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Phase Transition of Acrylamide-Based
Polyampholyte Gels in Water
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The swelling behavior of acrylamide (AAm)—based polyampholyte hydrogels in water
and in aqueous salt (NaCl) solutions was investigated. [(Methacrylamido)propyl]tri-
methyl-ammonium chloride (MAPTAC) and acrylic acid (AAc) were used as the ionic
comonomer in the hydrogel preparation. Three sets of hydrogels containing 70 mol%
AAm and 30 mol% ionic comonomers of varying mole ratios were prepared. The vari-
ations of the hydrogel volume in response to changes in pH, and salt concentration
were measured. As pH increases from 1, the hydrogel volume V., in water first
increases and reaches a maximum value at a certain pH. Then, it decreases again
with a further increase in pH and attains a minimum value around the isoelectric
point (IEP). After passing the collapsed plateau region, the gel reswells again up to
pH=7.1. The reswelling of the collapsed gels containing 10 and 4% MAPTAC
occurs as a first-order phase transition at pH = 5.85 and 4.35, respectively, while the
hydrogel with 1% MAPTAC reswells continuously beyond its IEP. Depending on pH
of the solution, the hydrogels immersed in salt solutions exhibit typical polyelectrolyte
or antipolyelectrolye behavior. The experimental swelling data were compared with
the predictions of the Flory-Rehner theory of swelling equilibrium including the ideal
Donnan equilibria. It was shown that the equilibrium swelling theory qualitatively
predicts the experimental behavior of polyampholyte hydrogels.

Keywords polyampholyte gels, acrylamide, swelling, isoelectric point, phase
transition

Introduction

Polyampholyte hydrogels are swollen crosslinked polymer networks containing both posi-
tively and negatively charged monomer units (1—4). Such materials are usually prepared
by crosslinking copolymerization of two ionic comonomers having oppositely charged
functional groups. The net charge in a polyampholyte hydrogel can be adjusted by
changing the composition of the comonomer feed solution. If the net charge is large,
the hydrogel behaves like a conventional polyelectrolyte in which the osmotic pressure
of the counter ions plays a major role. In a balanced polyampholyte hydrogel, that is, if
the hydrogel contains equal numbers of positive and negative monomer units, the net elec-
trostatic forces are attractive so that, in water, the network chains have a tendency to
collapse into a compact globule. The addition of salt screens these attractive interactions
and induces a gel swelling. Therefore, unlike polyelectrolytes, balanced polyampholyte
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hydrogels have the unique capacity to swell in aqueous solutions of high ionic strengths.
This so-called antipolyelectrolyte property has a number of important implications for
their technological use. Such materials are also attractive for theoretical studies since
they provide a model for studying the long-range interactions found in proteins.

Prausnitz et al. investigated the swelling behavior of polyampholyte hydrogels based
on [(Methacrylamido)propyl]trimethylammonium chloride (MAPTAC) and sodium
styrene sulfonate (SSS) comonomers (1, 2). They showed that the ideal Donnan theory
describes qualitatively the swelling behavior of the hydrogels in water and in NaCl
solutions. Nisato et al. reported that the degree of charge imbalance of the gel network
determines the properties of polyampholyte hydrogels (3). Takeoka et al. observed first-
order phase transitions in MAPTAC/SSS hydrogels immersed in water-organic solvent
mixtures (5). English et al. showed that the collapse transitions in polyampholyte
hydrogels at low and intermediate salt concentrations could be predicted by the equili-
brium theory of swelling including the Donnan equilibria (6). In all the studies
mentioned above, the net charge in polyampholyte hydrogels was varied by changing
the comonomer feed composition. This procedure, however, alters the formation history
of gels, which may lead to different gel morphologies affecting their physical properties
(7, 8). An alternative approach is to use a weak electrolyte as one of the ionic comonomers
in the hydrogel preparation (4, 9, 10). In this case, the net charge can be adjusted by
changing pH of the swelling medium without affecting the gel formation history.
Annaka and Tanaka investigated the swelling behavior of hydrogels consisting of
MAPTAC and acrylic acid (AAc) units (9). They observed the existence of several gel
phases in equilibrium with water. Later, it was shown that the phases mainly appear
due to the non-equilibrium between the mobile ions inside the gel with those in the
external solution (11).

