drea’

(2.6)

where A is the Madelung constant of order unity[Kit86]. In terms of reduced units

the free energy is

. A1
A‘Flattice = —ENE (27)

where a is the excluded volume distance which in this simulation is 2. For a sodium

chloride cubic structure the Madelung constant is 1.75 giving an asymptotic limit
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of -0.4375 for the frozen energy conformation. For a poorly arranged lattice the
Madelung constant is 1 and the corresponding asymptotic energy is -0.25. This
simply states that an ordered alternating array of positive and negative ions in the
ground state will give the lowest energy while more disordered arrangements of the
ions will give higher energy values. In all the simulations performed using balanced
polyampholyte chains the ground states resemble ionic crystalline forms. The finite
polymer length is the main reason for not reaching the asymptotic ground state
energy limit.

Figure 2-4 shows the variability that results when the same polymer charge
sequence is simulated using different random number sequences. The heat capacity
varied from one simulation to another when the simulation was repeated with the
same polymer. The conformation of the ground state also varied from simulation
run to simulation run. Repeated attempts to renature to a unique ground state
failed. The energy per monomer as a function of temperature, however, showed
very repeatable results using the interaction potential described in the methods
section. The largest variability among the different charge sequences occurs at high
temperatures. In all cases the effects of Coulombic interactions become important

when the reduced temperature is approximately unity.

Figure 2-5 shows that balanced polyampholytes exhibit coil, globule! and frozen
cubic sodium chloride structures at high, medium and low temperatures. At low
temperatures the polyampholyte freezes into an alternating positive and negative
charge configuration along higher order planes in most cases. During some simu-
lation runs more unstable states were obtained at low temperatures if the polymer

was cooled rapidly.

The globule phase occurs just above the transition temperature. The description

of this phase using the concept of a Debye-Hiickel electrolyte is problematic since

1By the definition of a globular phase[Lif78] it may be more appropriate to consider the crystalline
configuration as the globule phase.
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Energy / Monomer

Figure 2-4: Heat capacity, squared radius of gyration and energy per monomer vari-
ability versus reduced temperature for a single balanced polyampholyte sequence.

the temperature is far to low to justify such an approximation. At the transition
temperature the polyampholyte has a partially crystalline sodium chloride structure.
The frozen conformation shown in Fig. 2-5 illustrates the phantom bond network
associated with this model since only maximum bond lengths and excluded volume
interactions are considered during the simulation runs. The bond restriction of this
algorithm gives the polymer chain much flexibility to find a low energy state at
low temperatures. The fact that bond cuts are allowed in this algorithm has the
advantage of decreasing the equilibrium time. More conformations are accessible in

a shorter number of Monte Carlo steps if bond cuts are allowed.

0.1 F
02 F
03 F
-0.4

0.5 Dol wvvsinl inad e
10°% 102 107 10, 1

160 —r—rrremy AL B T

k4 -

- F . .
8 E ¥
3 E &y
- r N

j%; 50 b "‘4 &

4 % ]

& 'y 3

o F R L

10% 102 107 10%,  10°

Y —
L

Reduced Temperature, T

0.0F

= R ——

3 40 b

30

L
R92

Reduced Temperature, T

0 Lo
o 107

30

paal 1+l s xgunl PETETRRTTT B
102 10! 109, 10!
Reduced Temperature, T



T

Figure 2-5: Simulated collapse transition of neutral polyampholyte polymer. At
high Monte-Carlo temperatures the polyampholyte exists as an extended coil. Low-
ering the temperature causes the polyampholyte to form a globular structure. At
the transition temperature a half melted crystalline structure forms. Below the
transition temperature a regular NaCl lattice structure results.

2.3.2 Scaling Properties of Neutral Polyampholytes

As a standard for comparing the scaling properties of balanced polyampholytes it
is important to understand the scaling of polymer chains with only neutral mon-
omers. Figure 2-6 shows the radius of gyration scaling for polymer chains with
only neutral monomers. The error bars represent the standard deviation of the
radius of gyrations obtained during each simulation run. The standard deviation of
the mean over twenty simulation runs is also shown in Fig. 2-6. Figure 2-6 shows

that ensemble mean fluctuations are significantly smaller than the fluctuations en-
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countered during a single simulation run. With a constant maximum bond limit
of four lattice units, excluded volumes of v/2, v/3 and 2 produce scaling exponents
of v = 0.55264, v = 0.60845 and v = 0.6159 respectively. The universal exponent,
v, ~ 0.588, for excluded volume interactions in three dimensions falls within these
values. These values are, however, greater than the Gaussian 6 point tempera-
ture value of v = vy = -;— Polymer simulations based on these excluded volume
interactions, therefore, give scaling exponents corresponding to good solvents.

Single Polymer Variability Polymer Ensemble Variability

30 e ey 30 e A RO
25} ] 25 :
20? a=1.0966 E 20 :_ a=1.1352 B

2 s , M=06238 ] o 15f n=06159
as ‘ ? e o : —
L i e ] r // ]
10F [ 3 10k - 3
: }'///g : 7 ]
C ; C o b
St | 3 st~ :
0:..-.Tn.,..n....|..,.|....1....|.,.‘ 0;....|<.‘.x.(..|....|....;....4....:
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

N N

Figure 2-6: Scaling behavior of uncharged polymers. The error bars in the first
graph represent the standard deviation of the radius of gyration over each simulation
run for a single polymer. In the second graph the error bars represent the standard
deviation and over an ensemble of twenty polymers.

The fact that the scaling behavior of uncharged homopolymers can be varied
simply by changing the excluded volume interaction is an interesting point. Previous
studies based on this algorithm concluded that the small scaling exponent obtained
(v = 0.55) was due to the crossover between Gaussian and self-avoiding behaviors
in these relatively short chains[Kan92]. Simple inspection of this algorithm for
excluded volumes of v/2 show that bond cuts easily occur. The relatively short
length of the chains in these studies do not appear to be completely responsible for
this behavior. It has been shown that with this simulation algorithm the scaling

behavior can be varied from near Gaussian to self avoiding simply by increasing the
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monomer excluded volume without altering the chain lengths. In the limit of very
long chains, however, the universal value of 3/5 should be obtained for all these
different constraints.

Figure 2-7 shows the scaling exponent of an ensemble of random balanced
polyampholytes as a function of temperature. The Flory temperature for the ran-
dom polyampholyte examined with this model is approximately 0.33 degrees. Below
0.1 degrees scaling exponents were difficult to obtain due to the long equilibration

times.
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Figure 2-7: Scaling behavior of random balanced polyampholyes versus tempera-
ture. The 6 temperature is approximately 0.33 degrees.

2.3.3 Unbalanced Polyampholytes

Figures 2-8 shows the squared radius of gyration of polyampholyte polymers with

varying charge offsets as a function of temperature. In agreement with previous

33



studies[Kan92] and intuition increasing charge offset results in increasing swelling
as the temperature is lowered. It must be realized, however, that these simulations

only represent the effects of bare unshielded charges.
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Figure 2-8: Charged polyampholyte squared radius of gyration versus reduced tem-
perature. Increasing charge offsets result in progressively more swollen polymers.

Figure 2-9 shows the low temperature behavior of the squared radius of gyration
of polyampholytes with different charge offsets and lengths. One notes that a critical
charge offset is required for the polyampholyte to begin swelling at low temperatures

and that this critical charge offset increases with the length of the polyampholyte

chain.
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Figure 2-9: Low temperature squared radius of gyration versus polyampholyte
charge offset. In agreement with previous studies, as the polymer length increases
a greater critical charge offset is required to cause swelling.

2.3.4 The Role of Counter Ions

The omission of counter ions in charged polyampholytes is a serious limitation of this
model. Mobile ions can be included in both Monte Carlo and Molecular Dynamics
simulations using periodic boundary conditions[Lee80]. However, the computational
intensity required to include all but very small numbers of charged particles make
the inclusion of counter ions very demanding.

In an aqueous solutions the exclusion of counter ions becomes even more prob-
lematic since hydrogen and hydroxide ions always exist in small concentrations. If

a fractional charge offset of Q@ = fN exists then the potential of a roughly spherical
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globule with respect to the surrounding solution will be

sn @ IV

N~ fNY, (2.8)
)

Equating the electrochemical potential of hydrogen ions inside and outside of the

globule one gets
pf + kTIn Cys + e = pf + kTln C§+, (2.9)

where pif is the reference state chemical potential of hydrogen, e the unit charge, Ci .
the internal concentration of hydrogen ions, and C%. the external concentration of

hydrogen ions. This implies that

Cy+ _ o—¢S/KT (2.10)

Cov
At room temperature the potential created by fixed negative charges can lead to
much higher internal concentrations of hydrogen ions in the thermodynamic limit.
Furthermore, if hydrogen or hydroxide ions are capable of binding and neutralizing
charged monomers then the net effective charge can be drastically altered.

The transition from spherical to rod like conformations introduces the additional
complication of ion condensation[Oos71]. For a charged rod where the inter ion
separation is less than the Bjerrum length condensation effects will occur regardless
of how dilute the polymer solution.

In principle, counter ions could be included using a screened interaction potential

[DeS93] of the form

N 2 ,—KTij;
VAVAL A R4
U(Tij) — :>: oy

i<j

) 2.11
drer;; ( )
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where

z%en
K=/ T (2.12)

is the inverse Debye length. Including counter ions in this type of model with a
Debye shielding term, however, becomes problematic for a number of reasons. The
screened potential is based on the linearized Poisson Boltzmann[Lan58] equation
and as a result is only valid at temperatures where the thermal energy is much
greater than the Coulombic energy. From all the simulations shown in this study
we immediately notice that charge offset effects do not manifest themselves until
the reduced temperature is significantly less than one. The Yukawa potential would
therefore only be valid for a very restricted range of temperatures in this type of

model that is well above the transition temperature.

2.4 Conclusions

The scaling exponent for the radius of gyration in uncharged polymers based on the
algorithm used in this study is 0.6 and therefore represents good solvent behavior.
The balanced polyampholyte theta temperature was 0.33 degrees. The transition
temperature to globular crystalline conformation occurred at approximately 0.04
degrees. A transition from coiled to Debye-Hiickel distribution was not found using
this algorithm. The electrostatic coupling was 25 at the transition point. Coulombic
interactions begin to influence the thermodynamic parameters when the reduced

temperature approaches unity.
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Chapter 3

Polyelectrolytic Hydrogel Phase

Transitions

Abstract

Polyelectrolytes are polyampholytes with all charges of the same sign. In this study
the physical properties of acrylamide based polyelectrolytes with varying charge
offsets are examined as a function of bath ionic strength and pH. The complications
which arise due to the inclusion of thermally sensitive monomers are also illus-
trated. The non-equilibrium properties of the polyelectrolyte are examined using
coupled ion transport models. The effects of bivalent ions, acid dissociation and
polyelectrolyte interactions on the equilibrium swelling response as a function of
bath electrolyte concentration are presented.

3.1 Introduction

Polyelectrolytic hydrogels are three dimensional cross-linked polymeric networks
consisting of charged monomers of only one sign. Competing elastic, solvent and
Coulombic forces can result in large reversible swelling transitions in response to
changes in ambient ionic strength, pH, temperature, solvent quality, and applied
electric fields.[Osa87,F1053,Gri90] As a result, polyelectrolytic hydrogels have di-

verse applications in areas such as drug delivery, actuators, medicine and heavy
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metal ion extraction.

The kinetic response of polyelectrolytic hydrogels to changes in some control
parameter, such as bath ionic strength or pH, is of particular importance from both
a practical and a theoretical point of view. The potential use of polyelectrolytic
hydrogels as an actuator or drug release system, for example, is dependent on the
characteristic response time. In addition, the kinetic response also provides valuable
information regarding the transport of various ions through the hydrogel matrix.

Ricka and Tanaka|Ric84a,Ric84b] have examined the equilibrium swelling re-
sponse of polyelectrolytic hydrogels consisting of acrylamide and acrylic acid to
changes in bath pH and ionic strength. They found that the swelling dependence
of weakly charged polyelectrolytic hydrogels on monovalent bath salt concentration
was in agreement with a Donnan model. Additional effects due to multivalent ions
were also observed and noted.

In this study the equilibrium and non-equilibrium behavior of an acrylic acid
(AAc), acrylamide (AAm) and N-isopropylacrylamide (NIPA) polyelectrolyte copoly-
mer is investigated. Adding NIPA to a copolymer similar to that investigated by
Ri¢ka et al. includes temperature as an additional control variable. This study
therefore investigates the physical properties of various copolymers of AAc, AAm

and NIPA as a function of bath electrolyte concentration, pH and temperature.

3.2 Theoretical Model

A description of both the equilibrium and non-equilibrium properties of a polyelec-
trolytic hydrogel begins with a statement of the system free energy. The use of a
free energy in non-equilibrium processes, however, requires careful justification. In
equilibrium the chemical potentials of both the solvent and ion species in the dif-
ferent phases must balance. As a result, equilibrium swelling can be treated using

a balance of osmotic pressure terms arising from the polymer solvent interaction,
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the hydrogel elasticity and the mobile ion pressure. The non-equilibrium response
can in principle be derived from a force balance law beginning with the free energy
and its relation to the stress tensor. The analytical treatment of the hydrogel non-
equilibrium response can be simplified when the response times of the mechanical

and ion transport kinetics are much different and a linear constitive law is used.

3.2.1 Free Energy Model

The free energy is assumed to consist of four additive components,

AF = AFM + AFel + AFtrans + AFC’m.Llombic ’ (31)

where AFy, AF,, AFyans, and AFcouomsic represent the mixing, elastic, transla-
tional, and Coulombic contributions to the free energy respectively.
Based on the Flory-Huggins lattice theory,[Flo53] the free energy of mixing be-

tween monomer and solvent molecules is

V

VUsite

AFy = kgT—(1-¢)[In(l — @)+ x4, (3.2)

where V is the hydrogel volume, vy the lattice site volume, ¢ the polymer volume
fraction, x the polymer solvent interaction parameter, kp is Boltzmann’s constant,
and T the absolute temperature.

From the affine network model,[Flo53,Flo79] the elastic contribution to the free

energy is
2
3k BT V¢ ¢o 3 1 ¢0
AF, el = - —-1-= — , .
: 2 Nxvsite l:(¢) 3h1(¢ (3 3)
where N, is the average number of monomers between cross-links. The term Tvzlv;%

is the effective number of chains in the network while %"— is the swelling ratio.
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Hydrogel volumes and polymer volume fractions are related through

D 3
V. _% _ (__) , (3.4)
Vo ¢ D,
where V,, D, and ¢, are the hydrogel volume, diameter and polymer volume fraction
in the reference state respectively.

The translational component represents the ion mobility contribution to the free

energy. For this term we consider the ideal gas contribution,

N.
AFigw = kgT Ni{ln( i )-—1}, 3.5
e = koT TN {ln (575 (35)

where N, is Avogadro’s number and NV; is the total number of a given mobile ion.

