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The role of counter ions and ion dissociation in establishing the equilibrium swelling of balanced
and unbalanced polyampholytic hydrogels has been investigated experimentally 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 hydrogels. By careful consideration of
the swelling kinetics, we illustrate the effects of ion dissociation equilibria and counter ion shielding
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 our
experimental results. ©1996 American Institute of Physics.@S0021-9606~96!51119-6#

I. INTRODUCTION

Polyampholytic hydrogels are cross-linked polymer net-
works that are made up of both positive and negative mono-
meric groups with the possible inclusion of neutral mono-
meric spacers. Balanced polyampholytes have an equal
number of positive and negative charges while unbalanced
polyampholytes have a charge excess. The long range Cou-
lombic interactions which determine the physical properties
of polyampholytes are a challenge to both theoretical and
experimental understanding.

In recent years, considerable effort has been devoted to
understanding the single 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 Kardar1–4 and by Shakhnovich and Gutin5 and Dobrynin
and Rubinstein6 that polyampholyte chains form a spherical
globular structure when the overall net charge does not ex-
ceedq0AN. When the net charge exceedsq0AN the polyam-
pholyte forms an elongated globule. The globule density is
determined by the overall attraction and is almost indepen-
dent of the charge excess while the globule shape is gov-
erned 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 contrib-
ute to the screening in a different manner.7 The charged
monomers of both signs, counter ions and co-ions all have

different degrees 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. Corpartet al.8 and Skouriet al.9 exam-
ined the aqueous solution properties of polyampholytes using
viscometry and light scattering measurements. Bakeret al.10

later examined balanced polyampholyte hydrogel swelling
and proposed a semiquantitative model based on a Flory type
theory with Debye–Hu¨ckel contributions. These experimen-
tal studies are in qualitative agreement with Higgs and Joan-
ny’s model.11 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 polyampholytes near their balance point, however, both
effects can be important over a wide range of bath electrolyte
concentrations.12,13

In this work we examine the swelling equilibria of
polyampholytic hydrogels both experimentally and theoreti-
cally. 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 polymer chain connectivity and monomer
masses will significantly restrict the polyions compared to
the mobile counter and co-ions. As a result, we consider the
limit where the monomers are immobile and do not adjust to
fluctuating fields or contribute to the screening. By careful
consideration of the swelling kinetics, we illustrate the addi-
tional effects of ion dissociation equilibria using acrylamide
based polyampholytic hydrogels near their balance point
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where both polyelectrolyte and polyampholyte effects are
present.

II. 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,
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 volumet-
ric 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.

A. Free energy model

We identify four contributions to the free energy and
assume they are additive,

DF5DFM1DFel1DF trans1DFCoulombic, ~1!

whereDFM , DFel , DF trans, andDFCoulombic represent the
mixing, elastic, translational, and Coulombic contributions to
the free energy, respectively.

Based on the Flory–Huggins lattice theory,14 the free
energy of mixing between monomer and solvent molecules
is

DFM5kBT
V

vsite
~12f!@ ln~12f!1xf#, ~2!

whereV is the hydrogel volume,vsite the lattice site volume,
f the polymer volume fraction,x the polymer solvent inter-
action parameter,kB is Boltzmann’s constant, andT the ab-
solute temperature.

From the affine network model,14,15 the elastic contribu-
tion to the free energy is

DFel5
3kBT

2

Vf

Nxvsite
F S fo

f D 2/3212
1

3
lnS fo

f D G , ~3!

where Nx is the average number of monomers between
crosslinks. The termVf/Nxvsite is the effective number of
chains in the network whilefo/f is the swelling ratio. Hy-
drogel volumes and polymer volume fractions are related
through

V

V0
5

f0

f
5S DD0

D 3, ~4!

whereV0 , D0, andf0 are the hydrogel volume, diameter,
and polymer volume fraction in the reference state, respec-
tively.

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

DF ideal5kBT(
i
Ni H lnSNi

V D 21J , ~5!

whereNi is the total number of of a given mobile ion. The
sum is over all mobile ion species such that

Cmobile[(
i

Ni

NAV
~6!

is the total molar mobile ion concentration andNA is
Avogadro’s number. We assume that the excluded volume
correction toV in Eq. ~5! is negligible. The Donnan equilib-
rium relations with the constraint of local charge neutrality
lead to

Cmobile52ASNf12Nf2

2NAV
D 21C0

2, ~7!

whereNf1 and Nf2 are the total number of positive and
negative fixed charges, respectively. IfCS andCH1Bath rep-
resent the bath salt and hydrogen ion concentrations then
C05CS1CH1Bath.