In the present work, we report results of the equilibrium swelling properties of acryl-
amide (AAm)-based polyampholyte hydrogels. MAPTAC and AAc were used as the
cationic and anionic comonomers, respectively. MAPTAC, a quarternized ammonium
salt, strongly dissociates in aqueous solutions, rendering the degree of swelling insensitive
to pH. However, AAc is a weakly dissociating electrolyte and the degree of dissociation
depends on the pH of the solution. Thus, varying pH of the solution can simply monitor
the net charge of the hydrogels. It should be noted that, at high charge densities, the coun-
terion condensation, as well as the limited extensibility of the network chains increase
the complexity of the theoretical treatment of hydrogel systems. In order to simplify
the theoretical treatment, we decreased the network charge density by including the
nonionic acrylamide monomer into the comonomer mixture. Here, we prepared three
sets of hydrogels containing 70 mol% AAm and 30 mol% ionic comonomers of
varying mole ratios. The variations of the hydrogel volume in response to changes in
pH, and salt concentration were measured. The results were interpreted within the
framework of the equilibrium theory of swelling of ionic hydrogels including the ideal
Donnan equilibria.

Experimental

Materials

Acrylic acid (AAc, Fluka) was distilled under a reduced pressure of 10 mm Hg to remove
its inhibitor. Acrylamide (AAm, Merck), [(Methacrylamido)propyl]trimethylammonium
chloride (MAPTAC) (50% solution in water, Aldrich), N,N’-methylenebis(acrylamide)
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(BAAm, Merck), ammonium persulfate (APS, Merck), and N,N,N’,N’-tetramethylethyle-
nediamine (TEMED, Merck) were used as received. APS and TEMED stock solutions
were prepared by dissolving 0.160 g APS and 0.250 mL TEMED separately in 10 mL
of water.

Synthesis of Hydrogels

Hydrogels were prepared by free-radical crosslinking copolymerization of AAm,
MAPTAC and AAc monomers with a small amount of BAAm in aqueous solution at
5°C. The reaction time was 24h. APS (7.02mM) and TEMED (0.25 ml/100 ml
reaction solution) were used as the redox initiator system. In our experiments, both the
crosslinker ratio (mole ratio of the crosslinker BAAm to the monomers) and the total
monomer concentration were fixed at 1/80 and 5 w/v%, respectively. The AAm
content of the monomer mixture was also fixed at 70 mol%, while the molar ratio of
the ionic comonomers was varied.

To illustrate the synthetic procedure, we give details for the preparation of the
hydrogel with 10 mol% MAPTAC and 20 mol% AAc in the comonomer feed compo-
sition, designated as 10/20-gel: AAm (0.282 g), MAPTAC solution (0.250 g), AAc
(0.0817 g), BAAm (0.0109 g), and TEMED stock solution (1 mL) were dissolved in
9mL of distilled water. After bubbling nitrogen for 20 min, 1 mL of APS stock
solution was added and the solution was poured into several glass tubes of 4 mm
internal diameters and about 100 mm long. The glass tubes were sealed, immersed in a
thermostated water bath at 5°C and the polymerization was conducted for one day.
After the reaction, the hydrogels were cut into specimens of approximately 10 mm in
length and immersed in a large excess of distilled water for 1 day to remove the unreacted
species. Extraction tests conducted at room temperature showed that the conversion of the
monomers to the crosslinked polymer was complete after the copolymerization.

Swelling Measurements

Swelling measurements were carried out at 24 + 0.5°C in water and in NaCl solutions of
varying pH between 1 and 11. To obtain various pH between 1 and 11, dilute HCl or NaOH
solutions were added into the distilled water. pH of the solutions was measured using the pH
meter inoLab (WTW, Germany) with pH electrodes calibrated using three buffer solutions
of varying pH. The hydrogels after preparation in the form of rods of 4 mm in diameter were
cut into samples of about 10 mm length. Then, each sample was placed in an excess of water
at 24 + 0.5°C. In order to reach swelling equilibrium, the hydrogels were immersed in
water for at least one week replacing the water every other day. The swelling equilibrium
was tested by measuring the diameter of the gel samples. To achieve good precision, three
measurements were carried out on samples of different length taken from the same gel. The
normalized volume of the equilibrium swollen hydrogels V., (volume of equilibrium
swollen gel/volume of the gel just after preparation) was determined by measuring the
diameter of the hydrogel samples by a calibrated digital compass (Mitutoyo Digimatic
Caliper, Series 500, resolution: 0.01 mm). V., was calculated as

Vg = (D/Dy)’ (1)

where D and D, are the diameter of hydrogels after equilibrium swelling in water and after
synthesis, respectively. The hydrogels equilibrium swollen in water were then transferred
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into solutions of various pH and the swelling measurements were conducted as described
above. To prevent non-equilibrium states in gels (9), the gel samples were always trans-
ferred from neutral (water) to acidic or to basic solutions in steps of less than pH = 0.5.