The sum is over all mobile ion species such that

Ni

Cmobile = Z NAV

i

(3.6)

is the total mobile ion concentration. We assume that the excluded volume cor-
rection to V in Eq. (3.5) is negligible. The Donnan equilibrium relations with the

constraint of local charge neutrality lead to

Ny- 2
Omob’ile=2 (2NAV> +Cg ) (37)

where N;- is the total number of negative fixed charges and C, is the sum of all
positive ion concentrations in the bath. That is C, = Cs + Cg+pasr, Wwhere C is the
bath salt concentration.

The Coulombic contribution to the free energy is

AFgoulombic = Z z;eNi¢p + AFfimed + AFDH7 (38)
i

where ¢p is the Donnan potential and AFy;q represents the contribution due to
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the interaction between fixed charge groups and A Fpy represents the Debye-Hiickel
correction to the ideal gas assumption. Omitting the Coulombic contribution to
the free energy in ionic hydrogels[Ric84a,Tan80] has been the subject of criticism.
[Vas86] The Coulombic contribution to the free energy, A Fgouompic; cOrresponds to
the free energy of the Coulombic interactions of the network polyion charges and
the those of the counter ions and added salt. It is extremely important to realize
that AFgouoms can included a number of effects.

For a weakly charged polyelectrolyte it is customary to include the Debye-Hiickel

contribution to the free energy as

KJ3

127

z2e2n,
K=/ ST (3.10)

The term z represents the ion valency, e the unit charge, n; the number concentration

AFpy = — (3.9)

where

of all mobile ions, € the permittivity, k the Boltzmann constant, and T the absolute
temperature. Above concentrations of about 1 mM, however, the Debye-Hiickel
correction is not valid, in fact it leads to unphysical divergencies in the osmotic
pressure. For this very important reason it should not be included in a free energy

model for hydrogels with internal ion concentrations of several mM.

3.2.2 Swelling Equilibrium

Balance of solvent chemical potentials is generally expressed as

bath

gel __
A:[I.s"u,velling = 'ui":-u—s_‘" = 0, (311)
Vw
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where T, is the solvent molar volume. Equating hydrogel and bath solvent chemical

potentials gives us the swelling equilibrium condition

Lbnaroosto o (0 ()

+ Cmobz’le - 2007 (312)

site zUsite

where Tgize = NgUgize represents the molar volume of the lattice sites, ¢ the polymer
volume fraction, x the Flory interaction parameter, N, the number of monomers
between cross-links, ¢, the polymer volume fraction in the reference state, Ciuopie
the total mobile ion concentration within the hydrogel, and C, is half the total

concentration of monovalent ions in the external bath.

3.2.3 Dissociation Equilibrium

Acid dissociation is expressed as

_ Cy-Ch+

K,
a CA H ’

(3.13)

where K, is the acid dissociation constant, C4- the concentration of dissociated acid
groups, Cy+ the hydrogen ion concentration and C sy the concentration of undisso-
ciated acid groups. For the case of monovalent ions, Eq. 3.13, local electoneutrality
and Donnan equilibrium allows us to write a third order polynomial equation in
terms of the known bath concentrations and the unknown internal hydrogen ion

concentration,

CaK,Cu+Batn
Co

Cor + Ko.Clhy — (c;HBath + ) Cirv — KoClupyy = 0. (3.14)
The term Cp+ represents the internal hydrogen ion concentration, Cy+ g,y the bath
hydrogen ion concentration and C, the total concentration of positive ions in the
bath solution. If we have one monovalent salt with bath concentration C, then

Co = Cs + Ch+patn. It is important to keep in mind that because Eq. 3.14 is based
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on Donnan equilibrium condensation effects|Oos71] and electric field and charge

inhomogeneities are being ignored.[Ove56]

3.2.4 Mechanical Response

In non-linear elasticity the fundamental constitutive relation between a spatially

dependent free energy, F'(X), and the stress tensor is[Mar83]

OF(X)

S4B (X) = 2PRef(X)m,

(3.15)

where X represents the Lagrangian or body coordinates, S4Z(X) is the second Pi-
ola Kirchhoff stress tensor, pges(X) the reference state density, and Cap(X) the
right Cauchy Green strain tensor. In principle, one could start from the free energy
defined by Eq. 3.1. However, linearization under the assumption of small displace-
ments and negligible inertial contributions leads to a simple fundamental equation

of motion|[Tan73]

ou

= V. 3.16
5 V-o, (3.16)
where f represents the friction between the network and the solvent, u is the dis-

placement of a point in the network from its equilibrium location and o is the stress

tensor.

If the stress tensor is of the form

1
oij = KV - uby, + 2 (u,k — §V . uﬁik) (3.17)
where
1 Bui BUj
u =g (ami. * '“am) > (3.18)
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and K is the bulk modulus, 4 is the shear modulus and §;; the Kronecker delta then

ou _ K+3u P o2
il 7 V(v u)+-J;V u. (3.19)

In the case of an infinite cylinder radial deformation[Can87] equation 3.19 becomes

in the limit R‘-ﬁi‘;ﬁ <1
3

ou, 1 10u, 06%u,
5 = D ["ﬁ“r e arz] (3.20)
where D, = ——4;7&— is collective diffusion coefficient and u(0,t) = 0 for all t. The

boundary condition on the surface of the hydrogel can be expressed as

ou,

o = (14 u)[ 5o+ (1= ]_0 for r=a, (3.21)

el
where a is the final equilibrium radius.
An approximate solution to equations 3.19 through 3.21, valid in the limit T—tl >

0.3, is given by

U (rt) = e (F+03680) (3.22)
where
2
a
T = D (3.23)

and A; = 2.405 is the first zero of the Bessel function J,()\). Based on both light
scattering and swelling measurements|[Tan73,Can87] of AAm and NIPA, D, ~ 7 x
10~ cm?/sec. For hydrogels with diameters on the order of 200 um the estimated

time constant, 7, is therefore approximately 98 seconds.
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3.2.5 Ion Transport

For a non-deformable hydrogel of infinite length the ion transport problem can be
modeled in cylindrical coordinates. The hydrogel contains carboxyl groups and is
immersed in a bath containing NaCl, or CuCl,, and H+ ions. The ionization of the

carboxyl groups varies over the bath pH and salt concentration range.

Transport Equations

Coupled ion diffusion within a charged hydrogel is described by considering the

solution to the ion flux, continuity and electric field equations,

I'i = -DiVCi + 'U,:tCiE + C:t’l)f, (3.24)
DC,

5r = ~V I and (3.25)

V.-eE = p+ Z+FC+ - Z_FC_, (326)

where I} is the ion flux, D4 the ion diffusion coefficient, C. the ion concentration,
u+ the ion mobility, E the electric field, v; the fluid velocity with respect to the hy-
drogel body, p the hydrogel charge density, € the permittivity, z the ion valence, and
F the Faraday constant. The solution to Egs. 3.24, 3.25 and 3.26 is the ambipolar

diffusion equation

Di + D = D, V*°Cy, (3.27)
where
. D.D_(Cy+C.)
D, = D.C.+D.C. (3.28)

and Cpg represents the amount of bound ions within the hydrogel. For a deformable
hydrogel the convective derivative is with respect to a Lagrangian coordinate system

fixed to the hydrogel. Note that a careful distinction between the movement of the
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hydrogel and the fluid within the hydrogel is necessary in this case. When no
hydrogel expansion or collapse occurs the convective derivative becomes a partial

derivative.

Diffusion Reaction

The space time dependence of the hydrogel sodium and chloride ion concentrations,

Chn, and Cgy, are described by the continuity equation

DCy
Dt

= =V .[-D.VCy + Cyvy]. (3.29)

The convective term, vy, represents the ion fluxes due to fluid velocities with re-
spect to the hydrogel body coordinates and is included for completeness. Proton

continuity inside the hydrogel is described by

DCH+ + DCAH
Dt Dt

= —V:[-Dg+VCy+ + Cy+vy], (3.30)

where C 4y is the total concentration of unionized acidic monomeric sites.

The effect of hydrogen ion binding to carboxylate groups is to slow the diffusion
process. This can be shown by deriving an effective diffusion coefficient which
includes binding reactions. To include this binding process we use a first order

bimolecular reaction equation

AH= A"+ HT, (3.31)
where
K, = _Cigff_f__ (3.32)
Can

Assuming instantaneous reaction rates relative to the diffusion times allows us to

decouple Eq. 3.31 from Eq. 3.30 and write an effective diffusion equation of the
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form

DC
Df* = D¢essV3Chyy+, (3.33)
where
Dg+
Dess = {1+ CrK. }, (3.34)
(Keq+Cp+)?

and Cr is the total concentration of acidic monomeric groups. We notice that for
perturbations from equilibria with a large number of free binding sites the effective

diffusion coefficient can be much lower than free diffusion coefficient.

3.2.6 Cylindrical Hydrogel Solution

The equilibration time constant for each mode is

1 R
n = ~ . 3
™ =D~ (n= LD (3:35)
The normalized concentration profile is
- o —Dk2t
00, _;_ 2 & Phirky 530
Co - Cl Ro n=1 knJ1<knRo)
and the normalized total amount of absorbed or released ions is
M (t) _ — 4 —~Dk2t
Mi=oc0) 1 ngl ng%e (3.37)

In aqueous solution the free ion diffusion coefficients are Dy,+ = 1.33 x 1075
cm?/sec, Dg- = 2.03 x 1075 cm?/sec, and Dg+ = 1.96 x 10~% cm?/sec. The
corresponding ion mobilities are uy,+ = 5.19 x 1074 cm?/V sec, ug;- = 7.91 x 10™*

cm?/V sec, and ug+ = 7.62 x 10~ cm?/V sec. Hence, the ambipolar diffusion
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constant is D = 8.035 x 107% cm?/sec. Using these values the time constants for
the first mode for a 500 pm and 100 pum radial hydrogel is 7 = 42 seconds and 1.7
seconds respectively. With inclusion of binding and assuming the acid dissociation
constant is the same as the free monomer dissociation constant the hydrogen ion
diffusion time can be reduced by three orders of magnitude for some of the hydrogels

in this study.

3.3 Experimental Methods and Procedure

Hydrogels were prepared by free radical copolymerization of N-isopropylacrylamide
(NIPA), acrylamide (AAm), sodium acrylate (NaAAc) and N,N’-methylene-bis-
acrylamide (BIS) in distilled deionized water at 20 °C. N-isopropylacrylamide was
purified by recrystalization and AAc by distillation. The total monomer concen-
tration was 700 mM and the BIS concentration was 8.6 mM in all samples. The
concentrations of sodium acrylate and acrylamide were equal and varied between 0
and 256 mM. Gelation was initiated with 1.76 mM ammonium persulfate (APS) and
accelerated using 1.58 mM N,N’,N,N'-tetramethylethylenediamine (TEMED). The
hydrogels were cast in test tubes containing 200 ym inner diameter micropipettes.

After gelation the hydrogels were removed from their pipettes and washed con-
tinuously with distilled deionized water for several days. The hydrogel diameters
were monitored using a microscope equipped with a charged coupled device cam-
era. The temperature was controlled within 0.04 °C using a Lauda temperature
controller. Continuous washing with different bath salt concentrations and pH val-
ues were carried out and the kinetic response was monitored in order to ensure that

equilibrium had been reached.
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3.4 Results and Discussion

The equilibrium swelling diameters as a function of monovalent bath salt concentra-
tion are presented in Fig. 3-1. The lowest swelling curve is that of pure NIPA while
the successively higher curves represent hydrogels with net charge offsets of -2, -4,
-8, -16, -32, -64, -128, and -256 mM respectively. With increasing concentrations of
acrylic acid polyelectrolyte behavior is observed. Pure NIPA begins to collapse at
about 0.1 M. Since NIPA is a neutral monomer the collapse at high sodium chloride
concentrations appears to be a solvent quality mediated effect or some other form
of ionic interaction with the neutral monomers. Normally it is only the contribu-
tions AFirans and AFoouombic to the total free energy that are changed when a low
molecular weight salt is added. In the case of NIPA, however, it appears that AF),
and possibly AF,; are being affected at high salt concentrations.

Figure 3-2 shows the simulated equilibrium hydrogel parameters as a function
of bath salt concentration for a hydrogel with 128 mM charge offset. Although this
simulation predicts the same qualitative'swelling pattern as the actual data, the
simulated peak swelling is significantly higher. Based on this simulation, however,
it is clear that at low bath salt concentrations the hydrogel collapses as a result
of the low internal pH and hydrogen ion association. With increasing bath salt
concentration the hydrogel initially swells as the internal pH rises from sodium ion
exchange with hydrogen ions. Further increases in bath salt concentration causes the
hydrogel to collapse due to the loss of the osmotic pressure gradient and electrostatic
shielding,.

Figure 3-3 shows the polyion separation and internal Debye length as a function
of bath salt concentration if one were to assume a uniform polyion distribution.
Although the concept of a Debye length is questionable at ion concentrations above
1 mM, this simulation clearly shows that at low ionic strengths the Debye length is

comparable to the polyion spacing. Long Debye lengths with respect to the polyion
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Figure 3-1: Polyelectrolyte swelling equilibria versus monovalent bath salt concen-
tration. Both solvent effects and polyelectrolyte behavior are evident in the swelling
dependence versus bath sodium chloride concentration at 25°C. The lowest swelling
curve represent pure NIPA while curves with increasing swelling diameters are those
of AAm/AAc concentrations of 2, 4, 8, 16, 32, 64, 128 and 256 mM respectively.

charge spacing implies a uniform internal potential and hence there is some justi-
fication for using a Donnan potential to describe this system. Based on a Donnan
model the mobile ion contribution gives a Van-Hoff contribution to the osmotic
pressure. If the polyions are fixed to the polymer backbone in such a way that they
can generate an internal stress through mutual electrostatic interactions, howev-
er,then electrostatic component to the free energy should be considered. This leads
to the conclusion that in some cases the point at which the Donnan model becomes
applicable, that is, at large Debye lengths with respect to polyion separation, an

additional osmotic term due to ionic interactions must be included. At very high
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Figure 3-2: Simulated equilibrium swelling parameters for 128 mM A Ac hydrogel
as a function of bath salt concentration. At low bath ionic strength the internal pH
can drop to relatively low values with respect to the bath pH. Notice also that the
fixed charge density peaks at high bath salt concentrations.

bath salt concentrations the Debye length becomes shorter than the average interion

separation making the uniform Donnan potential assumption invalid.

The distribution and mobility of polyions in the hydrogel matrix is an important
consideration when evaluating Debye length and osmotic terms. If the polyions are
uniformly distributed over a given hydrogel volume then electrostatic interactions
exist between point charges. The fact that polyions are restricted to the linear chain
alters this situation. In this case the persistence length of the chain as well as the
linear charge density are important variables. An estimate of the Debye length can

be made in this case by considering the charge distribution surrounding a uniformly
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Figure 3-3: Debye length and interion spacing assuming a uniform ion distribution.
Although the interion separation becomes greater at lower ionic strengths, in units
of Debye lengths it in fact becomes shorter corresponding to greater unshielded
electrostatic interactions.

charged rod.