The Coulombic contribution to the free energy is

DFCoulombic5(
i

zieNifD1DF lattice, ~8!

wherefD is the Donnan potential andDF lattice represents the
contribution due to the interaction between fixed charge
groups. The lattice free energy,DF lattice, 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 configuration of a balanced polyampholyte
(Nf15Nf2) would be obtained when every charge hasz
oppositely charged neighbors. The configuration energy
would then be

DF lattice52
z

2
~Nf11Nf2!

e2

4pe

exp~2kr !

r
, ~9!

wheree is the electron charge,e is the dielectric permittivity
of the solvent,r the nearest neighbor distance such that

r'2S 3V

4p~Nf11Nf2! D
1/3

, ~10!

and

k5Ae2NACmobile10
3

ekBT
~11!

is the reciprocal Debye length in the hydrogel.
If some positive fixed charges are replaced by negative

charges, the lowest energy would be obtained when every
positive charge has the maximum numberz of oppositely
charged nearest neighbors. This would givezNf1 attractive
interactions and (z/2)(Nf11Nf2)2zNf1 repulsive interac-
tions. The system free energy in this case would be

DF lattice5
z

2
Nfe

e2

4pe

exp~2kr !

r
, ~12!
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whereNfe5Nf11Nf222uNf12Nf2u is the effective num-
ber 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.~12! to include long range inter-
actions involves replacing the number of nearest neighbors,
z, by a parameter similar to the Madelung constant of ionic
crystals.16 Retaining the Debye screening term gives us

DF lattice52
A

2
Nfe

e2

4pe

exp~2kr !

r
, ~13!

whereA must be of the order of unity.16 Equation~13! rep-
resents the polyampholyte effect which is screened at high
salt concentrations.

Although it has received serious criticism,17 the screened
potential is common in the polyelectrolyte literature.18,19We
expect the screened potential, however, contains the essen-
tials of the screening effect and to be suitable for the study of
balanced and slightly unbalanced polyampholytes.

B. Swelling equilibrium

Balance of solvent chemical potentials is generally ex-
pressed as

DPswelling5
ms
gel2ms

bath

v̄w
50, ~14!

where v̄w is the solvent molar volume. Equating hydrogel
and bath solvent chemical potentials gives us the swelling
equilibrium condition

2
1

v̄site
@ ln~12f!1f1xf2#1

f0

Nxv̄site
F12 S f

f0
D2S f

f0
D 1/3G

1Cmobile22C02
A

2
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NAV

e2

12pekBT
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r

3H 11kr2
3kr

2 F11S 2NAVC0

Nf12Nf2
D 2G21J 50, ~15!

where v̄site[NAvsite represents the molar volume of the lat-
tice sites. The terms inside the curly brackets arise from the
volume dependence ofk and r .

C. 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 monomeric
species,

Ka5
CA2CH1

CAH
~16!

and

Kb5
CBOHCH1

CB1
. ~17!

The internal parametersKa and Kb represent the acid and
base dissociation constants,CA2 andCB1 the concentration

of ionized acid and base groups,CAH andCBOH the concen-
tration of unionized acid and base groups, andCH1 and
COH1 the concentration of hydrogen and hydroxide ions. Lo-
calized hydrogen or hydroxide ion binding is an important
consideration since it leads to a reduction in local charge
repulsion and osmotic pressure in unbalanced polyam-
pholytes.

When CO2 is dissolved in water there is a chemical in-
teraction. Most of the dissolved CO2 becomes hydrated, in a
way that is not completely understood, and a small fraction
of it forms carbonic acid based on the sequence

CO21H2O→H2CO3→H11HCO3
2 . ~18!

The acid dissociation constant is

Kc5
CH1CHCO

3
2

CH2CO3

. ~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. The effect of the bicarbonate ion can be
avoided by running the experiment under a nitrogen or argon
atmosphere.

Solving for the molar concentration of hydrogen ions,
CH1, inside the hydrogel gives us the fourth order algebraic
equation

CH1
4

1SKa1Kb1
CB

11Cs /CH1bath
DCH1

3

1SKaKb2CH1bath
2

1
Ka~CB2CA!

11Cs /CH1bath
DCH1

2

2S ~Ka1Kb!CH1bath
2

1
KaKbCA

11Cs /CH1bath
DCH1

2KaKbCH1bath
2

50, ~20!

whereCA5CAH1CA2 andCB5CBOH1CB1 represent the
total concentration of acidic and basic groups, respectively.