Mechanical Measurements

Uniaxial compression measurements were performed on gels just after their preparation, as
well as on equilibrium swollen gels in water. All the mechanical measurements were
conducted in a thermostated room of 24 + 0.5°C. The stress-strain isotherms were
measured by using an apparatus previously described (12). Briefly, a cylindrical gel sample
of about 7 mm in length was placed on a digital balance (Sartorius BP221S, readability
and reproducibility: 0.1 mg). A load was transmitted vertically to the gel through a rod
fitted with a PTFE end-plate. The compressional force acting on the gel was calculated
from the reading of the balance. The resulting deformation was measured after 20 sec of relax-
ation by using a digital comparator (IDC type Digimatic Indicator 543-262, Mitutoyo Co.),
which was sensitive to displacements of 10> mm. The measurements were conducted up to
about 15% compression. Reversibility of the isotherms was tested by recording the force and
the resulting deformation during both force — increasing and force — decreasing processes.
The two processes yielded almost identical stress—strain relations. From the repeated
measurements, the standard deviations in the modulus value were less than 3%. The elastic
modulus G was determined from the slope of linear dependence:

F=G\—27?) (2)

where F is the force acting per unit cross-sectional area of the undeformed gel specimen,
G is the modulus of elasticity, and A is the deformation ratio (deformed length/initial
length). For a homogeneous network of Gaussian chains, the elastic modulus of gels G is
related to the network crosslink density v, by (13, 14):

G = Av.RT()* (1) (€)

where 19 and v, are the volume fractions of crosslinked polymer after preparation and at the
state of the equilibrium swelling, respectively (v, = vg/ Veq)» R and T are in their usual
meaning. The front factor A equals to 1 for an affine network and 1-2/¢ for a phantom
network, where ¢ is the functionality of the crosslinks (15). Since v, = V) for the
hydrogels just after preparation, the modulus G, after preparation becomes

Gy = Av,RTv) “4)

Results and Discussion

Polyampholyte hydrogels were prepared at a fixed initial monomer concentration and the
crosslinker ratio but at various molar ratio of the ionic comonomers. The composition of
the hydrogels is shown in Table 1. The hydrogels were designated as X/Y-gels, where X
and Y denote the mole percent of MAPTAC and AAc units in the network chains. Three
sets of gels designated by 10/20-, 4/26-, and 1/29-gels were prepared and subjected to
swelling tests in water, as well as in NaCl solutions of various pH. For a given
X/Y-gel immersed in water, the isoelectric point (IEP), that is, the point at which the
number of dissociated AAc units equals to the number of MAPTAC units should occur
if the dissociation degree a of AAc becomes equal to X /Y. Further, since « of a weak
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Table 1
Composition of polyampholyte hydrogels. MAPTAC, AAc, and AAm
mol% are the percent compositions of the comonomer mixtures used in
the hydrogel preparation. pHgp is the pH, calculated using Equation (5),
at which the gel is in its IEP

Hydrogel MAPTAC AAc AAm

code (mol%) (mol%) (mol%) PHigp
10/20 10 20 70 4.25

4/26 4 26 70 3.51

1/29 1 29 70 2.80

acid relates to pH by (16):

pH = pKa + log(i)
1l—«a

1639

)

one may estimate the pH (pHygp), at which the gel is in its IEP. Using pKa = 4.25 reported
for poly(acrylic acid) gels (17), pHip was calculated as 4.25, 3.51 and 2.80, for 10/20-,
4/26-, and 1/29-gels respectively (Table 1).