Figure 3-4 shows that pH swelling dependence of hydrogels consisting of 444 mM
NIPA, 128 mM AAm and 128 mM AAc at various bath salt concentrations. It is
clear from this data that hydrogen ion dissociation equilibrium plays an important
role even at high bath salt concentrations. At low pH values the solvent effect
becomes evident at high bath salt concentrations. With increasing pH the hydrogels

are increasingly ionized and as a result swell.

Figures 3-5, 3-6 and 3-7 show the kinetic response to changes in bath salt
concentration at pH 4.2, 5.8 and 8.0 respectively. At pH 5.8 a biphasic swelling
response is observed. At pH 4.3 and 8.0 the kinetic response is dominated by the
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Figure 3-4: Equilibrium swelling of 128 mM AAc as a function of pH at 25 °C.
Hydrogen ion dissociation equilibria plays an important role even at high bath salt
concentrations.

monotonic poroelastic response.

Since hydrogen ions can bind to carboxylate groups in the hydrogel matrix the
diffusion coefficient depends on the local charge density. The charge density in turn
depends on the internal pH. Since the local charge density leads to counter ion
osmotic pressure, or equivalently to local charge repulsion, the hydrogel elasticity
and or the solvent interaction also contribute. A greater charge density will lead
to greater internal pressure and tend to swell the hydrogel and thereby reduce
the charge density. For hydrogels with small elastic or bulk moduli the fixed charge
density can remain constant over a significant range of the external bath salt and pH
range. The interplay between solvent and elastic effects with the charge density is

an important contributing factor to the rate at which hydrogen ions are transported
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Figure 3-5: Kinetic response to changes in bath salt concentration at pH 4.1 and
25 °C.

over a significant range of the external bath pH and ionic strength.

The hydrogen ion transport time constant is plotted in Fig. 3-8. We notice
that for a bath pH of 5.8, no added acid or base, that the internal hydrogen ion
concentration monotonically increases with the bath salt concentration. As a result,
the corresponding hydrogen ion transport time constant shows a similar increase.
The actual charge concentration, however, also influences this swelling behavior
since it varies with bath salt concentration. Once the majority of the hydrogen
ions have been replaced with sodium ions and the hydrogel collapses due to the
reduction in osmotic pressure at high salt concentrations the local charge density
reaches a maximum value. At this point the transit time for hydrogen ions will be

slowest due to the large density of dissociated acid groups within the hydrogel.
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Figure 3-6: Kinetic response to changes in bath salt concentration at pH 5.8 and
25 °C.

Based on ion transport alone the rate limiting swelling response due to hydrogen
ion transport becomes less important at higher bath salt concentration in response
to changes in salt concentration. This is due to fact that the transport of hydrogen
ions become less relevant. At high salt concentrations the internal pH values do
not reach low enough values to alter the degree of hydrogen ion association and
as a result will not effect swelling. One would predict that hydrogen ion exchange
for sodium may take place but not influence the equilibrium swelling. This effect
can not be measured from swelling diameters alone. The role of hydrogen ion
exchange becomes important in concentration regimes where the internal hydrogen
ion concentration can influence the degree of ion association. In this concentration
regime it becomes important to consider the ambipolar diffusion coefficient in order

to estimate the swelling equilibrium time where this form of ion transport is rate
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Figure 3-7: Kinetic response to changes in bath salt concentration at pH 8.0 and
25 °C.
limiting.

The equilibrium swelling diameters as a function of bath CuCl; concentration
are presented in Fig. 3-9. The lowest swelling curve is that of pure NIPA while the
successively higher curves represent hydrogels with net charge offsets of -2, -4, -8,
-16, -32, -64, -128, and -256 mM in their reference states respectively. Figure 3-10
shows the swelling dependence of a hydrogel consisting of 444 mM NIPA, 128 mM
AAc and 128 mM AAm as a function of CuCl, wash concentration at 35 and 40
°C. In this case the polyelectrolyte swelling observed for monovalent ions is greatly
reduced. With increasing CuCl; concentration a much greater collapse transition is
observed up to 10 mM. Further increase in CuCl, concentration results in a transient
increase in swelling followed by a collapse transition. Condensation effects, solvent

quality changes, and cross-linking effects may be taking part in this complicated
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swelling behavior.

Figure 3-10 shows the swelling dependence of a hydrogel consisting of 444 mM
NIPA, 128 mM AAc and 128 mM AAm as a function of temperature at different
CuCly wash concentrations. First order phase transitions are not observed. The

acrlyamide effectively prevents discontinuities in the phase behavior normally ob-

served for NIPA and AAc.[Hir87]

3.5 Conclusions

The equilibrium swelling response of an acrylamide, acrylic acid and NIPA copoly-

mer as a function of bath salt concentration can be divided into three regimes. At
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Figure 3-9: Polyelectrolyte swelling versus copper chloride concentration at 25 °C.
Washing with bivalent ions results in a complicated swelling pattern which involves
more than just Donnan partitioning.

low ionic strengths ion dissociation equilibrium governs the swelling response in
charged copolymer hydrogels. At intermediate ion strengths polyelectrolyte effects
become important. At very high ionic strengths the effect of ions on the neutral
NIPA components becomes important. It is important to make a careful distinc-
tion between hydrogel collapse due to polyelectrolyte effects and those due to ionic
effects on the neutral monomer components.

We observe that the kinetics of the copolymer hydrogel are dominated by dif-
fusion reaction kinetics at low bath ionic strengths and low pH values. At high pH
values and ionic strengths the mechanical response of the hydrogel is rate limiting

in the kinetic response. Bivalent ions produce a more complicated swelling pattern
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Figure 3-10: Polyelectrolyte swelling versus copper chloride concentration at 35 and
40 °C. Increasing the temperature results in smaller swelling equilibrium values due
to the thermally sensitive NIPA component.

as a function of bath ionic strength.

3.6 Appendix A: Derivation of C,, e

For the general case where there are Ny, positive ionized charge groups and Ny_
negative ionized charge groups and only monovalent mobile ions local charge elec-

troneutrality gives us

Nf+ ‘—'Nf-

NAV + C+ = C..., (338)
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Figure 3-11: Polyelectrolyte swelling versus temperature and copper chloride con-
centration. Over a wide range of temperatures and copper chloride concentrations
only continuous second order phase transitions are observed.

where C, and C_ denote the total internal concentration of mobile positive and

negative ions respectively. From Donnan equilibrium
C.C.=C2 (3.39)

where C, = Cny+Bath + Cr+Bath = Cs + Cr+pan- Combining Eqs. 3.38 and 3.39

yields
Nyy — Ny _ G
AZ N
Niy — Ny
= C? + (ﬁﬁ;‘}i—) c, - C’=0. (3.40)
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For physically meaningful concentrations we take the positive root

C, == (Nf+ = Nf—) L1 {(Nf+ - Nf~)2 +403}5'

2 NAV 2 NAV
Therefore
Nf+ - Nf_
mobile — =2 AT v
Crobil cC.+C C,+ NV
or

1
N;p — Ns_\? 2
Cmobile =2 { (—_———f;—NAVf ) + C’f} .

In the case where only negative polyions exist

_ Nf— 2 2%
Cmobile—z{(ZNAV) +Co} .

3.7 Appendix B: Acid and Base Dissociation

(3.41)

(3.42)

(3.43)

(3.44)

Polyelectrolytes, by definition, contain polyions of one charge type. Polyelectrolytes

with negative polyions require consideration of the possible influence of acid dissoci-

ation on the equilibrium swelling. Similarly, the effects of base dissociation must be

considered in polyelectrolytes with positive polyions. The purpose of this appendix

is to derive polynomial expressions in terms of the unknown internal hydrogen ion

concentration for polyelectrolytes with one type of dissociable fixed charge group in

terms of the known monovalent bath ion concentrations. Coupling these polynomi-

al expressions with osmotic swelling relations allows the equilibrium swelling to be

determined.
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3.7.1 Dissociation Equilibrium With Only Acid Groups
Acid Dissociation
Acid dissociation equilibrium is described by

 Ca-Car _ CuCar
Can Ca—Cy-’

K, (3.45)

where K, is the acid dissociation constant, C4- the ionized acid group concentra-
tion, Cy+ the hydrogen ion concentration, Cyy the unionized acid group concen-
tration, and C4 the concentration of unionized and ionized acid groups. Rearrang-

ing 3.45 gives us

CuK,
Cp- = —=—2—, 3.46
A K,+Cy+ ( )
Thus, for acidic monomers the degree of ionization can be defined as
K,
=0 3.47
%a Ky, + Cy+ ( )
Local Charge Electroneutrality
Local charge electroneutrality for monovalent ions can be expressed as
Ca- =) zCy, (3.48)

where 2; and C; are the valence and internal concentration of particle i. If all
the mobile particles are monovalent or neutral and C, and C_ represent the total

concentration of positive and negative particles respectively then

Cp-=C,—C_, (3.49)
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and

CAK a

m = C+ - C_. (350)

Donnan Equilibrium

The Donnan equilibrium conditions can be succinctly stated in terms of the particle

electrochemical potentials which are found from the free energy using

OF

Hi

For ideal solutions, equilibration of internal and external chemical potentials implies

that
(S + p'v; + RT In o} + z;FY' = pf + pv; + RT In 2 + 2, Fy°, (3.52)

where the superscripts i and o indicate internal and external values respectively. The
partial molar volumes, vy, are assumed independent of the pressure p. The term
u® represents the reference state chemical potential, R the Boltzmann’s constant
multiplied by avogadro’s number, T the absolute temperature,  the mol fraction,
z the valency, F' the Faraday constant, and i the potential.

If all ions are monovalent and each has a concentration much less than the

solvent then balance of chemical potentials for each charged particle yields
c,C. = C? (3.53)

where C, is the sum of all bath ions of one sign regardless of pH. Combining the

above equations gives us

CaK, - C —gi_ CoCy+ _ CoCr+Bath
K,+Cy+ * Cy Chu+am Cu+
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= CAKaCH+BathOH+ - COC?N- (Ka + CH+) - COC_%{‘FBath(Ka + OH+)
= CaK,Cu+panCr+ = CoKyChs + CoClhs — CoKoaClit patn — CoClhrt BunCr+
= COC?I‘i- + CoKaC?ﬁ - (000?1+Bath + CAKaCH+Bath)CH+ - CoKaC%ﬁBath =0.

Therefore

OAK a OH + Bath
Co

Che + KiChr— (Chopan+ ) ot = KoCls = 0. (3:54)

Solving for the internal hydrogen ion concentration, Cg+, using the polynomial

equation 3.54 allows us to solve for the remaining ion species:

Cp = '1?%%}; (3.55)
Crat = CN—C};-(Z%— (3.56)
Co = CCl‘Bcéf;S_H*‘Bath 7 (3.57)
Con- = CI,(; , (3.58)
Comcor = Conco; grj;i Ch+Bath . (3.59)

3.7.2 Dissociation Equilibrium With Only Base Groups

Base Dissociation

Similarly to acid dissociation, a corresponding polynomial expression for base dis-

sociation can be derived. Base dissociation equilibrium can be stated as

_ CB'*'COH"

K/
b Cpon

, (3.60)

where K is the base dissociation constant, Cp+ the ionized base concentration,

Con- the hydrogen ion concentration, and Cp the ionized and unionized base con-
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centration. Letting K, = K,,/K; and using K,, = Cy+Coy- we get

CpouC
K, = —BoH~HT (3.61)
Cp+
Rearranging 3.61 gives us
CpCy+
Cp+ = ——"F7—. 3.62
B K, + Cg+ ( )
Hence, the degree of ionization for basic monomers can be defined as
Cr+
= 3.63
b Ky +Ch+ ( )
Local Charge Electroneutrality
Local charge electroneutrality gives us
Cp+ =C_ —-C4, (3.64)

where C_ and C, are the total concentration of mobile positive and negative ions

respectively. Using Eq. 3.62 in Eq. 3.64 gives us

CpCy+
—=C_ - C,. 3.65
Ky + Cy+ * ( )
Donnan Equilibrium
Recall that from Donnan equilibrium
c.C. = CF (3.66)
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where C, is the sum of all bath ions of one sign regardless of pH. Combining the

above equations gives us

CsCu+ _ C} O = CoCh+path  CoClh+
Ky+Cuy+ Oy T Oy Ch+Bath

= CBC%I+CH+BQM = COCJ%H'Bath(Kb + CH+) - COC%H- (Kb + CH+)

= CBC%HCH*'Bath = COC?—I“‘Batth + COCIQ-I*'BathCH"' — COC?{+K5 - CDC?I+

= COC?{-;. -+ (OoKb -+ CBOH+Bath)012LI+ — COCI2J+BathCH+ - COKbCIZLI"'Bath = 0.

Hence

CBCh+Bath

C?{+ + (Kb-i' C
2]

) CI2-I+Bath - C?I"‘BathCH"' - Kbc_?:”’Bath =0. (3-67)

Solving for the internal hydrogen ion concentration, Cy+, using the polynomial

equation 3.67 allows us to solve for the remaining ion species:

CsCh+

Cor = Zrcmm (3.68)
Crnat = gﬁ%ﬁ&i (3.69)
Cor- = Ccz—&gﬁrzmath , (3.70)
Con- = Cl’ii and (3.71)
Cercor Bath = OCHCOC%}ZHJr iy (3.72)

3.8 Appendix C: Cylindrical Geometric Solutions

If we assume that the hydrogel does not deform during the ion transport process

and is infinite in length we can use the cylindrical geometry[Jac75] to simplify the
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problem. In cylindrical coordinates Eq. 3.27 becomes

aC(r,¢,zt) (& 18 18 &
— D(‘a?iﬁarﬂzaqsﬁazz crndzd.  (373)

Applying separation of variables we assume a solution of the form
C(r,¢,2,t) = T(t)R(r)P(p)Z(2). (3.74)

This leads to the ordinary differential equations

%%1. + DK*T = 0, (3.75)
2
iid_z% —-k*Z = 0, (3.76)
2
%‘122 Lk = o, (3.77)
d*R  1dR v?

Ignoring the ¢ and z dependence we obtain temporal solutions of the form
To(t) = CpePkat, (3.79)

Using the substitution, z = kr, the radial equation can be put in the form

d’R 1dR v?
EF+EEE+(1~EE)R =0 (3.80)

Equation 3.80 is Bessel’s equation of order v. The lack of ¢ dependence requires
only zeroeth order terms to be kept.
We offset the boundary conditions so that the concentration vanishes at r = Ro,

ie., C(r = R,,¢,2,t > 0) = 0. Similarly, the initial condition becomes C(0 < r <
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Ry, ¢,2,t =0) = C,. As a result, k can only take on values

k= %’i, n=12,3,... (3.81)

where x,, are the roots of Jy(z,) = 0. The general solution has the form

Clr,d,2,t) = 3 Ando(knr)e PFat (3.82)

n=1

Since C(r, 2z, #,t) is finite at r = 0, the initial condition becomes
. o
n=1

where we assume the constant initial concentration can be expanded in a series of

Bessel functions of order 0.