D. Kinetic response

The nonequilibrium swelling response to changes in bath
composition can be influenced by many competing rate pro-
cesses. The mechanical, or poroelastic, response time20,21 in-
volves the elastic reconfiguration of the network and the si-
multaneous fluid flow into or out of the network. During the
swelling process the redistribution of ions in the electrical
double layers take a few nanoseconds to complete. The lin-
earized diffusion of ions within the hydrogel matrix has an
associated time constanttd; l 2/Di , where l represents the
hydrogel dimension andDi the ion diffusion coefficient.
Normally, ion diffusion processes take place on a much
shorter time scale than the elastic reconfiguration of the net-
work. If ion binding interactions take place, however, the ion
diffusion time must be modified. The effect of hydrogen ion
binding to acidic groups, for example, is to slow the diffu-
sion process.22 The effective diffusion coefficient in this case
can be written as
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Di ,eff5
DH1

11
CAKa

~Ka1CH1!2

, ~21!

whereCA is the total binding site 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.

III. EXPERIMENTAL METHODS AND PROCEDURE

We have synthesized copolymer hydrogels of varying
proportions of acryl-amido methyl propyl sulfonic acid
~AMPS-H! and methacryl-amido propyl trimethyl ammo-
nium chloride~MAPTA-Cl! as negative and positive mono-
meric species respectively. Two sets of hydrogels were made
in this study. In both cases the balance point was determined
using a precipitation reaction. Silver AMPS~AMPS-Ag! is
initially formed from AMPS-H and Ag2CO3 and then mixed
with MAPTA-Cl 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 505mm. In the
second set of hydrogels, intended for the kinetic study, the
total concentration was 1.4 M and the gelation diameters
were 205mm.

A. Sample preparation

The AMPS-MAPTA polyampholyte pregel solution was
prepared by initially dissolving 0.2 moles of AMPS-H in 200
mL of H2O. 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
Ag2CO3 was slowly added to produce CO2 and AMPS-Ag.
The solution was then centrifuged at 3000 rpm and filtered
with a 0.2mm filter. After adding MAPTA-Cl the resulting
AgCl precipitate was filtered out using a 0.2mm 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 con-
centrations.

Hydrogels were made using 8.6 mM N,N8-methylene-
bis-acrylamide~crosslinker! and 1.76 mM ammonium per-
sulfate~initiator! at a gelation temperature of 60 °C. Hydro-
gel samples with a charge offset were made by adding excess
AMPS-H or MAPTA-Cl while keeping the total monomer
concentration at 700 mM or 1.4 M. In the first set of hydro-
gels, 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 hydro-
gels, made at 1.4 M, the net charge was offset by216 mM
by adding the appropriate amount of AMPS-H. One sample
was neutralized topH 7 with NaOH and the other was left at
'pH 2.

B. 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 con-
sider 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.

IV. RESULTS AND DISCUSSION

Figure 1 shows the initial swelling pattern of hydrogels
prepared atpH 2 and pH 7 upon washing with deionized
distilled water. The initial transient response of both hydro-
gels 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 atpH 2 may be the
result of localized hydrogen ion binding to the AMPS mono-
mers. Since these hydrogels reswell upon washing in a 0.1
mM NaCl bath the slow reptation and loss of charged oligo-
mers 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 atpH 2 with no
sodium ions to begin with shows an initial biphasic swelling
transient strongly suggests that more complicated processes
besides sodium ion exchange are involved in the initial non-
equilibrium response. Furthermore, diameter measurements
alone do not represent the nonuniform evolution of the hy-
drogel density as it swells and collapses.

Figure 2 shows the normalized hydrogel diameter as a
function of charge offset after 12 hours of washing with dis-
tilled 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 3

FIG. 1. Upon washing with distilled deionized water immediately after ge-
lation a biphasic swelling response is observed. Hydrogels made at a lowpH
~lower solid curve! do not swell to the same initial extent as those made at
neutralpH ~upper dashed curve!.
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shows the flat skewed swelling pattern that resulted after
several days of continuous washing.

Figures 4 and 5 show the results of washing negatively
and positively charged hydrogels with increasing concentra-
tions 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 ini-
tial 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 ac-
tual balance point. Above 0.1 mM unbalanced polyam-
pholytic hydrogels show an initial collapse followed by re-
swelling at 10 mM. The collapsing trend between 0.1 and 10

mM represents the screen of polyelectrolyte contribution
while subsequent swelling is due to the polyampholyte ef-
fect.

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 kinetics at low sodium chloride concentrations may
simply be an experimental artifact resulting from diffusion
boundary layers at the hydrogel boundaries and/or the low
sodium chloride availability in the wash. Diffusion reaction

FIG. 2. Hydrogels initially swell to a symmetric distribution about the bal-
ance point within several hours of washing with distilled deionized water.
The actual balance point appears to be at12 mM due to experimental error
or physico-chemical differences between monomers.