In Figure 1, the filled symbols show the equilibrium volume V., of 10/20-gel plotted
against pH of the external solution. The swelling results shown in the Figure were
repeated three times with excellent reproducibility. The arrow in the Figure points out
pHigp = 4.25, at which half of the AAc units is dissociated and the gel is in its IEP.
Results of the measurements in distilled water as the swelling medium are also shown in
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Figure 1. The equilibrium volume V,, of 10/20-gel plotted against pH of the external solution. The
arrow indicates pHigp = 4.25. Results of measurements in distilled water are shown by the open

symbols.
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the Figure by the open symbols. Note that the distilled water was slightly acidic
(pH = 5.8-6.0) after a few weeks of swelling time of the gel samples, probably due to
the CO, absorption from the air. Figure 1 shows that the gel is in a collapsed state in the
range of pH between 3.9 and 5.1, while it rapidly swells as the pH is changed outside
this region. Thus, 10/20-gel assumes compact conformation not only at pHigp, but it
remains collapsed over a wide range of pH including pHigp. Figure 1 also shows that the
gel undergoes a first-order volume phase transition at pH = 5.85 + 0.05. Interestingly,
we observed that the gel immersed in distilled water changed from a swollen to collapsed
state with increasing swelling time due to the simultaneous decrease in pH because of the
CO, absorption of water. For example, the gel sample in distilled water at pH = 5.9
exhibited a relative volume of 3.4, while after a few days, if pH attained the value 5.8, it
occupied a volume of only 0.9. This clearly demonstrates the occurrence of a first-order
volume phase transition in the gel at pH = 5.85 + 0.05. A rapid swelling transition was
also observed around pH = 3.7, as seen in the Figure. The pH dependent swelling
behavior of 10/20 gel was also measured at 50°C. The results showed that the temperature
has no effect on the phase transition in gels at pH = 5.85. This indicates that the hydrogen
bonding interactions do not have a dominant effect for the observed phase transition.

The modulus of elasticity of 10/20-gel was measured both at the state of gel prep-
aration and at the equilibrium swollen state in water of various pH, denoted by G,
and G, respectively. Assuming phantom network behavior (¢ = 4), G, = 2.2 kPa found
by the measurements together with Equation (4) give the effective crosslink density v,
of the network as 48 mol - m™>. The swollen state moduli G of 10/20-gels are shown
in Figure 2 by the filled symbols plotted against pH of the solution. The variation of
G with pH is mainly due to the simultaneous change of the gel volume. As seen by the
open symbols in the Figure, the effective crosslink density v, calculated using the
moduli data together with Equation (3), decreases slightly from 60 to 48 mol - m > as

G/ Pa v, | mol.m*

100 [ 102

10° |- LS S

.I.\\\\...\\\\\\101

pH

Figure 2. The swollen state modulus G (filled symbols) and the effective crosslink density v, (open
symbols) of 10/20-gels shown as a function of pH of the solution.
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pH is increased from O to 8.4. This change in v, depending on pH may be attributed to the
non-Gaussian elasticity of the network chains in swollen hydrogels (18), and to specific
interactions in the gel phase between polymer segments and mobile ions.

Figure 3 shows the equilibrium volume V., of the hydrogels with three different molar
ratios of MAPTAC/AAc units plotted against pH of the external solution. Filled symbols
are the results of measurements in water while open symbols are those measured in
concentrated (1 M) NaCl solutions. The arrows in the Figures indicate pHgp values of
the hydrogels calculated using Equation (5). Although the hydrogels consist of various
proportions of MAPTAC and AAc units, they show similar trends by changing pH of
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Figure 3. The equilibrium volume V,, of the hydrogels with three different molar ratios of MAP-
TAC/AAc units shown as a function of pH of the external solution. Filled symbols are the results of
measurements in water while open symbols are those measured in concentrated (1 M) NaCl sol-
utions. The arrows in the Figures indicate pH,, values of the hydrogels calculated using Equation (5).
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the solution. As the pH increases from 1, V,, first increases and reaches a maximum value
at a certain pH. Then, it decreases again with a further increase in pH and attains a
minimum value of V,, 2 0.5 around the IEP. The volume of the collapsed gel remains
constant over a certain range of pH. After passing this collapsed plateau region, the gel
reswells again up to pH = 7.1. The results of measurements above pH > 7.1 were not
reproducible, probably due to the hydrolysis of AAm units into AAc units (19, 20).
Although the shape of the swelling curves is similar for all the gel samples, distinct differ-
ences depending on the gel composition are observable. 1) The collapsed plateau becomes
shorter as the MAPTAC content of the hydrogels decreases and, at 1% MAPTAC (1/29-
gel), it becomes a point at pHigp = 2.8. 2) Decreasing MAPTAC content shifts the
collapsed region of gels toward a lower pH range. 3) The larger the MAPTAC content,
the larger is the gel volume in acidic solutions. 4) The reswelling of the collapsed gel
occurs as a first-order phase transition in 10/20- and 4/26-gels at pH = 5.85 and 4.35,
respectively, while 1,/29-gel reswells continuously beyond the IEP.