3.9 Appendix D: Purification of N-isopropylacrylamide
In a fume hood N-isopropylacrylamide was purified by recrystalization using the
following procedure.

e Approximatly 30 g of unpurified NIPA was dissolved in 180 mM of toluene.

e The toluene NIPA solution was filtered using a 25-50 pm glass filter under

aspiration.

o The filtered NIPA toluene solution was poured into a 2000 mM beaker and
approximately 1500 mM of petroleum ether was added.

e The precipitated NIPA was filtered out using a 25-50 um glass filter under

aspiration.

e The recrystalized NIPA was dried under vacuum with a dry ice and isopropyl

alcohol filter trap for 12 hours.
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Chapter 4

Polyampholytic Hydrogel Phase

Transitions

Abstract

The role of counter ions and ion dissociation in establishing the equilibrium swelling
of balanced and unbalanced polyampholytic hydrogels has been investigated exper-
imentally and theoretically. The swelling dependence on both the net charge offset
and the external bath salt concentration has been examined using an acrylamide
based polyampholytic hydrogel. By careful consideration of the swelling kinetics,
this study illustrates the effects of ion dissociation equilibria and counter ion shield-
ing in polyampholytic hydrogels near their balance point where both polyelectrolyte
and polyampholyte effects are present. The theory considers a Flory type swelling
model where the Coulombic interactions between fixed ions in the hydrogel resemble
those of an ionic solid with a Debye screening factor. Theoretical predictions from
this model are in qualitative agreement with experimental results.

4.1 Introduction

Polyampholytic hydrogels are cross-linked polymer networks that are made up of
both positive and negative monomeric groups with the possible inclusion of neutral
monomeric spacers. Balanced polyampholytes have an equal number of positive and

negative charges while unbalanced polyampholytes have a charge excess. The long
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range Coulombic interactions which determine the physical properties of polyam-
pholytes are a challenge to both theoretical and experimental understanding.

In recent years, considerable effort has been devoted to understanding the sin-
gle polyampholyte chain in very dilute solutions where counter ions do not screen
the Coulombic potential. It has been shown in extensive studies by Kantor and
Kardar[Kan92,Kan94,Kan95a,Kan95b] and by Gutin and Shakhnovich|?] and Do-
brynin and Rubinstein[Dob95] that polyampholyte chains form a spherical globular
structure when the overall net charge does not exceed g,v/N. When the net charge
exceeds ¢,v/N the polyampholyte forms an elongated globule. The globule density
is determined by the overall attraction and is almost independent of the charge
excess while the globule shape is governed primarily by the net charge.

A macroscopic polyampholytic hydrogel, however, is dramatically different. On
length scales greater than a Debye length the distribution of charged monomers,
counter ions and co-ions maintains almost perfect charge neutrality. This creates a
complicated set of interactions within the system. Unlike a plasma or electrolyte,
several components contribute to the screening in a different manner. The charged
monomers of both signs, counter ions and co-ions all have different amounts of
freedom to respond to local electric fields. In addition, acid and base ion dissociation
equilibrium can have important effects on the polymer charge density.

Polyampholytes have been the subject of a number of experimental studies. Cor-
part et al.[Cor93] and Skouri et al.[Sko94] examined the aqueous solution properties
of polyampholytes using viscometry and light scattering measurements. Baker et
al.[Bak95] later examined balanced polyampholyte hydrogel swelling and proposed
a semiquantitative model based on a Flory type theory with Debye-Hiickel contri-
butions. These experimental studies are in qualitative agreement with Higgs and
Joanny’s model.[Hig91] Balanced polyampholytes collapse at low salt concentrations
and swell at high salt concentrations. With increasing charge offset, polyelectrolyte

behavior is observed and swelling decreases with increasing salt concentration. For
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polyampholytes near their balance point, however, both effects can be important
over a wide range of bath electrolyte concentrations.[Yu93,Eng95]

In this work the swelling equilibria of polyampholytic hydrogels are examined
both experimentally and theoretically. The theory considers a Flory type swelling
model for ionic hydrogels where the Coulombic interactions between the hydrogel
fixed ions resemble those of an ionic solid with a Debye screening factor. Higgs and
Joanny’s theory was based on the assumption that all charges, both mobile and
polymeric, contribute equally to the screening. One would expect that the poly-
mer chain connectivity and monomer masses will significantly restrict the polyions
compared to the mobile counter and co-ions. As a result, this study considers the
opposite limit where the monomers are immobile and do not adjust to fluctuating
fields or contribute to the screening. By careful consideration of the swelling kin-
etics, this work illustrates the additional effects of ion dissociation equilibria using
acrylamide based polyampholytic hydrogels near their balance point where both
polyelectrolyte and polyampholyte effects are present.

4.2 Theoretical Model

Thermodynamic equilibrium is achieved when the chemical potential of each mobile
species is equal in every phase. A balance of solvent chemical potentials is a state-
ment of osmotic pressure or swelling equilibrium. Similarly, the ionic equilibrium of
mobile species is obtained when the electrochemical potentials within the hydrogel
equal that in the external bath. For those species capable of binding to functional
groups, the electrochemical potentials in the bound and unbound states must also
be equal. The volumetric charge density will therefore be a complicated function
of the swelling process and a model which considers both swelling and dissociation

equilibrium must be constructed.
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4.2.1 Free Energy Model

Four additive contributions to the free energy are assumed,
AF = AF‘M + AFel + AFltran..s + A*1;1C,‘0'u.lomb'ic ’ (41)

where AFy, AF, AFrans, and AFcouomsic T€Present the mixing, elastic, transla-
tional, and Coulombic contributions to the free energy respectively.
Based on the Flory-Huggins lattice theory,[Flo53] the free energy of mixing be-

tween monomer and solvent molecules is

14

site

AFy = kgT—(1—-¢)[In(1 - ¢) + x4], (4.2)

where V is the hydrogel volume, v, the lattice site volume, ¢ the polymer volume
fraction, x the polymer solvent interaction parameter, kg is Boltzmann’s constant,
and T the absolute temperature.

From the affine network model,[Flo53,Flo79] the elastic contribution to the free

energy is

_ 3ksT Vo [[4,\} 1 (o
AF = 2 Npvsite [(—Cg) -1—_3:111 (?)], (4.3)

where N, is the average number of monomers between cross-links. The term N—VL

xVsite

is the effective number of chains in the network while % is the swelling ratio.

Hydrogel volumes and polymer volume fractions are related through
v _t_(DY )
V, ¢ \D))’ |

where V,,, D, and ¢, are the hydrogel volume, diameter and polymer volume fraction

in the reference state respectively.

The translational component represents the ion mobility contribution to the free
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energy. For this term we consider the ideal gas contribution,

N,
AP = kBT;Ni{ln(NAV)-l}, (4.5)

where N4 is Avogadro’s number and N; is the total number of the ith mobile ion.

The sum is over all mobile ion species such that

Ni
NJV

Cmobile = Z

i

(4.6)

is the total mobile ion concentration. We assume that the excluded volume correc-
tion to V in Eq. (4.5) is negligible. For monovalent ions the Donnan equilibrium

relations with the constraint of local charge neutrality lead to

N+ — Ne-\ 2
Cmobile = 2\| (“%ﬁvf_) + Cg ) (4'7)

where N;+ and Nj- are the total number of positive and negative fixed charges
respectively. If C; is the concentration of added salt, then C, = C; + Cg+pasp is the
bath concentration of all positive ions.

The Coulombic contribution to the free energy is

AFcoulombic = z z;ieN;¢p + AFgttice, (48)

where z; is the valence of the ith ion, e the unit charge, ¢p the Donnan potential,
and A Fj,uc. represents the contribution due to the interaction between fixed charge
groups. The lattice free energy, A Fj sice, can be evaluated by considering the bound
polymer charges as a quasilattice with screened Coulomb interactions. We now
describe this term by considering a lattice model where every site is surrounded by
z nearest neighbors.

If only nearest-neighbor interactions are considered, the lowest energy configu-
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ration of a balanced polyampholyte (Ns+ = N;-) would be obtained when every

charge has z oppositely charged neighbors. The configuration energy would then
be

e? exp(—m")

AFlattzce = —""(Nf+ + Nf )471'6 r

(4.9)

where € is the solvent dielectric permittivity, r the nearest neighbor distance such

that

W=

3V
2 (47"(Nf+ + Nf—)> ’ 410

and

2 B
K = \/e NACmobzle]-OOO (411)

GkBT

is the reciprocal Debye length in the hydrogel. The factor of 1000 is necessary to
convert mols per liter to mols per cubic meter.

If some positive fixed charges are replaced by negative charges, the lowest en-
ergy would be obtained when every positive charge has the maximum number z of
oppositely charged nearest neighbors. This would give 2/N;+ attractive interactions
and (2/2)(Nyg+ + Nj-) — 2N+ repulsive interactions. The system free energy in this

case would be

2

e* exp(—kr)

=N
AEatttce fe 7 dre r

; , (4.12)

where Ny, = Ny, + Ny_ — 2|Ngy — Ns_| is the effective number of fixed charges
giving rise to attractive interactions. The absolute value permits us to consider
both excess positive or negative fixed charge.

The modification of Eq. 4.12 to include long range interactions involves replacing

the number of nearest neighbors, z, by a parameter similar to the Madelung constant
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of ionic crystals.[Kit86] Retaining the Debye screening term gives us

A e? exp(—kr
AFlattice =—-—N, —‘—‘*’B("—‘l

2 T 4re r ’ (4.13)

where A must be of the order of unity. [Kit86]

Although it has received serious criticism,[Val89] the screened potential is com-
mon in the polyelectrolyte literature. [Nag61,Gro94] The screened potential, howev-
er, contains the essentials of the screening effect and is thus expected to be suitable

for the study of balanced and slightly unbalanced polyampholytes.

4.2.2 Swelling Equilibrium

Balance of solvent chemical potentials is generally expressed as

bath

gel __
A]:I.xxwelling = _/is____:ﬁs__ = Oa (4'14)
Vw

where 7, is the solvent molar volume. Equating hydrogel and bath solvent chemical

potentials gives us the swelling equilibrium condition

1

VUsite

[ln(l —¢)+o+ X¢2} + Nafl;-ite [% (g;) - <%> 3:| + Crnobite — 2C,

-1
A Nje €& exp(—kr) 3kT INVC, \°
) - et = 1

AT A A N R ey 0, (4.15)

where Tgse = Navge represents the molar volume of the lattice sites. The terms

inside the curly brackets arise from the volume dependence of s and 7.

4.2.3 Dissociation Equilibria

The balance of chemical potentials for internal hydrogen and hydroxide ions in the

free and bound states is equivalent to the chemical equilibrium of acidic and basic
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monomeric species,

K, = 94 Gt (4.16)
Can
and
K, = CBon Cnr (4.17)
Cpr

The internal parameters K, and K} represent the acid and base dissociation con-
stants, C4- and Cpg+ the concentration of ionized acid and base groups, Cay and
CBpon the concentration of unionized acid and base groups, and Cg+ and Cop+ the
concentration of hydrogen and hydroxide ions. Localized hydrogen or hydroxide ion
binding is an important consideration since it leads to a reduction in local charge
repulsion and osmotic pressure in unbalanced polyampholytes.

When CO, is dissolved in water there is a chemical interaction. Most of the
dissolved COs becomes hydrated, in a way that is not completely understood, and

a small fraction of it forms carbonic acid based on the sequence

The acid dissociation constant is

CH+ CHCO;
. = ————

4.19
CH,c04 (4.19)

The effect of the bicarbonate ion is important because its concentration is 250
times larger than the hydroxide ion if base is not added. In practice, the effect of
the bicarbonate ion can be reduced by running the experiment under a nitrogen or
argon atmosphere.

Solving for the molar concentration of hydrogen ions, C+, inside the hydrogel
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gives us the fourth order algebraic equation

OB Ka(CB - CA)
c? K, + K, 3 K, K, — C? 2
et ( ot ot 1+ G/ CH+bath) Cav + ( b= Chrrann + 14 Cs/Ch+patn Cir
K, K,Cy

where Cy = Cyp + Cas- and Cp = Cpoy + Cp+ represent the total concentration

of acidic and basic groups respectively.

4.2.4 Kinetic Response

The non-equilibrium swelling response to changes in bath composition can be influ-
enced by many competing rate processes. The mechanical, or poroelastic, response
time[Bio41,Tan79] involves the elastic reconfiguration of the network and the simul-
taneous fluid flow into or out of the network. The linearized diffusion of ions within
the hydrogel matrix has an associated time constant 75 ~ Il)—zi, where [ represents the
hydrogel dimension and D; the ion diffusion coefficient. If binding interactions take
place the ion diffusion time must be modified. The effect of hydrogen ion binding
to acidic groups, for example, is to slow the diffusion process.[Nus81] The effective
diffusion coefficient in this case can be written as

D+

T Gk (4.21)
(Ka+Cp+)?

Diesy

where Cy is the total acidic monomer concentration. For small perturbations from
equilibrium with a large number of free binding sites the effective diffusion coefficient
can be much lower than the free diffusion coefficient. In addition to ion transport,

critical point phenomenon can result in very slow kinetics.[Sta71]
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4.3 Experimental Methods and Procedure

Copolymer hydrogels of varying proportions of acryl-amido methyl propyl sul-
fonic acid (AMPS-H) and methacryl-amido propyl trimethyl ammonium chloride
(MAPTA-CI) as negative and positive monomeric species respectively have been
synthesized. Two sets of hydrogels were made in this study. In both cases the bal-
ance point was determined using a precipitation reaction. Silver AMPS (AMPS-Ag)
is injtially formed from AMPS-H and Ag,COj3 and then mixed with MAPTA-CI to
precipitate the Ag and Cl counter ions. The first set of hydrogels were made at a
total concentration of 700 mM and had gelation diameters of 505 ym. In the second
set of hydrogels, intended for the kinetic study, the total concentration was 1.4 M

and the gelation diameters were 205 pym.

4.3.1 Sample Preparation

The AMPS-MAPTA polyampholyte pregel solution was prepared by initially dis-
solving 0.2 moles of AMPS-H in 200 mL of H,O. Throughout the procedure the
solution was kept cool using an ice bath in order to avoid polymerization. While
stirring the hydrogen AMPS solution 0.1 moles of Ag,CO3 was slowly added to
produce CO; and AMPS-Ag. The solution was then centrifuged at 3000 rpm and
filtered with a 0.2 ym filter. After adding MAPTA-CI the resulting AgCl precipitate
was filtered out using a 0.2 pm filter. Small aliquots of the AMPS-MAPTA solution
were tested with MAPTA-Cl and AMPS-Ag to ensure the solution had an equal
concentration of AMPS and MAPTA monomers. The balanced stock solution was
then diluted to the required concentrations.