FIG. 3. Washing over a period of several days with distilled deionized water
produces a skewed flattened diameter distribution.

FIG. 4. Hydrogels with increasing negative charge offsets of22 ~lower!,
26, 210, and214 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.

FIG. 5. Hydrogels with positive charge offsets of12 ~lower!, 16,110, and
114 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.
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kinetics or other forms of slow ion transport that are domi-
nant at low ionic strengths may be involved. Although some
caution should be used when extrapolating free monomerpK
values to those following gelation, a diffusion reaction
mechanism based on the free monomerpK values does not
predict the very long observed equilibration times.

A theoretical interpretation of our experimental results
requires parameter estimates forf0 , Nx , x, v̄site, and A.
Although these parameters are not known precisely, the
range of realistic values is well defined for all of them. We
estimate these parameters from the hydrogel preparation con-
ditions, the observed swelling ratios under limiting condi-
tions and published values. The swelling ratio is then calcu-
lated as a function of bath electrolyte concentration.

Based on the pregel monomer concentrations,
CA01CB05700 mM, and the estimated monomer molar vol-
ume, 0.2 M21, the reference state polymer volume fraction is
approximatelyf050.7 M30.2 M2150.14. If all of the
cross-linker molecules were incorporated into the hydrogel
the number of monomers between cross-links,Nx , would be
Nx.700 mM/~238.6 mM!'40. Not all the cross-linker mol-
ecules, however, lead to effective cross-links and some are
not incorporated into the polymer network. As a result, a
much higher value ofNx can be anticipated.

In this experiment, the copolymer charged monomers
have a high affinity for the solvent water molecules.10 The
hydrophilic properties of fixed charge groups in ion-
exchange materials are well documented.25,26Since the Flory
interaction parameter,x, is less than 0.5 for good solvents23

our value ofx 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,v̄w'0.018 M21, and that of
the monomers,v̄m'0.2 M21. In addition, we know that the
Coulombic free energy constant,A, should be of the order of
unity. In the case of perfectly ordered ionic crystals,16 this
constant has a value close to 1.5. Since the charge distribu-
tion in polyampholytes is much more disordered, a smaller
value ofA should be expected.

The actual values used in the calculations presented be-
low aref050.14, Nx5300, x50.3, v̄site50.2 M21, andA
50.4. Figure 6 shows the swelling behavior predicted by our
theory for a balanced polyampholyte~lower curve! and an
unbalanced polyampholyte with a charge offset of 14 mM~in
the reference state! of either AMPS-Na~lower curve! or
MAPTA-Cl ~upper curve!. ThepK values used in Fig. 6 are
pKa51.5 andpKb511.5. ThepKa was estimated from di-
rect measurements of free monomer solutions of AMPS-H
while thepKb was chosen to account for the observed swell-
ing behavior.

As we proceed from concentrated to dilute electrolyte
concentrations, the different contributions to the hydrogel os-
motic pressure vary. ForCs'1 M, the Coulombic interac-
tions 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 swell-
ing is determined only by the hydrogel elastic and solvent
properties and hence values off0 , Nx , andx.

DecreasingCs from 1 M to 10 mM results in the col-
lapse of the hydrogel due to increasing fixed charge Coulom-
bic interactions. WhenCs 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 pro-
duces a clear minimum atCs'20 mM.

As Cs is reduced from 10 mM unbalanced polyam-
pholytes continue to swell untilCs reaches'0.1 mM. Figure
6 shows that different swelling patterns are observed be-
tween unbalanced polyampholytes with excess acidic and ex-
cess basic groups whenCs is reduced below 0.1 mM. For
polyampholytes with excess sulfonic acid groups the internal
concentrations of the mobile positive ions, sodium and hy-
drogen, are higher than that of the bath. As a result, the
internalpH is smaller than the bathpH'5.8.