In contrast to the non-monotonic swelling behavior of gels in water, the gel volume in
1 M NaCl increases continuously as pH is increased up to about 6, but then it remains
constant (Figure 3). Because all the electrostatic interactions are screened at such a
high salt concentration, the variation of gel volume with pH can be attributed to structural
differences of the gels depending on pH of the solution. Moreover, comparison of the gel
volumes recorded in water at the IEP’s with those in 1 M NaCl shows that the gel at the
IEP is in a much more compact state than in a concentrated salt solution. This indicates
that the polyampholyte attraction in the hydrogel is strong enough to cause a complete
collapse in the gel at the IEP. In a concentrated NaCl solution, however, although there
is no extra repulsion in the gel due to the charge imbalance, the network chains cannot
come close enough because they are restricted by polymer connectivity and crosslinks.

The results in Figure 3 also indicate that, at a given pH, the hydrogel outside the
collapsed plateau region is less swollen in 1 M NaCl than in water, due to the screening
of electrostatic interactions. This is a characteristic of polyelectrolyte hydrogels. The anti-
polyelectrolyte effect is observable around the plateau region, where the gel occupies a
larger volume in 1 M NaCl than in water. This behavior is also illustrated in Figure 4,
where V,,, is plotted against the concentration of NaCl solution. 10/20-gel at pH = 2.7 as
well as 1/29-gel at pH = 6.8 behave as typical polyelectrolytes, while the same gels at
pH = 4.1 and 2.8, respectively, exhibit antipolyelectrolyte behavior. Typical polyelectrolyte
behavior of hydrogels is due to the decrease in the concentration difference of counterions
inside and outside the hydrogel as the salt concentration in the external solution is increased.
Moreover, the antipolyelectrolyte behavior appears due to the screening of the opposite
charges in the gel by the mobile ions and unfolding of the compact conformation.

In the following paragraphs, the swelling behavior of the hydrogels was analyzed
within the framework of the Flory-Rehner theory of swelling equilibrium including the
ideal Donnan equilibria. According to the Flory-Rehner theory, the osmotic pressure
of a gel is the sum of three contributions (21, 22):

T = Tpix + Tel + Tion (6)

where 7., 7., and 1, are the osmotic pressures due to polymer-solvent mixing (mix),
due to deformation of network chains to a more elongated state (el), and due to the nonuni-
form distribution of mobile counterions between the gel and the solution (ion), respect-
ively. Osmotic pressure 7 of a gel determines whether the gel tends to expand or to
shrink. When nonzero, 7 provides a driving force for gel volume change. Solvent
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Figure 4. The equilibrium volume V,, of 10/20-gels (upper Figure) and 1/29-gels (lower Figure)
plotted against the concentration of NaCl solution. pH of the external solutions are indicated.

moves into or out of the gel until 7 is zero, i.e., until the forces acting on the gel are
balanced. According to the Flory-Huggins theory, m,,;, is given by (13):

o

1

In(1 — 1) + v + xv3) (7)

Tmix = —

where y is the polymer-solvent interaction parameter, V; is the molar volume of solvent
(18 mL/g), R and T are in their usual meaning. To describe the elastic contribution
., we will use here the simplest phantom network model to describe the behavior of
our gels (13):

o = —0.5v,RT(vy)'* (v9)*? (8)

Ionic contribution 77;,, to the swelling pressure is caused by the concentration difference of
counterions between the gel and the outer solution.