Hydrogels were made using 8.6 mM N,N’-methylene-bis-acrylamide (cross-linker)
and 1.76 mM ammonium persulfate (initiator) at a gelation temperature of 60 °C.
Hydrogel samples with a charge offset were made by adding excess AMPS-H or
MAPTA-CI while keeping the total monomer concentration at 700 mM or 1.4 M.
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In the first set of hydrogels, made at 700 mM, the AMPS-H solution used to offset
the balanced pregel solution was neutralized with an equal molar concentration of
NaOH. In the second set of hydrogels, made at 1.4 M, the net charge was offset by
-16 mM by adding the appropriate amount of AMPS-H. One sample was neutralized
to pH 7 with NaOH and the other was left at ~ pH 2.

4.3.2 Experimental Outline

The hydrogels were removed from their pipettes and placed into individual glass cell
holders. The hydrogels were then washed continuously and in parallel from the same
stock solution to make quantitative comparisons. The slow kinetic response of these
hydrogels make it necessary to consider time as a variable during all measurements.
Hydrogel diameter measurements were made using a microscope equipped with a
charged coupled device camera. Swelling diameter error estimates were based on

the video resolution.

4.4 Results and Discussion

Figure 4-1 shows the initial swelling pattern of hydrogels prepared at pH 2 and
pH 7 upon washing with deionized distilled water. The initial transient response of
both hydrogels lasts approximately five to ten minutes and appears to be dominated
by the matrix poroelastic response. The lower swelling peak value of the hydrogel
made at pH 2 may be the result of localized hydrogen ion binding to the AMPS
monomers. Since these hydrogels reswell upon washing in a 0.1 mM NaCl bath
the slow reptation and loss of charged oligomers cannot be attributed to the slow
collapse following the poroelastic response. Reswelling following a salt wash at 0.1
mM is more consistent with an ion exchange mechanism leading to the replacement
of hydrogen ions by sodium ions. However, the fact that the hydrogel made at pH

2 with no sodium ions to begin with shows an initial biphasic swelling transient
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strongly suggests that more complicated processes besides sodium ion exchange are

involved in the initial non-equilibrium response. Furthermore, diameter measure-

ments alone do not represent the non-uniform evolution of the hydrogel density as

it swells and collapses.
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Figure 4-1: Biphasic swelling response of negatively charged polyampholytes when
washed with distilled deionized water. Hydrogels made at a low pH (lower solid
curve) do not swell to the same initial extent as those made at neutral pH (upper

dashed curve).

Figure 4-2 shows the normalized hydrogel diameter as a function of charge offset

after twelve hours of washing with distilled deionized water. The positive offset

about the balance point in the initial swelling pattern may be attributed to error

in the pregelation monomer concentrations or to other physico-chemical differences

between monomers. Figure 4-3 shows the flat skewed swelling pattern that resulted

after several days of continuous washing.
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Figure 4-2: Metastable symmetric swelling distribution of charged polyampholytic
hydrogels. Variably charged polyampholytic hydrogels initially swell to a symmetric
distribution about the balance point within several hours of washing with distilled
deionized water. The actual balance point appears to be at +2 mM due to experi-
mental error or physico-chemical differences between monomers.
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Figure 4-3: Stable equilibrium swelling distribution of charged polyampholytes.
Washing variably charged polyampholytic hydrogels over a period of several days
with distilled deionized water produces a skewed flattened diameter distribution.
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Figures 4-4 and 4-5 show the results of washing negatively and positively charged
hydrogels with increasing concentrations of sodium chloride. Polyampholytes near
the balance point begin to swell at about 10 mM NaCl. Unbalanced polyampholytes
initially swell up to about 0.1 mM. This initial swelling is far more pronounced
for hydrogels with a negative charge offset. The discrepancy in the peak values
between the positive and negative sets of hydrogels may be partially attributed to
the experimental uncertainty in the actual balance point. Above 0.1 mM unbalanced
polyampholytic hydrogels show an initial collapse followed by reswelling at 10 mM.
The collapse transition between 0.1 and 10 mM represents the screening of the
polyelectrolyte contribution while subsequent swelling is due to screening of the

polyampholyte effect.
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Figure 4-4: Negatively charged polyampholytic hydrogel swelling versus bath salt
concentration. Hydrogels with increasing negative charge offsets of -2 (lower), -6,
-10, and -14 mM (upper) show the development of three distinct diameter swelling
regimes as a function of bath electrolyte concentration. At very low bath salt
concentrations the hydrogels collapse. The smooth curves are drawn to guide the
eye.
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Figure 4-5: Positively charged polyampholytic hydrogel swelling versus bath salt
concentration. Hydrogels with positive charge offsets of +2 (lower), +6, +10, and
+14 mM (upper) show similar swelling patterns as the negatively charged hydrogels
with the exception of the low salt concentration regime. At low salt concentrations
some collapsing is observed but not to the same extent as those of the negatively
charged hydrogels. The smooth curves are drawn to guide the eye.

During the salt wash experiments the equilibration time for salt concentration
changes below 0.1 mM was several hours to days. Much faster equilibration times
were observed for changes in bath salt concentrations above 0.1 mM. The slow kin-
etics at low sodium chloride concentrations may simply be an experimental artifact
resulting from diffusion boundary effects at the hydrogel surface or the low sodium
chloride availability in the wash. Diffusion reaction kinetics or other forms of slow
ion transport that are dominant at low ionic strengths may be involved. Although
some caution should be used when extrapolating free monomer pK values to those
following gelation, a diffusion reaction mechanism based on the free monomer pK
values does not predict the very long observed equilibration times. In addition, one

cannot completely rule out the possibility of critical kinetics.
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A theoretical interpretation of our experimental results requires parameter es-
timates for ¢o, Ny, X, Tsite and A. Although these parameters are not known pre-
cisely, the range of realistic values is well defined for all of them. These parameters
can therefore be estimated from the hydrogel preparation conditions, the observed
swelling ratios under limiting conditions and from published values. The swelling
ratio is then calculated as a function of bath electrolyte concentration.

Based on the pregel monomer concentrations, Cy, + Cp, = 700 mM, and the
estimated monomer molar volume, 0.2 M~!, the reference state polymer volume
fraction is approximately ¢, = 0.7 M x 0.2 M~! = 0.14. If all of the cross-linker
molecules were incorporated into the hydrogel the number of monomers between
cross-links, N, would be N, > 700 mM/(2 x 8.6 mM) = 40. Not all the cross-linker
molecules, however, lead to effective cross-links and some are not incorporated into
the polymer network. As a result, a much higher value of IV, can be anticipated.

In this experiment, the copolymer charged monomers have a high affinity for the
solvent water molecules.[Bak95] The hydrophilic properties of fixed charge groups
in ion-exchange materials are well documented.[Hel62,Sim91] Since the Flory inter-
action parameter,y;, is less than 0.5 for good solvents[Hil60] our value of x should
fall in this range.

The molar value of the lattice sites in the Flory-Huggins theory can be considered
an effective value ranging between that of the solvent molecules, 7, ~ 0.018 M1,
and that of the monomers, 7, = 0.2 M~!. In addition, the Coulombic free energy
constant, A, should be of the order of unity. In the case of perfectly ordered ionic
crystals,[Kit86] this constant has a value close to 1.5. Since the charge distribution
in polyampholytes is much more disordered, a smaller value of A should be expected.

The actual values used in the calculations presented below are: ¢, = 0.14, N, =
300, x = 0.3,Tsite = 0.2 M}, and A = 0.4. Figure 4-6 shows the swelling behavior
predicted by our theory for a balanced polyampholyte (lower curve) and an un-

balanced polyampholyte with a charge offset of 14 mM (in the reference state) of
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either AMPS-Na (lower curve) or MAPTA-CI (upper curve). The pK values used
in Fig. 4-6 are pK, = 1.5 and pK;, = 2.5. The pK, was estimated from direct
measurements of free monomer solutions of AMPS-H while the pK;, was chosen to
account for the observed swelling behavior.

As we proceed from concentrated to dilute electrolyte concentrations, the d-
ifferent contributions to the hydrogel osmotic pressure vary. For C; = 1 M, the
Coulombic interactions between fixed ions are effectively screened and the ideal
contribution to the hydrogel osmotic pressure balances the bath osmotic pressure.
As a result, the equilibrium swelling is determined only by the hydrogel elastic and
solvent properties and hence values of ¢,, N, and x.

Decreasing C; from 1 M to 10 mM results in the collapse of the hydrogel due
to increasing fixed charge Coulombic interactions. When C; reaches 10 mM the
mobile ions within the hydrogel can no longer screen the fixed charges. Balanced
polyampholytes, therefore, remain collapsed when the bath salt concentration is
further reduced below 10 mM. Unbalanced polyampholytes, however, begin to swell
due to the increasing counter ion ideal gas pressure. In unbalanced polyampholytes
the combination of these two effects produces a clear minimum at C; ~ 20 mM.

As C; is reduced from 10 mM unbalanced polyampholytes continue to swell
until Cy reaches =~ 0.1 mM. Figure 4-6 shows that different swelling patterns are
observed between unbalanced polyampholytes with excess acidic and excess basic
groups when Cj is reduced below 0.1 mM. For polyampholytes with excess sulfonic
acid groups the internal concentrations of the mobile positive ions, sodium and
hydrogen, are higher than that of the bath. As a result, the internal pH is smaller
than the bath pH ~ 5.8.

At C; = 0.1 mM, the actual fixed charge concentration can be estimated as 14
mM/2.13 ~ 1.5 mM. Based on Donnan equilibrium, the internal and external pH
differ by log(1.5 mM/0.1 mM) =~ 1.2 pH units. Although this internal pH is not low

enough to affect the sulfonic acid dissociation equilibrium, the situation changes for
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lower electrolyte concentrations. When C; = 0.01 mM, for example, the internal
pH is 5.8 - log (1.5 mM/0.01 mM) ~ 3.6. The sulfonic acid ionization degree in this
case is oy = 1/(1+Cqx+/K,) =~ 0.9925. As a result, 0.75% of the 357 mM of sulfonic
groups, or 3 mM, are not dissociated. The net charge concentration decreases from
14 mM to 11 mM and the hydrogel collapses. These concentrations are given as
their equivalent in the reference state for the sake of clarity.

The swelling ratio, D/D,, continues decreasing from 10 pM to 1 uM and reaches
a constant value of approximately 1.2 at 1uM. When C; — 0 local electroneutrality
yields Cs- = Cgx+ + Cp+ and the fixed charge concentration is compensated by
hydrogen ions. Assuming the base groups are completely dissociated and the acid
dissociation is described by Eq. 4.16, or the appropriate limit of Eq. 4.20, the mini-
mum internal pH is 2.96. This corresponds to an actual fixed charge concentration
of only 1.11 mM and an acid group ionization degree of o, =~ 0.966. Hence, when C,
decreases below the bath hydrogen ion concentration, 1.6 puM, all the contributions
to the hydrogel osmotic pressure reach a constant value and are dominated by the
mixing and Coulombic terms.

The upper curve of Fig. 4-6 shows that the polyampholyte swelling with excess
base groups is essentially the same as the acidic polyampholyte except at low bath
ionic strengths. As C; — 0 the basic polyampholyte fixed charges are now compen-
sated with bicarbonate ions. In this case, local electroneutrality, Ca- + C HoO; =
Cp+, leads to a limiting internal pH value of 8.72, a fixed charge concentration of
1.26 mM and a basic group ionization degree of a; ~ 0.988. The higher ionization
degree and fixed charge concentration explains why this hydrogel is more swollen

than that with excess acidic groups.
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Figure 4-6: Theoretical predictions for polyampholytic hydrogel swelling versus bath
salt concentration. Theoretical predictions for charge offsets of 0 (lower solid), -14
(middle dashed), and +14 mM (upper dashed), have the same qualitative shape as
those shown in Figs. 4-4 and 4-5.

The lower skewed curve in Fig. 4-7 shows the predicted swelling ratio as a func-
tion of net fixed charge concentration when the polyampholyte hydrogel is immersed
in distilled water. If complete ionization is assumed, theory predicts the upper
symmetrical distribution shown in Fig. 4-7. Asymmetry results when acid and base
dissociation equilibria are included. The observed asymmetry can be attributed to
the differences in monomer pK values with respect to the slightly acidic external
pH. Since (5.8 - 1.5) < (11.5 - 5.8) the acid group ion association is greater despite
the very low pK,.
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Figure 4-7: Theoretical predictions of asymmetric swelling dependence. Theoret-
ical predictions show the development of asymmetric swelling when dissociation
equilibria are included in agreement with the data shown in Figs. 4-2 and 4-3.

Figure 4-8 shows the theoretical predictions for the swelling ratio when complete
ionization of both acid and base groups is assumed over the whole electrolyte con-
centration range. The hydrogel parameters used are the same as those for Fig. 4-6,
with net fixed charge concentrations of | Cg, — Ca, | = 0, 10, 20, 30, and 40 mM.
Experimentally, the assumption of complete ionization may correspond to measure-
ments carried out at relatively short times, exceeding the poroelastic response time,
when electrochemical equilibrium of hydrogen and hydroxide ions between the bath

and the free and bound states within the hydrogel have not been attained.
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Figure 4-8: Theoretical prediction of acid and base dissociation effects on polyam-
pholyte swelling equilibrium at low ionic strengths. If the acid and base dissociation
equilibria are ignored then theory predicts no collapse transition will occur at low
ionic strengths. The curves correspond to charge offsets of 0 (lower curve), 10, 20,
30, and 40 mM (upper curve).

Despite the qualitative agreement with experiment, this model has a number
of limitations. Experimental studies,[Cor93,Liu95] for example, have shown that
hydrogel swelling is influenced by the nature of the counter ion species and may be
related to a specific counter ion condensation phenomenon. The only counter ion
characteristic allowed in this model is the counter ion charge number which enters
the ideal and Coulombic terms. Contrary to experiment, the model in its present
form, cannot differentiate between lithium and sodium ions.

Recent experimental resultsBak95] have also shown that specific interactions
between the mobile ions and the neutral polymer network lead to an increase in the
swelling ratio with increasing C,. The model assumes, however, that this increase is
due exclusively to the screening of the attractive interactions between fixed charges.

Furthermore, it is well known that the screened Coulomb potential, and the ideal
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contribution to the hydrogel free energy are not valid at high concentrations. This
implies that a significant range of our experimental concentrations may be well
beyond the limit of our theory.[Hil60,McQ76]

The use of a thermally smeared out quasilattice model for the Coulombic interac-
tions between fixed charges in the random copolymer, instead of the Debye-Hiickel
theory, may be justified for the case of collapsed balanced polyampholytes. For
highly swollen slightly unbalanced hydrogels, where the model can be questioned,
the Coulombic term becomes less important. Since the quasilattice model temper-
ature dependence is different from the Debye-Hiickel theory an experimental study
of balanced polyampholyte swelling at different temperatures could be useful to

establish the conditions for the validity of each model.