At Cs' 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 externalpH differ by log~1.5
mM/0.1 mM! ' 1.2 pH units. Although this internalpH is
not low enough to affect the sulfonic acid dissociation equi-
librium, the situation changes for lower electrolyte concen-
trations. WhenCs'0.01 mM, for example, the internalpH is
5.82log~1.5 mM/0.01 mM!'3.6. The sulfonic acid ioniza-
tion degree in this case isaa51/(11CH1 /Ka)'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/D0 , continues decreasing from 10
mM to 1 mM and reaches a constant value of approximately
1.2 at 1 mM. When Cs→0 local electroneutrality yields
CA25CH11CB1 and the fixed charge concentration is com-

FIG. 6. Theoretical predictions for for charge offsets of 0~lower solid!, 214
~middle dashed!, and114 mM ~upper dashed!, have the same qualitative
shape as those shown in Figs. 4 and 5.
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pensated by hydrogen ions. Assuming the base groups are
completely dissociated and the acid dissociation is described
by Eq. ~16!, or the appropriate limit of Eq.~20!, the mini-
mum internalpH is 2.96. This corresponds to an actual fixed
charge concentration of only 1.11 mM and an acid group
ionization degree ofaa' 0.966. Hence, whenCs decreases
below the bath hydrogen ion concentration, 1.6mM, all the
contributions to the hydrogel osmotic pressure reach a con-
stant value and are dominated by the mixing and Coulombic
terms.

The upper curve of Fig. 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 Cs→ 0 the basic polyampholyte fixed charges are now
compensated with bicarbonate ions. In this case, local elec-
troneutrality,CA21CHCO

3
25CB1, leads to a limiting inter-

nal pH value of 8.72, a fixed charge concentration of 1.26
mM and a basic group ionization degree ofab'0.988. The
higher ionization degree and fixed charge concentration ex-
plains why this hydrogel is more swollen than that with ex-
cess acidic groups.

The lower skewed curve in Fig. 7 shows the predicted
swelling ratio as a function 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. 7. Asymmetry
results when acid and base dissociation equilibria are in-
cluded. The observed asymmetry can be attributed to the
differences in monomerpK values with respect to the
slightly acidic externalpH. Since~5.821.5!,~11.525.8! the
acid group ion association is greater despite the very low
pKa .

Figure 8 shows the theoretical predictions for the swell-
ing ratio when complete ionization of both acid and base
groups is assumed over the whole electrolyte concentration
range. The hydrogel parameters used are the same as those

for Fig. 6, with net fixed charge concentrations of
uCB02CA0u50, 10, 20, 30, and 40 mM. Experimentally, the
assumption of complete ionization may correspond to mea-
surements 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.

Despite the qualitative agreement with experiment, our
model has a number of limitations. Experimental studies,8,26

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 we have allowed in our 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 so-
dium ions.

Recent experimental results10 have also shown that spe-
cific interactions between the mobile ions and the neutral
polymer network lead to an increase in the swelling ratio
with increasingCs . In our model we have assumed 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
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.23,27

The use of a thermally smeared out quasilattice model
for the Coulombic interactions between fixed charges in the
random copolymer, instead of the Debye–Hu¨ckel theory,
may be justified for the case of collapsed balanced polyam-
pholytes. For highly swollen slightly unbalanced hydrogels,
where the model can be questioned, the Coulombic term be-
comes less important. Since the quasilattice model tempera-

FIG. 7. Theoretical predictions also show the development of asymmetric
swelling when dissociation equilibria are included in agreement with the
data shown in Figs. 2 and 3.

FIG. 8. If the acid base dissociation equilibria are ignored then theory shows
no collapse transition at low ionic strengths. The curves correspond to
charge offsets of 0~lower curve!, 10, 20, 30, and 40 mM~upper curve!.
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ture dependence is different from the Debye–Hu¨ckel theory
an experimental study of balanced polyampholyte swelling at
different temperatures could be useful to establish the condi-
tions for the validity of each model.

V. CONCLUSIONS

The combination of equilibrium and kinetic measure-
ments in this study underscore the importance of counter
ions in establishing equilibrium in polyampholyte hydrogels.
Despite the very lowpKa of AMPS-H, the flattening of the
swelling distribution shown in Fig. 3 appears to be the result
of hydrogen ion association to AMPS. Without added base
the concentration of free bicarbonate ions is approximately
250 times the hydroxide ion concentration. As a result, most
MAPTA remains in its ionized form and hydrogels contain-
ing excess MAPTA are swollen at low ionic strengths. This
suggests that in practice, dissociation equilibria rather than
charge offset alone determines polyampholytic equilibrium
swelling at low ionic strengths.

We have shown that an extension of the Flory–Huggins
theory incorporating a quasi-lattice screened Coulombic term
for the hydrogel fixed charge groups can explain the ob-
served trends for balanced and slightly unbalanced polyam-
pholytic hydrogels. Although a high degree of parameter un-
certainty exists in this simplified model, satisfactory
agreement between theory and experiment has been ob-
tained. In particular, the polyampholyte effect is predicted to
be effective within a certain range of concentrations and neg-
ligible whenCs>uCB12CA2u, in qualitative agreement with
Higgs and Joanny’s scaling theory. In our model the Debye
screening length 1/k decreases with increasingCs 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.
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