Tion = RT Z(c;? -C) )

where C; is the mobile ion concentration of species i, the superscripts g and s denote the gel
and solution phases, respectively. To evaluate ,,, we consider a polyampholyte gel,
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consisting of AAm, MAPTAC and AAc units, immersed in an infinite volume of an
aqueous solution of HCI and NaCl. Thus, the mobile counterions existing in this system
are H", Na™t, and C1~ ions. We define the total concentration of HC1 and NaCl in the
external solution by Cj,;,. The local electroneutrality conditions in both gel and solution
phases give the equalities:

Ciyo + Crye = Ciy = Cy (102)
Ch. 4+ Cy o+ Cp = aCy + C§, (10b)

where C4 and Cp are the concentrations of the AAc and MAPTAC units in the gel phase,
respectively. Moreover, the ideal Donnan equilibria for univalent salts require the
following equalities:

Ci’a‘*’ CéC,'l* = Cli/aJr Cél’ (1 13)
C8.CY = C3 Cly (11b)

Solution of (Equations 10—11) for the mobile ion concentrations both in the gel and in
the solution phases and substituting these concentrations into Equation (9) leads to

Tion = RT\/(CYCA - CB)Z + (2C§alt)2 - 2RTC:011 (12)

At the swelling equilibrium, the total osmotic pressure 7 becomes equal to zero. Thus,
using Equations (7), (8), and (12), the equilibrium swelling condition of polyampholyte
gels is given by:

In(1 — v2) 4 v3 + xv3 + 0.5v, V() A (w3

— V1 (@Cy = Co)? +(2C3,, Y +2V,Clyy = 0 (13)

An important parameter appearing in Equation (13) is the dissociation degree « of
AAc units in the gel. Since poly(acrylic acid) is a weak acid, its dissociation is
expressed as:

Ka _ CAC* CIA;‘F

_ A Cur 14
Cy — Cy- (14

where K, is the dissociation constant and C,.- is the concentration of dissociated acid
groups (Ac™). Since a = Cu-/Ca, i.e.,

Ka

= 14
«a Ka+C§]+ (14a)

the evaluation of « requires the concentration of H* ions in the gel phase C§;.. Thus,
according to Equations (13) and (14a), the swelling behavior of MAPTAC/AAc
hydrogels is mainly dictated by pH inside the gel solution. Using the local charge electro-
neutrality conditions (Equations (10a)) and (10b)), the ideal Donnan equilibria (Equations
(11a)) and (11b)) and Equation (14), we obtained a third order polynomial equation for
calculation of C§:

C5 + (Ka+ CpClye /Coy)Chii” = [Ka(Ca = CB)Cpe /Cly + €3t 1CH

salt

—K,C3. 2 =0 (15)
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Note that the calculations as described above, but in the presence of NaOH instead of
HCI, lead to the same equations except that Cj,, has to be redefined as the total concentration
of NaOH + NaCl in the external solution. Equations similar to Equation (15) were reported
before for anionic hydrogels with weak acidic functional groups (23), as well as for polyam-
pholyte hydrogels with both weak cationic and anionic units (11). Equation (15) contains the
ionic comonomer concentrations C4 and Cp in the gel phase. Defining f_ and f, as the mole
fractions of AAc and MAPTAC units in the network, they are given by:

Ca=f 2x10° (16)
v,
V2 3 .

Cy=frgx10’ (in M) (16b)

where V, is the molar volume of polymer units. As seen from Equations 15-16, the
solution of Equation (15) requires the polymer concentration in the gel v,, which is deter-
mined by Equation (13). Therefore, Equations (13) and (15) were solved simultaneously
for both H* concentrations in the gel C§. and the polymer concentration v,. In the
following, we solved Equation (13) numerically with the bisection method by systematic
variation of C§;+, until C};. satisfies the condition given by Equation (15). For calculations,
Ci.; was taken as the independent parameter, which was varied in our experiments. The
solution of the equations requires the values of the parameters v,, V,, v3, and ¥, character-
izing the network and the extent of the network-solvent interactions. Using the molecular
weight of AAm, AAc, and MAPTAC units (71, 72, and 221 g/mol, respectively) together
with the polymer density (1.35 g/mL (8)), V, was calculated as V, = 36.8 + 163.5
f++53.3 f— (mL/mol). From the modulus of elasticity of 10/20-gel, v, was calculated
as 48 mol/m?, which was used for all calculations. The volume fraction of crosslinked
polymer after preparation, v3, was calculated from the initial monomer concentration
(5 w/v%) together with the polymer density, as 0.037. The y parameter value for
PAAm-water system was evaluated before from the swelling and elasticity data for
uncharged PAAm hydrogels swollen in water (7, 24). A best-fit value for y of 0.48 was
obtained. This value of y parameter provided a good fit to the experimental swelling
data of acrylamide-based anionic, cationic, and polyampholyte hydrogels of various com-
positions (7). For the following calculations, y was held constant at this value. It must be
pointed out that the y parameter is independent on the number of the charges created on the
network chains, since this effect is included in Equation (12). Respective calculations
using the parameters given above yield, under certain conditions, three sets of solutions
for Equations (13) and (15), indicating an instability in the gel. In these cases, the
excess chemical potential of the polymer segments, Au,, was calculated (25). The
solution that gives a smaller value of Au, was taken as the stable gel phase. If two
solutions give the same value of Aw,, then a phase transition is predicted.