4.5 Conclusions

The combination of equilibrium and kinetic measurements in this study under-
score the importance of counter ions in establishing equilibrium in polyampholyte
hydrogels. Despite the very low pK, of AMPS-H, the flattening of the swelling
distribution shown in Fig. 4-3 appears to be the result of hydrogen ion association
to AMPS. Without added base the concentration of free bicarbonate ions is ap-
proximately 250 times the hydroxide ion concentration. As a result, most MAPTA
monomers remain in their ionized state and hydrogels containing excess MAPTA
are more swollen at low ionic strengths. This suggests that in practice, dissociation
equilibria dominate polyampholytic equilibrium swelling at low ionic strengths.
This study has shown that an extension of the Flory-Huggins theory incorporat-
ing a quasi-lattice screened Coulombic term for the hydrogel fixed charge groups can
explain the observed trends for balanced and slightly unbalanced polyampholytic
hydrogels. Although a high degree of parameter uncertainty exists in this simplified

model, satisfactory agreement between theory and experiment has been obtained.
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In particular, the polyampholyte effect is predicted to be effective within a certain
range of concentrations and negligible when C; > | Cg+ — Cy- |, in qualitative a-
greement with Higgs and Joanny’s scaling theory. In our model the Debye screening
length 1/k decreases with increasing C, until it eventually reaches values smaller
than the average distance r between fixed charges. As a result, the screening factor
suppresses attractive electrostatic interactions between unlike fixed charges and the

hydrogel swells.

4.6 Appendix A: Combined Acid and Base Dis-
sociation Equilibrium

Since polyampholytes contain both positive and negative polyions, it is necessary
to consider the role of both acid and base dissociation on the equilibrium swelling of
these materials. The purpose of this appendix is, therefore, to derive a polynomial
expression (Eq.4.20) in terms of the unknown internal hydrogen ion concentration
and the known monovalent bath ion concentrations. This polynomial can be coupled

with osmotic terms to evaluate equilibrium swelling ratios.

4.6.1 Dissociation Equilibria

The balance of chemical potentials for internal hydrogen and hydroxide ions in the
free and bound states is equivalent to the chemical equilibria for the acidic and

basic monomeric species,

K, = Ca- Cu+ (4.22)
Can
and
K, = ¢Bon Cut (4.23)
Car
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The internal parameters K, and K, represent the acid and base dissociation con-
stants, C4- and Cpg+ the concentration of ionized acid and base groups, Cay and
Cog the concentration of unionized acid and base groups, and Cgz+ and Cog+ the
concentration of hydrogen and hydroxide ions.

Rearranging Eqgs. 4.22 and 4.23 gives

CAKa
= 4.24
Ca K,+Cqy+ ( )
and
_ CpChy+
4.6.2 Local Charge Electroneutrality
Local charge electroneutrality for monovalent ions gives us
Cu-+C_=Cg+ +Cy4, (4.26)

where C_ and C, are the total concentration of mobile positive and negative ions

respectively. Using Egs. 4.24 and 4.25 in Eq. 4.26 yields

AK, _ CgCy+
®rCa) T " RKorom O (427)
4.6.3 Donnan Equilibrium
From Donnan equilibrium
c.C. = C?, (4.28)
(4.29)
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where C, is the sum of all bath ions of one sign regardless of pH. If C; represents
the concentration of added salt then C, = C; + Cg+Bath-

Substituting Eq. 4.29 into Eq. 4.26 gives us

CsK, C? CgCy+
_— —0 - =" _ C
K, +Cnt) " C, ~ &t Cur)  OF
N CaK, n CoCh+pan _ CpCh+ CoCh+
(Ko +Ch+) Ch+ (Ko +Cr+)  Cr+Bath
= C'AKaCH+(Kb + CH+)CH+Bath + 00012{+Bath(Ka + CH+)(Kb + CH+)
= CpC%: (K, + Cy+)Cpx+patn + CoChs(Ky+ Ch+)(Kp + Cy+)
= C41 K, K,Cy+ Cu+Bath + CaK,Cr+pesnCra+ + (COCH+BathKa + CoOIZJ+BathCH+)(Kb + CH+:
= CK,Ch+BatnCh+ + CaCh+panCoiv  + (CoKoCph+ + CoCos ) (K + Ch+)
= CaK,KiCx+BathCrr+ + CaKoCr+atnCr+  + CoChr+patn KoKy + CoKyChrt pusnCrrt
+CoKaC}2'{+Bath,CH+ + Cocj%[+3ath0?{+ = C'BI{aC{H"‘Ba.thcl‘?{+ + CBCH+BathC?I+
+C’oKaKbCIZ{+ + CgKbC?{-}- -+ COKQC?P, 4 CaC?{-f—
= COC?{+ + (CoKa + CoKb + CBCH+Bath)C?{+ + (CoKaKb + CBKQCH+Bmgh - 00012;[4.
~CuKoCri+patn)Ch+ — (CoKoClipan + CoKyChvpan + CaKoKyCri+ Batn) Crr+

_COC?I'*’BathKaKb = 0.
This gives us

CsCl+a
Ch+ + (Ka+Kb+—B—g—””‘) Ci+
o

K, (Cp—Cy)C
+ (KaKb _ C?]"'bath + ( B CA) H‘*‘Bath) C?[+
K.KyCaCh+Ba
- ((Ka + Kb)cgﬁbath + : 2« e th) Cu+ — KaKbclzl"'bath = 0. (4.30)

Since C, = Cy + Cy+pasp, this becomes the fourth order algebraic equation

Cp
1+ CS/CH+bath

K,(Cpg —
Ch+ + (Ka + Ky + ) Cie + (K"‘Kb = Clrtpamn + oot ) Ch+

1+ Cs/Cr+bath
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- ((Ka + Ky)Chreparn +

K,KyCa

1+ OS/CH+bath

of acidic and basic groups respectively.

4.7 Appendix B: Lattice Osmotic Pressure

The lattice free energy is

where

and

By definition

Therefore

Hlattice

Aﬂattice =
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2 _ —
AN f (e (0 o))

2 Ny 4rekgT 3aVs3 T oV av
__AN;. & exp(—sr) 1 wr r?—/i
2 N, 4dwekgT r 3V 3V oV
A Ny €% exp(—kr) Ok
C R —— 1 —— 4.37
2 Na3V drekgT 7 RT3V Ey (4.37)
but
8/5: . BC mobile 1 —% 8Cmobzle
—8? = b—15 oV b2 mobile oV (438)
and
e ([Nee 2Nl ) P (N ey oy (e M) L
v INLV 2N,V 2Ny V2
4 1 /Ny —N_ )2
= — - i 4.
Crobite V < 2N4LV (4.39)
Therefore
8/4: . —1 1 Nf+ - Nf_ )2
3V7‘5§7 - 3V’T‘b Cmobzle( ) mobilev (W
3 _ Npy — Nf_>2
= 4 AL N S
2 ( )K’C obrle ( 2NAV
= 3. (Nf+ — Ny Cz) <Nf+ Nf—>2
2 2NV ° 2NV
3 2N, VC, \ ™
= —"51637' {1 + (m)} . (440)
Hence
~1
A Ny, e?  exp(—kr) 3 INLVC, )?
Ha ice — AT -5 1 N ar .
fatt ZNAV127T€kBT T L+ nr 2&7‘ + Nf+—‘Nf_
(4.41)
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Chapter 5

Charge Dilution in
Polyampholytic Hydrogel Phase

Transitions

Abstract

This study investigates the effects of charge dilution on balanced and unbalanced
polyampholytic hydrogel swelling transitions as a function of bath electrolyte con-
centration. Using varying concentrations of neutral monomers in acrylamide based
polyampholytic hydrogels, the results of this work illustrate the competing effects
of ion dissociation, polyelectrolyte repulsion, polyampholyte attraction and solvent
interactions. Extremely long transient swelling responses have been observed at low
ionic strengths and have been considered in obtaining accurate equilibrium measure-
ments. The equilibrium swelling is modeled using a modified Flory-Huggins lattice
model. The validity of Flory-Huggins and Debye-Hiickel based models for this type
of polymeric system is critically examined.

5.1 Introduction

Polyampholytic hydrogels consist of positive, negative and even neutral monomeric
species which are polymerized and cross-linked into a three dimensional network.

Due to their many potential applications in the field of biotechnology and medicine,
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polyampholytes have received increasing interest from experimentalists.
[Yu93,Cor93,Sko94,Bak95] Polyampholytes have also been the subject of many the-
oretical studies since they provide a model for studying the long range interactions
found in proteins and other forms of soft condensed matter.
[Hig91,Whi93,Kan95b,Gut95] Despite their enormous technological and scientific
importance, polyampholytes remain a challenge to both the experimentalist and
theorist.

Most physico-chemical applications of polyampholytes concern their swelling be-
havior when immersed in an electrolyte bath. The electrostatic interactions between
polymeric and mobile charges which determine the hydrogel swelling equilibrium
are still not very well understood. Recent experimental studies[Yu93,Eng95,Eng96]
have shown that, depending on the magnitude of the net polymer charge and bath
ionic strength, the swelling properties can be dominated by acid and base dissocia-
tion, electrostatic repulsion and electrostatic attraction.

Alterations in the fixed polymeric charge density can be brought about by adding
neutral monomers to the network, changing the solvent quality, elasticicity, bath
salt concentration and pH, and even through the application of electric fields and
external pressures. The internal forces which determine swelling equilibrium, how-
ever, do not normally act independently of each other. By adding neutral monomers
to a hydrogel network, for example, the elasticity, solvent interactions and local ion
concentrations are altered. This in turn can have important effects on the degree
of dissociation in hydrogels containing dissociable monomeric groups. In polyam-
pholytes charge dilution brought about by the addition of neutral monomers will
have additional effects on the attractive interactions between positive and negative
charges.

The objective of this study is to present experimental results and analytical
arguments that describe the concentration dependence of competing ionic, solvent

and elastic effects. The equilibrium swelling is modeled using a Flory-Huggins
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lattice model modified to include multiple solvent and ionic effects. By careful
consideration of the experimental constraints, the application of Flory-Huggins and

Debye-Hiickel based models to this type of polymeric system is critically examined.

5.2 Theoretical Model

In this section we extent the theoretical model of a previous study[Eng96] to include
the addition of neutral monomeric species with different solvent interaction proper-
ties. Let f4, fp and fy denote the fraction of acidic, basic and neutral monomers.
Note that f4 and fp represent the total concentration of acidic and basic mon-
omers in their ionized and unionized form such that f4 + fg + fv = 1. If Cys is the
total monomer concentration and both acidic and basic monomers are completely
ionized, then (fa + fg) x Cp would represent the total charge concentration and
(f8 — fa)/(fa+ fB) x Cps the net charge offset. Similarly, the percent charge offset
of the charged component would be |(fs — fa)|/(fa + f5) x 100%.

The effective Flory-Huggins solvent interaction parameter, ;, and the reference
state volume fraction, ¢,;, will also be functions of composition. In practice, the
effective Flory-Huggins interaction parameter can be estimated from experimental
results. Based on the molecular weights of the monomers used in this study, we
would expect that ¢,4 = ¢,5 # don, Where ¢,; represents the reference state volume

fraction of the pure ith monomeric component.

5.2.1 Swelling Equilibrium

Recall that balance of solvent chemical potentials can be expressed as[Bak95,Eng96]

gel __ ubath
Answelling =Y = 0, (51)

Uy
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where 7, is the solvent molar volume. Equating hydrogel and bath solvent chemical

potentials gives us the swelling equilibrium condition

= (1 — ) + g1+ xe8] + 2 E— (22) = ()] + Comic - 204

Usite zUsite
-1
A Nsje € exp(—kr) 3kr 2N4VC, \?
—__ 1 - — |1 _— = U. .
2 NAV 12neksT 7 LRSI R ony o 0. (52)

The first two terms represent solvent and elastic effects where T, = NgVgize is the
molar volume of the lattice sites, N, the number of monomers between cross-links
and N4 is Avogadro’s number. The terms Cp,opi. and C, are the internal mobile
ion and bath ion concentrations respectively. The last term on the left hand side
represents the shielded Coulombic effects due to the fixed polymeric charges. The
hydrogel volume is V, A is the Madelung constant, e the electron charge, € the
dielectric permittivity, kg Boltzmann’s constant, and 7" the absolute temperature.
The term r represents the interion separation, x the reciprocal Debye length, N¢.
is the effective number of fixed charges giving rise to attraction, Ny, the number of

positive polyions, and Ny_ the number of negative polyions.

5.2.2 Dissociation Equilibria

Recall that the acid and base dissociation constants, K, and K, respectively, are

given by the chemical equilibrium formulae

_ Cy- Cu+

K .
*= " Cun 53
and
K, = Cson Ch+ ) (5.4)
Cp+
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The terms C4- and Cp+ represent the concentration of ionized acid and base groups,
Capn and Cpog the concentration of unionized acid and base groups, and Cy+ and
Cog+ the concentration of hydrogen and hydroxide ions. Localized hydrogen or
hydroxide ion binding is an important consideration since it leads to a reduction in
local charge repulsion and osmotic pressure in unbalanced polyampholytes.
Solving for the molar hydrogen ion concentration, Cy+, inside the hydrogel gives

us the fourth order algebraic equation

Cs
1+ Cs/Cr+batn
K, K,Cy4 ) c
1+ Co/Crvoan)

K,(Cg—-C
Chs + (Ka + K+ )o}%,+ + (KaKb — C2ipurn + (Cp — Cu) )c%,+

1+ Cys/CVH"'bath
KaKbC?I+bath - O 1y (5.5)

- ((Ka + Ky)Corvpaun +

where Cy = Cag + Ca- = faCy and Cp = Cpog + Cp+ = fgCy represent the
total concentration of acidic and basic groups respectively. Solutions to the internal
hydrogen ion concentration are obtained by finding the positive root of Eq. 5.5 in

the range of physically meaningful values.

5.2.3 Kinetic Response

Changing the relative concentrations of neutral monomers and the net hydrogel
charge offset will have a number of complicated effects on the rate of ion transport.
In charged hydrogels the ion fluxes of at least two different ionic species are coupled
with one another. The coupled, or ambipolar, diffusion coefficient[Hel62] for ion

transport through a charged hydrogel is

D — DD (22C, + 2£Ch)
“ 22C,D, + 22C.D,’

(5.6)

where D, is the anion diffusion coefficient, D, the cation diffusion coefficient, z,
the anion valency, z. the cation valency, C, the anion concentration, and C, the

cation concentration. The value of the coupled diffusion coefficient is dependent
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on the relative concentrations of the two ions. This relationship leads to minority
carrier dominance in highly charged hydrogels. Based on the concept of ambipolar
diffusivity, the rate of ion transport will be dominated by the the anion diffusivity
in highly negatively charged hydrogels and that of the cation in highly positively
charged hydrogels. One would also expect that in polyampholytes both positive
and negative charge fluctuations will have a complicated effect on the local ion
diffusivity. Under normal experimental conditions, additional complications can
arise due to the formation of stagnant or film layers.[Hel62]

The selective binding of ions to monomer sites, such as occurs with acidic or basic
groups, can slow the transport process down by several orders of magnitude.[Nus81]
In hydrogels with dissociable acid groups the effective diffusivity of hydrogen, for

example, becomes

Dyt

— oK (5.7)
1+ wmioy

Diess =
where C is the total concentration of acid monomers. Other forms of selective ion
trapping, such as hopping conduction, can significantly reduce ion transport times.

The mechanical, or poroelastic, response time[Bio41,Tan79] will also contribute
to the kinetic response of hydrogel swelling transition. The elastic reconformation
and simultaneous fluid flow through the hydrogel will be dependent on the degree
of network swelling or porosity. The poroelastic response time is generally greater

than that of ion diffusion when binding interactions do not take place.

5.3 Methods and Procedure

Copolymer hydrogels of varying proportions of acryl-amido methyl propyl sulfonic
acid (AMPS-H), methacryl-amido propy!l trimethyl ammonium chloride (MAPTA-
Cl) and dimethyl acrylmide (DMAAm) were synthesized. To estimate the charged

monomer balance point and remove impurities from the pregel solution a counter
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ion precipitation using the silver salt of AMPS-H was used. Hydrogen AMPS is a
strong acid and silver carbonate (Ag,CO3) a weak base with a very low solubility

product constant, that is,
AMPS -H + H,O = AMPS™ + H;0% (pK, = 1.5)
and
Ag,COs = Agt+ AgCO37 (Ksp = 6.15 x 1072 at 25°C).
Hydrogen AMPS was converted to silver AMPS (AMPS-Ag) using the reaction
2AMPS -H 4+ AgyCO3 = 2AMPS - Ag+ COyyq T +H20.

By LeChatelier’s principle, the conversion of AMPS-H to AMPS-Ag is driven to
the right by the removal of CO, during the reaction. Since AgsCOs is a weak base,
the pH of the resulting solution was still low (pH 2.1). The final pH of the pregel
solution was adjusted to 5.5 by adding NaOH while making measurements with a
PH meter. By adding MAPTA-CI to AMPS-Ag a silver chloride (AgCl) precipitate

was produced,
AMPS™ - Agt + MAPTAY.ClI- = AMPS™ - MAPTA* + AgCl,,
where
AgCl) = Agt+Cl” (K = 1.56 x 10*° at 25°C).

The very low K, of AgCl permits a large fraction of the counter ions to be fil-
tered out and removed. By repeatedly testing the resulting solution with either

hydrochloric acid or silver nitrate and adding AMPS-Ag or MAPTA-CI as required
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it is possible to balance the pregel solution. Although the polymerization process
may change the relative ratios of positive and negative monomers, the balance point

of the pregel solution is more accurately known.

5.3.1 Sample Preparation

The AMPS-MAPTA polyampholyte pregel solution was prepared by initially mak-
ing a 1.0 molar aqueous solution of AMPS-H at approximately 4 °C. While stirring
the AMPS-H solution AgoCO3; was slowly added to produce an equivalent concen-
tration of 1.0 AMPS-Ag. The solution was then centrifuged at 3000 rpm and filtered
with a 0.2 ym filter. After adding MAPTA-CI the resulting AgCl precipitate was
filtered out using a 0.2 wm filter. Small aliquots of the AMPS-MAPTA solution
were tested with MAPTA-CI and AMPS-Ag in order to ensure the solution had an
approximately equal concentration of AMPS and MAPTA monomers.

The hydrogels were cross-linked using 8.6 mM N,N’-methylene-bis-acrylamide
(BIS). Polymerization was initiated using 1.76 mM ammonium persulfate (APS)
and the gelation temperature was 60 °C. Hydrogel samples with a net charge offset
were made by adding AMPS-Na or MAPTA-Cl while keeping the total monomer
concentration at 1.4 M. The AMPS-Na solution used to offset the balanced pregel
solution was produced by neutralized AMPS-H with an equal molar concentration of
NaOH. The hydrogels were formed in 200 and 500 pum inner diameter micropipettes.

The polyampholyte concentration swelling dependence was examined by adding
neutral dimethyl acylamide (DM AAm) monomers to pregel polyampholyte solutions
with different net polyion concentrations. In all cases the total concentration of the
pregel solution with neutral and charged monomers was 1.4M.

Large volumes of water were used to wash the hydrogels. After reaching equilib-
rium with a distilled water solvent the hydrogel diameters were measured under a
microscope equipped with charge coupled device camera. Further measurements

were then made at different salt concentrations. Error estimates were based on the
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video camera image resolution.

5.3.2 Experimental Outline

In this study a series of three experiments were performed. In the first set of
experiments the kinetic response of polyampholytic hydrogels with different charge
offsets were examined. These hydrogels were all cast in 200 pm inner diameter
micropipettes. The diameter of hydrogels with different charge offsets were recorded
as a function of time upon initially washing. The purpose of this experiment was
to determine the required time necessary to reach thermodynamic equilibrium.

In the second set of experiments the swelling dependence of polyampholytic
hydrogels made with a total monomer concentration of 1.4 M and different net
charge offsets was examined as a function of bath sodium chloride concentration.
These hydrogels were cast in 200 pm inner diameter micropipettes. At each bath salt
concentration the hydrogel diameters were monitored repeatedly to ensure equilib-
rium had been reached.

In the third series of experiments the swelling dependence of hydrogels with a
total monomer concentration of 1.4 M was examined as function of neutral monomer
concentration, charge offset and bath salt concentration. In one experiment, hydro-
gels with varying concentrations of neutral spacer and net charge offset were washed
in a 0.1 mM sodium chloride bath to minimize the effects of acid and base dissocia-
tion on the equilibrium swelling. The bath salt concentration swelling dependence
was examined using two sets of hydrogels. One was a set of balanced polyam-
pholytes with varying neutral spacer concentrations and the other was a set of
polyampholytes with a 1.4% charge offset and varying concentrations of neutral

monomers.
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5.4 Results and Discussion

Figure 5-1 shows the initial swelling response of negatively and positively charged
hydrogels cast in 200 pum pipettes upon washing. Notice that polyampholytic hydro-
gels near the balance point do not show an initial swelling response and appear
to equilibrate very quickly. Any excess mobile ions within the matrix of balanced
polyampholytes do not contribute to the initial swelling transient. Osmotic pressure
contributions due to the presence of mobile counter ions which balance the excess
charge in unbalanced polyampholytes lead to the observed swelling transients. At
low ionic strengths the equivalent concept of unshielded electrostatic interactions
can also be considered in the explanation of this phenomenon. Hydrogels with in-
creasing charge offset swell to a peak value within a few minutes of washing. From
these measurements it is clear that the mechanical, or poroelastic, response time of

unbalanced hydrogels is on the order of minutes.
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Figure 5-1: Initial poroelastic response of variably charged polyampholytes. Only
polyampholytes with a charge offset show an initial swelling transient. This volume
transition appears to equilibrate in minutes.

Figure 5-2 shows the initial swelling kinetics on the time span of hours. It is

evident from the swelling kinetics of hydrogels with negative charge offsets that on
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the time scale of hours equilibrium has not been reached. This slow recollapse is
characteristic of ion exchange but may also involve a solvent sorption or desorption
process. Over several hours hydrogels with positive charge offsets remain stable.
Over a period of several days, however, positively charge hydrogels also collapse but
not to the same extent as an equally charged negative hydrogel. In summary, three
time scales are important in this study. The shortest time scale for all hydrogels is
on the order of minutes and represents the hydrogel poroelastic response. Over a
period of several hours, negatively charged hydrogels collapse. On the time scale of
weeks positively charged hydrogels also collapse. The very slow collapse of positively

charged hydrogels may be the result of competing bicarbonate ion effects.
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Figure 5-2: Kinetic response of variably charged polyampholytes over five hours.
Following the rapid initial swelling transition a slow collapse of negatively charged
hydrogels is observed over several hours. Positively charged hydrogels remain swol-
len over a period of several hours but eventually collapse after several days.

Figure 5-3 shows the equilibrium swelling diameters of polyampholytic hydro-
gels with total monomer concentrations of 1.4 M and varying negative charge offsets
about neutrality. At low ionic strengths the effects of ion dissociation are evident.
In fact, negatively charged hydrogels initially swollen with 0.0316 mM NaCl solu-

tions can be forced to recollapse by washing with the same salt solution at pH 4.
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This supports the hypothesis that hydrogen ion binding is involved in the collapse
transition at low ionic strengths. This effect has been overlooked in previous studies

due to the slow kinetics at low ionic strengths.
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Figure 5-3: Equilibrium swelling of negatively charged polyampholytes versus bath
salt concentration. Ion dissociation, polyelectrolyte repulsion and polyampholyte
attraction influence the swelling equilibrium.

With increasing charge offset the hydrogel swelling between 0.01 mM and 0.0316
mM bath salt concentrations appears to progress from continuous second order
phase behavior to discontinuous first order phase behavior. It is therefore possible
that critical point phenomena, is contributing to the slow kinetic response of these
materials. It is important, however, to a make a very careful distinction between
slow kinetics due to critical point behavior and that due to ion transport process-
es. The retarded kinetics associated with critical point phenomenon is due to the

collective behavior of polymeric interactions. Ion transport processes, however, can
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lead to retarded kinetics due to much different mechanisms. The swelling transi-
tions observed at low ionic strengths necessary involve the exchange of hydrogen
for sodium. Hydrogen ion transport can be retarded by diffusion reaction kinetics,
hopping conduction between negative charged sites or for a number of other reasons.
Although the very low free monomer pK values in this study are not consistent with
long diffusion reactions times, we cannot rule this mechanism out. The fact that
the hydrogels with charge offsets swell to metastable states on a much shorter time
scale than that required for recollapsing argues against the possibility of critical
point phenomenon and is more suggestive of an ion transport mechanism.

It is important to realize that two pK, values for AMPS-H is necessary to
consider in this study. In the pregel solution the pK, is found using standard
titration measurements. Following gelation, however, the pK, of AMPS-H can
be altered significantly due to steric interactions, cooperative behavior or from a
number of other effects. In addition, condensation and charge density variations
throughout the hydrogel can have an important effect on the binding of hydrogen
ions to the AMPS~ monomers. Furthermore, it is very important to realize that
the internal hydrogel pH can be much lower than the surrounding bath pH due
to Donnan partitioning. The very low pH that can exist within the hydrogel can
greatly facilitate the binding of hydrogen ions to this acid even though it has a very
low pK,. The same argument applies to basic MAPTA-OH groups.

Figure 5-4 shows the swelling behavior of polyampholytes with different net
charges as a function of neutral monomer concentration. Balanced polyampholytes
show a monotonic decrease in swelling as the relative concentration of neutral mon-
omers decreases. A balanced increase in positive and negative polymeric charges,
therefore, results in a collapse transition as expected. Slightly unbalanced polyam-
pholytes, however, show an initial decrease in swelling and then an increase as the
relative concentration of neutral monomers decreases. This effect is the result of a

very subtle competition between solvent, polyampholyte, polyelectrolyte and possi-
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bly elastic effects. One may conclude from this data that with a large background
of balanced positive and negative charges and a 1.4% charge offset polyampholyte
effects are dominant at low relative total charge concentrations and polylectrolyte
effects at high total charge concentrations. In drawing these conclusions, however,
one must be very careful to consider the possibility that complicated changes in
solvent and elasticity as a function of changing monomeric composition can also

produce similar effects.
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Figure 5-4: Charge dilution swelling equilibria of polyampholytic hydrogels at 0.1
mM NaCl. The swelling ratios of neutral DMAAm and AMPS-MAPTA copolymer
hydrogels are plotted as a function of increasing proportions of the AMPS-MAPTA
component. The different curves represent different net charge offsets of the AMPS-
MAPTA component.

Figure 5-5 shows the effects of bath salt concentration on the swelling equilibrium

of balanced polyampholytes with varying concentrations of neutral monomeric spac-

112



ers. The equilibrium swelling of pure DMA Am does not change over a wide range of
bath salt concentrations. With increasing concentrations of balanced charged mon-
omers polyampholyte effects lead to progressively smaller swollen diameters at low
bath salt concentrations. At bath salt concentrations comparable to the local charge
density the polyampholyte effects are screened and the hydrogels swell. When the
polyampholyte effects are completely screened elastic and solvent effects dominate
the equilibrium swelling forces. In this case we note that an aqueous solution is a
much higher quality solvent for the charged AMPS™ and MAPTA* monomers than

the neutral DM A Am monomers.
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Figure 5-5: Charge dilution of balanced polyampholytes versus bath salt concentra-
tion. Balanced polyampholytes with varying concentrations of neutral spacers show
a monotonically increasing swelling pattern as a function of bath salt concentration.

Figure 5-6 shows the equilibrium swelling response of polyampholytes with a

1.4% positive charge offset as a function of neutral monomeric spacer concentra-
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tion. A 1.4% positive charge offset corresponds to a +20 mM charge offset when
the total concentration of charged monomers is 1.4 M. This data illustrates the
the very subtle effects of ion dissociation equilibrium that manifest themselves in
unbalanced hydrogels at very low ionic strengths. Despite the fact the MAPTA-
OH is undissociated up to extremely high pH values, one clearly sees the effects of
ion dissociation equilibrium at low bath ionic strengths. The total time required
to obtain this data was several weeks. Although other physical mechanisms such
as solvent sorption must be considered, these results are more consistent with ion

dissociation effects.

17
1.6
1.5
1.4

FanY
\>j

T

TT T 171 TTTT1 TT 1T
I |

Distilled Water
T N R R TR R SR
20 40 60 80 100
Charged Monomers (%)

_ -
N @

O7TTTIIIII1IIIIIIII|

Gel Diameter, D/Do

Jlll[llllllllllllll!lllll\l\hmh

-t
o

1 A

{ 1

I

Figure 5-6: Polyampholyte swelling with a 1.4% charge offset (+20 mM offset at a
total charge concentration of 1.4 M) with varying neutral monomeric composition
at low ionic strengths. Increasing proportions of total charge show swelling effects
consistent with base dissociation.

Figures 5-7 and 5-8 illustrate the multiple swelling effects in positively charged

hydrogels over a wide range of bath salt concentrations. The complete set of mea-
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surements took approximately three months to acquire in order to ensure that
equilibrium had been obtained at each point. Without neutral monomers polyam-
pholytes with a charge offset of +20 mM show characteristic swelling patterns with
increasing bath salt concentrations consistent with hydroxide ion exchange, poly-
electrolyte shielding, polyampholyte shielding and solvent effects which vary with
monomeric composition. If solvent and elastic effects are ignored, at low bath ion-
ic strengths increasing the proportion of neutral monomers will drive the internal
pH towards that of the bath as the total charge concentration falls. The effect
of internal pH on the swelling equilibrium of unbalanced polyampholytes will thus
be more pronounced at high relative total charge concentrations and low bath salt
concentrations. As Figs. 5-7 and 5-8 illustrate, however, solvent and elastic effects

of the network complicate the swelling pattern.