Simulation results of Equations (13) and (15) for 10/20-, 4/26-, and 1/29-gels
immersed in water of various pH are shown in Figure 5. Here, the gel volume V,,
(=vg/ v,) and the pH in the gel phase pHj, (=10_C‘7f*) are plotted against pH of the
external solution. Comparison of the theoretical V., vs. pH curves in Figure 5 with
the experimental data for the same set of gels given in Figure 3 clearly shows that the
theory qualitatively predicts the experimental behavior of gels. The collapsed plateau
observed in 10/20- and 4/26-gels, as well as the first-order phase transitions observed
for these gels were also predicted by the theory. In agreement with the experiments, the
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Figure 5. The equilibrium volume V., of the hydrogels with three different molar ratios of MAP-
TAC/AAc units and pH in the gel solution (pH,,,) shown as a function of pH of the external solution.
Phase transition regions are indicated by the vertical dotted lines. Calculations were using Equations
(13) and (15).

plateau shifts toward a lower range of pH as the MAPTAC is decreased and it disappears
for the gel with 1% MAPTAC content.

To explain the physical meaning of the predictions, we will first consider the 10/20-
gel immersed in water. At a low pH, the gel network exists as a cationic polyelectrolyte
because of suppression of its AAc groups. At pH = 0, the dissociation degree « of AAc
is almost zero, that is, the cationic gel exhibits a maximum charge density (f;. = 0.10).
However, it remains collapsed due to the high H" concentration in the solution C%:,
which totally screens the MAPTAC groups. As pH increases from 0 to 3.2, the gel
swells due to the decrease of Cf. from 10° to 6 x 10~* M. Although the simultaneous
increase of « in this range of pH decreases the net charge of the gel, (Cz — a C,), this
effect is negligible and, decreasing H" concentration dominates the swelling process.
However, above pH = 3.2, since H' concentration is low, decreasing gel charge
density with rising pH dominates the swelling process so that the gel deswells continu-
ously until the IEP, i.e., until pHigp = 4.25, at which the network is electroneutral and
adopts a compact conformation.

It should be noted that, in the range of pH between 3.2 and 4.25, the acrylate (Ac )
concentration is much larger than the H' concentration in the gel solution. Therefore, the
local electroneutrality in the gel phase is provided by the MAPTAC units acting as the
counterions of Ac™ units. As pH approaches to pHigp, more and more MAPTAC units
are occupied by Ac™ units formed by the dissociation of AAc groups. At the IEP, both
the concentrations of the dissociated AAc and MAPTAC units in the gel become
3.5 x 107% M compared to C§+ = 5.6 x 107> M. Thus, H" concentration in the gel at
the IEP is about thousand-fold smaller than the concentration of fixed Ac™ groups.
Since no more MAPTAC units are available for the AAc units to dissociate beyond the
IEP, the dissociation of AAc stops so that both the gel volume and pH in the gel
remain unchanged until pH = 7.48. Thus, along the collapsed region of gel, pHj,
remains constant at pHjgp. At pH = 7.48, the osmotic pressure due to the concentration
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difference of H' and Na™ ions between the gel and outer solution exceeds the negative
osmotic pressure due to the gel rubber-like elasticity holding the gel in a collapsed
state. As a result, the gel undergoes a first-order swelling transition, during which the
gel network transforms from electroneutral to anionic one. Increase of the gel volume
during swelling decreases the H" concentration in the gel, which enhances the ionization
of AAc groups and results further expansion of the anionic network. The dissociation
degree a approaches to unity at pH = 8.2 so that between pH = 8.2 and 10, the anionic
gel volume remains almost constant. Above pH = 10, the gel deswells again due to the
increasing concentration of ions in the solution which screens the Ac- groups responsible
for gel swelling.