Figure 5-9 shows the internal pH as a function of bath salt concentration for
hydrogels with different total fixed charge concentrations. The total fixed charge
concentration can be altered by changing the proportion of neutral monomers, the
network elastic and solvent pressures, or through the application of external pres-
sures. The top set of curves represent hydrogels with a 1.4% positive charge offset
and the bottom those with a 1.4% negative charge offset. The asymmetry is due to
both differences in dissociation constants and the effects of competing bicarbonate
ions that result from dissolved CO,. At high bath salt concentrations the internal
pH becomes that of the surrounding bath. At low ionic strengths hydrogen ions
balance hydrogels with excess acidic groups and hydroxide and bicarbonate ions
balance hydrogels with excess base groups.

Assuming that Donnan partitioning is a valid, one could use these curves to esti-
mate the internal hydrogen ion concentration for a given swelling measurement. All
other ion concentration follow from Donnan partitioning and hence the total inter-
nal mobile ion concentration and osmotic pressure can be estimated. Local charge

inhomogeneities, however, can lead to discrepancies in the internal ion concentration
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Figure 5-7: Charged polyampholyte swelling versus bath salt concentration (1.4
to 0.8 M total charge). With increasing bath salt concentrations ion dissociation,
polyelectrolyte and finally polyampholyte effects are destroyed leaving only solvent
and elastic interactions.

predicted by this model. In addition, with a large background of balanced positive
and negative charges it will be energetically more favorable to have a higher internal

salt concentration than that predicted by Donnan partitioning.

Changing the fraction of neutral monomeric spacers will alter the reference state
volume fraction of the composite hydrogel. The volume fractions of pure DMAAm
and AMPS-MAPTA in their reference states immediately following polymerization
are significantly different. Based on the manufacturers specification, the volume

fraction of DMAAm in the reference state immediately following polymerization is

®o pmaam = Concentration x F.W. / Density x Purity
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Figure 5-8: Charged polyampholyte swelling versus bath salt concentration (0.7
to 0.0 M total charge). Adding increasing proportions of neutral monomers to
positively charged polyampholytes eventually eliminates all ionic effects.

= 1.4 mol/L x 99.13 g/mol / 0.962 g/mL x 1000 mL/L x 0.99
= 0.14426.

A similar calculation for AMPS-H and MAPTA-Cl gives ¢, anps—mapra = 0.29946.
The reference state volume fraction, ¢,;, with combined neutral and charged mon-
omeric components can in principle be estimated by interpolating the volume frac-

tion of the pure components based on the relative composition

bot(fn) = fndo DMaam + (1 — fN)Po aMPS—MAPTA- (5.8)

Interpolating the reference state volume fraction in this manner assumes that com-
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Figure 5-9: Predicted internal pH versus bath salt concentration for hydrogels with
different total fixed charge concentrations. The top four curves represent a 1.4%
positive charge offset and the lower four curves a 1.4% negative charge offset. The
dissociation constants are pK, = 1.5 and pK; = 11.5 and the bath pH is 5.8.

plete polymerization has occurred. In practice, one should check this by weighing
the hydrogel before and after freeze drying. However, the effects of residual ions
in the network can complicate this type of measurement.[Qui93] Even with bal-
anced polyampholytes a significant fraction of counter ions may be present inside
the hydrogel.

The effective solvent interaction parameter, x;, will change in a complicated
manner as the hydrogel composition is varied. One can estimate the Flory solvent
interaction parameter by considering only the elastic and mixing contributions to

the osmotic pressure. When one neglects the ion contributions to the osmotic
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pressure we are left with

- [ln(l — ¢t) + ¢ + Xt(bf] + A

&) o

Solving for x; gives us

1§ Pot 1<¢t) (¢’t>%
S 5.2 Bl 0. RO L8 —In(l — &) — ) 510
Xt ¢t2 {Nw {2 ¢ot ¢ot ( ¢t) ¢t ( )
Knowing ¢,; and the value of ¢; when ionic contributions to the osmotic pressure

can be ignored allows us to calculate y; from

Pt = Got (%)3 : (5.11)

The solvent interaction parameter can thus be found at high salt concentrations
where polyampholyte and polyelectrolyte effects are small and the solvent and e-
lastic effects make the dominant contribution to the osmotic pressure. Assuming
high bath salt concentrations does not change the solvent interaction, we can use
the D/D, values for AMPS-MAPTA at high salt concentrations where both poly-
electrolyte and polyampholyte effects are small. Since DMAAm is neutral and
insensitive to variations in salt concentration we can use pure DMAAm diameter
measurements at any salt concentration to estimate its effective solvent interaction.

Using the swelling diameters at high salt concentrations gives us the  interaction
parameter as a function of the number of monomers between cross-links. Figure 5-
10 shows the value of x for pure DMAAm and pure AMPS-MAPTA as a function
of the number of monomers between cross-links using estimated values of ¢ and ¢,
at high salt concentration. One notices that x can vary significantly as a function
of the number of monomers between cross-links and can even become negative. If
one were to assume that the value of x; can be interpolated between those of the

pure monomers one would conclude that y; is a stronger function of the number of
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monomers between cross-links than the relative composition. In addition, Fig. 5-10
would suggest that for hydrogels made of both DMAAm and AMPS-MAPTA the
change in x; with composition is smaller at low cross-linking densities. One should
consider the fact that the cross-linking efficiency can easily vary as the monomeric

composition is altered.
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Figure 5-10: Flory solvent interaction parameter, x, versus the number of mon-
omers between cross-links for DMAAm and AMPS-MAPTA hydrogels based on
experimental swelling measurements at high salt concentrations.

Figure 5-11 shows the mixing and elastic contributions to the osmotic pressure
as a function of monomer concentration. Compared to the mixing osmotic pres-
sure contribution over a similar concentration range the elastic osmotic pressure
is comparable only for short chain lengths and low monomer concentrations. To
a first order approximation reference state concentration will have little effect on
the final equilibrium concentration if the number of monomers between cross-links
is the same. The elastic contribution to the osmotic pressure in a Flory-Huggins

model depends primarily on the number of monomers between cross-links.
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Figure 5-11: Mixing and elastic osmotic pressure components as a function of
monomer concentration.

Flory-Huggins models have a number of limitations. The effects of polydispersity
and entanglement are not included in this model for example. Furthermore, the
Flory solvent interaction parameter will be a function of the degree of ionization of
the polyampholyte network. Ionized polyions will give the polymer a low solvent
interaction parameter. Unionized polyions, however, will result in lowering the
quality of the solvent. The effective cross-linking density will be non-uniform and
in some cases will not contribute to the elasticity of the network if the cross-links do
not incorporate into the network or only one of the two bonds reacts with growing
polymer chain. Varying the monomer composition can also change the effective
cross-linking density and as a result the elastic contribution to the osmotic pressure
will be a function of the monomer composition.

A number polyampholyte swelling equilibrium model include Debye-Hiickel cor-
rections to the free energy.[Hig91,Bak95,Yu93] Debye-Hiickel corrections to the free
energy lead to additional negative contributions to the osmotic pressure. At low
electrolyte concentrations Debye-Hiickel correction terms are acceptable and may
in fact be important particularly when ion dissociation equilibria can influence the

hydrogel swelling equilibrium. At the ionic concentrations of interest in this study,
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however, Debye-Hiickel corrections lead to catastrophic divergences. It is interesting
to note that previous studies based on Debye-Hiickel models use large unphysical
correction factors in these models.[Yu93,Bak95)

Based on the ion concentrations within a 1.0 M polyampholyte with 20 mM
excess acid groups the osmotic pressure contributions due to Debye shielding is
shown in Fig. 5-12. The concentrations typical of this experiment result in a very
unphysical divergence of the osmotic pressure at high ionic strength. In addition,
the Debye-Hiickel contribution completely dominates the ion osmotic pressure over

most of the bath salt concentrations.
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Figure 5-12: Osmotic pressure components for a 1 M acidic hydrogel as a function
of bath salt concentration. The ion and Debye-Hiickel osmotic pressures represents
the difference between the internal and bath values. Including Debye-Hiickel cor-
rections to the osmotic pressure produces a catastrophic divergence at high bath
salt concentrations.

In a previous study of polyelectrolyte behavior[Ric84a] Debye-Hiickel correc-
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tions to the swelling equilibrium were ignored on the account they were believed
to be small corrections to the overall free energy and osmotic pressure. This treat-
ment is motivated from ionic solution theory and is incorrect for two reasons. For
fixed hydrogel ion concentrations on the order of a 1.0 mM or greater and bath
salt concentrations in excess of a 1.0 mM Debye-Hiickel corrections make diverging
contributions to the osmotic pressure. In addition, for small charge offsets the elec-
trostatic repulsion between interacting double layers becomes significant and the

concept of small corrections to an ideal gas of solute ions is conceptually not valid.

5.5 Conclusions

At low ionic strengths acid and base dissociation and very slow kinetics dominate
the swelling behavior of AMPS-MAPTA hydrogels. With increasing bath salt con-
centrations ion dissociation, polyelectrolyte and polyampholyte effects are shielded.
Polyelectrolyte repulsion is shielded at lower ionic strengths when the charge off-
set is a few percent of the total charge concentration. As a result, in this study
polyampholyte effects are shielded on smaller length scales than polyelectrolyte ef-
fects. Increasing relative concentrations of neutral monomers progressively reduces
the effects of acid and base dissociation, polyelectrolyte and polyampholyte effects.

Debye-Hiickel corrections to the osmotic pressures produce catastrophic diver-
gences over much of the polyion and bath salt concentrations of interests in this
study. The correction factors used to reduce these catastrophic divergences still fail
over much of the concentration range used in this study.

Flory-Huggins lattice models provide useful insight into the contributions to the
equilibrium swelling of copolymer hydrogels but are limited in a number of ways.
Lattice site volumes for all monomers and solvent molecules are assumed to be equal
which is clear not the case in this study. Inhomogeneities in the hydrogel structure

also violate the assumption of the Flory-Huggins model. The actual concentration
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of effective cross-links is also not know.

The extreme internal pH values that can be reached at low ionic strengths is
an important consideration for the use and understanding of these materials. It is
interesting to note that inorganic ion exchangers suffer partial decomposition from
attack by acids and bases and as a result their use is restricted to a narrow pH
range around pH 7.[Hel62] This could be a very important point for enzymatically
controlled hydrogel swelling transitions that use enzymes that a functionally stable

over a narrow pH range.
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Chapter 6

Thesis Conclusions

This thesis has presented a critical study of polyampholytic phase transitions using
Monte Carlo based simulations, analytical models and experimental measurements.
The results of previous polyampholyte Monte Carlo simulations[Kan92,Aal94] have
made important contributions to our understanding of these materials. In addition,
experimental studies[Yu93,Bak95] of polyampholytic hydrogels have been of no less
importance.

In agreement with previous studies, Monte Carlo simulations of single polyam-
pholyte polymer chains show a distinct low temperature swelling transition at a
critical charge offset. However, the extrapolation of these types of Monte Carlo
polyampholyte simulations[Kan92] to explaining the observed swelling transitions
of previous experimental studies[Yu93] is incorrect for three reasons. The coupling
energy upon which these conclusions were based is much higher than that which
exists in the physical system being modeled. In addition, counter ions which are
present in real physical systems were completely ignored. Finally, similar to another
study[Aal94], the data upon which these simulations were originally based had not
completely equilibrated. As a result, unequilibrated data was used in support of
models representing equilibrium thermodynamic states.

The numerical intensity of Monte Carlo simulations with Coulombic forces limits
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the incorporation of counter ions in these models and as a result they are restrict-
ed to short isolated polyampholytes in non-aqueous solvents. The exclusion of
counter ions in these simulations precludes the possibility of including condensation
effects that become important as the charge offset increases and the temperature
decreases. Furthermore, ion dissociation effects which were key to understanding
the experimental results of this study, were not included in these simulations. The
incorporation of Debye shielding terms to include counter ions in these models is
limited to high Monte Carlo temperatures only.

Polyelectrolytes, or polymeric systems having all charges of the same sign, with
dissociable ionic groups show distinct swelling patterns as a function of bath elec-
trolyte concentration. At low bath ionic strengths ion dissociation dominates the
equilibrium swelling. In aqueous solvents at low ionic strengths hydrogen ions be-
come the only available counter ion to maintain internal charge neutrality for poly-
electrolytes with fixed negative monomers. The binding of hydrogen to acidic mon-
omeric groups results in the loss of osmotic pressure, or equivalent mutual electro-
static repulsions, and as a result the polyelectrolyte collapses at low ionic strengths.
Increasing monovalent bath salt concentrations results in the exchange of internal
hydrogen ions and the swelling of polyelectrolyte hydrogels due to the dissociation
of hydrogen from unionized acidic monomers. Increasing bath salt concentration
also contributes to polymer ion screening and reduces the osmotic pressure gra-
dient. As a result, further increases in bath salt concentration ultimately lead to
polyelectrolyte collapse.

Using acrylic acid, acylamide and N-isopropylacrylamide monomers, a polyelec-
trolyte copolymeric hydrogel with three distinct swelling transition regions was suc-
cessfully synthesized. Swelling patterns at intermediate and low bath ionic strengths
were consistent with typical polyelectrolyte behavior. At very high ionic strengths,
however, the effect of ions on the neutral components produced a collapse transi-

tion. Based on the charge concentrations used in the hydrogel synthesis, the kinetic
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effects due to diffusion reaction mechanisms were not long enough to compete with
the mechanical response time in most cases. Varying the bivalent bath salt concen-
tration produced a complicated swelling pattern that is both temperature sensitive
and charge dependent.

Both the equilibrium and non-equilibrium swelling measurements of polyam-
pholytic hydrogels illustrates the importance of including counter ions in the descrip-
tion of polyampholyte behavior. Similar to polyelectrolytes, the swelling equilib-
rium of unbalanced polyampholytes at low bath ion strengths is strongly influenced
by acid and base dissociation. Slightly unbalanced polyampholytes show polyelec-
trolyte behavior at intermediate bath salt concentrations and collapse with increas-
ing salt concentration. Unlike polyelectrolytes, however, polyampholytes swell when
the bath salt concentration becomes comparable to the local concentration of posi-
tive and negative polyions. Polyelectrolyte repulsion is effectively screened at longer
length scales than polyampholyte attraction.

The incorporation of neutral monomeric components into polyampholytic hydro-
gels produces a complicated swelling pattern as a function of bath electrolyte con-
centration that is the result of competing solvent, elastic and ionic interactions.
The effects of ion dissociation at low ionic strengths diminishes with increasing
neutral monomer concentrations. Both polyampholyte and polyelectrolyte effects
are diminished, as expected, with increasing proportions of neutral monomers. The
additional complication due to differences in solvent interactions between neutral
and charged monomers are apparent when the polymer fixed charges are screened
at high bath salt concentrations.

In closing, despite the effort to understand polyampholyte phase behavior, it is
clear that much confusion still exists in this field. The limitations of the models
used in this thesis are written testimony to the fact that much work is left to be
done. One can conclude from the results of this work, however, that if physics truly

is the study of natural phenomenon, then elaborate theories and models are of little
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value if we lose contact with the real physical system we are trying to understand.
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