As the MAPTAC content is decreased from 10 to 1%, the charge density of the cationic
gel at a low pH also decreases so that the gel volume in acidic solutions decreases. Simul-
taneously, decreasing MAPTAC content moves the IEP toward a lower pH so that the gel
remains collapsed in a lower range of pH. For the 1/29 gel, IEP occurs at pH = 2.80. Since
there are enough H" ions in the gel at this value of pH, the dissociation of AAc continuous
beyond the IEP and no plateau appears in the swelling curve.

Comparison of the experimental data with the theory also indicates that the theory
predicts much larger gel volumes than observed by the experiments. Also, the range of
pH in which the gels are in a collapsed state, as well as the volume of the collapsed
gels predicted by the theory are also much larger than found by the experiments. These
discrepancies may originate from various nonidealities. The swelling model assumes
that all the fixed charges inside the gel and therefore, their counterions are effective
in the gel swelling. Recent experimental and theoretical results indicate however the
existence of “osmotically passive” counterions inside the swollen gel which do not
contribute to the swelling process (2, 8, 24, 26, 27). We have shown that a large
fraction of counterions in ionic gels is ineffective in the swelling process (24).
Since the model neglects this nonideality, it predicts larger gel volumes than
observed by the experiments. Moreover, gel heterogeneities may also be responsible
for these deviations. As reported before (28, 29), the gel formation process by free-
radical mechanism necessarily leads to inhomogeneous gels with a nonuniform distri-
bution of crosslinks. Thus, it consists of highly crosslinked domains separated by the
dilute regions. The counterions in the highly crosslinked (less swollen) regions of the
gel may condense on the network chains and become passive in the gel swelling.
Inhomogeneous distribution of the ionic comonomer units along the network chains
may also contribute to the observed discrepancies. The attraction between charge
density fluctuations due to the gel inhomogeneities may lead to a chain collapse and
form a much dense globule than predicted by the theory. Furthermore, the use of a
single dissociation constant K, for acrylic acid units is also questionable. K, may
vary depending on pH and salt concentration and, it is also sensitive to the local
environment of AAc groups, as each ionized AAc group is known to decrease the
tendency of its neighbors to ionize (16). Finally, the swelling calculations based on
the ideal Donnan theory are not capable of describing antipolyelectrolyte behavior
of the hydrogels in salt solutions. This is also illustrated in Figure 6, where the exper-
imental swelling curves (solid lines) of 10/20-gel at pH = 2.7 and 4.1 are compared
with the calculation results (dotted curves). In this Figure, the gel volume calculated
by the theory (Vg meory) Was adjusted to fit the experimental V,, data obtained at
pH = 2.7. Although the theory qualitatively reproduces the deswelling curves of gels
in NaCl solutions, the swelling of balanced hydrogels cannot be predicted. By
inserting the Debye-Hiickel theory of electrolyte solutions into the swelling model
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Figure 6. The experimental swelling curves (solid lines) of 10/20-gels at pH = 2.7 and 4.1 in NaCl
solutions of varying concentration are shown in comparison with the predictions of the theory
(dotted curves). The gel volume calculated using the theory (Vg imeory) Was adjusted to fit the experi-
mental V., data obtained at pH = 2.7.

(6), we were able to account for the antipolyelectrolyte behavior of the hydrogels.
However, such calculations provided poor agreement with the experimental data at
the expense of greater numerical complexity and larger number of parameters. The
simple swelling model presented here well describes the equilibrium swelling
behavior of polyampholyte hydrogels under various experimental conditions.

Conclusions

The swelling behavior of AAm-based polyampholyte hydrogels was investigated. Three
sets of hydrogels containing 70 mol% AAm and 30 mol% MAPTAC + AAc of varying
mole ratios were prepared. The variations of the hydrogel volume in response to
changes in pH, and salt concentration were measured. As pH increases from 1, the
hydrogel volume V,, in water first increases and reaches a maximum value at a certain
pH. Then, it decreases again with further increase in pH and attains a minimum value
around the IEP. After passing the collapsed plateau region, the gel reswells again up to
pH = 7.1. The reswelling of the collapsed gels containing 10 and 4% MAPTAC occurs
as a first-order phase transition at pH = 5.85 and 4.35, respectively, while the hydrogel
with 1% MAPTAC reswells continuously beyond the IEP. A qualitative agreement was
found between the experimental behavior of the hydrogels and the predictions of the
Flory-Rehner theory including the ideal Donnan equilibria.
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