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Interactions of Sodium Ions with the Sodium Salts of Poly(acrylic
acid/acrylamide) Copolymers of Varying Charge Density

Marie Kowblansky* and Paul Zema
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ABSTRACT: Sodium ion activity coefficients in aqueous solutions of fully neutralized poly(acrylic acid/
acrylamide) copolymers, whose charge spacing varied from 2.5 to 415 A, were determined at 25 °C in both
the absence and the presence of added simple electrolyte, NaBr. The results are compared with those predicted
from additivity and from the theories of Manning and of Iwasa et al. A new empirical linear relationship
between the square root of the polyelectrolyte charge density and measured counterion activity coefficients

is demonstrated.

Introduction

Single-ion activity coefficients have been used exten-
sively to study the interactions of small ions with polye-
lectrolytes. While coion activity coefficients generally are
unaltered in the presence of polyelectrolytes,! counterion
activity coefficients!™'? are significantly lower in polye-
lectrolyte solutions than in simple salt solutions of com-
parable concentrations. The higher the charge density of
the polyelectrolyte, the greater is the counterion—polyion
interaction, and consequently, the lower is the activity
coefficient.

In recent years attention has been focused on the
Manning!®® theory of polyelectrolyte solutions, in which
the polyelectrolyte is represented as an infinite line charge
and limiting laws are derived for thermodynamic and
transport properties of the small ions in solution. Since
the theory is purely electrostatic, the limiting laws are
derived in terms of the counterion charge Z;, coion charge
Z,, and a dimensionless parameter £, which is a measure
of the polyion charge density

£=e?/ekTh Q)

where e is the protonic charge, ¢ is the dielectric constant
of the solvent, & is the Boltzmann constant, T is the Kelvin
temperature, and b is the average axial spacing between
charged groups on the polyion.

Two modes of counterion—polyion interaction are in-
corporated into the theory, depending on whether £ is
above or below a critical value £, defined as |Z;| . For ¢
< £,, counterion-polyion interactions are treated by the
Debye-Hiickel approximation, which results in the fol-
lowing expression for univalent counterion activity coef-
ficients v, for salt-containing polyelectrolyte solution

7= UKD gy @

where X = n,/n,, the concentration ratio of polyelectrolyte
n, to simple salt n,, in equivalents. For salt-free solution
(& = «) eq 2 simplifies to

n=et  gsg )

When £ > £, counterions condense onto the polyion until
£ = ¢, and the remaining uncondensed counterions interact
with the polyion, whose charge density now equals £, by
Debye-Huckel forces. The resulting expression for v,
incorporating both these concepts, for monovalent coun-
terions is

£1X + 1
X+1

where the exponential term, due to the Debye—Hiickel
approximation, is multiplied by the fraction of uncon-
densed ions in solution. For a salt-free solution eq 4 be-
comes

vy = eOSEX/EIXA) > (4)
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New limiting laws for counterion and coion activity
coefficients were derived by Iwasa et al.%?® For the line
charge model with its attendant counterion condensation,
cluster theory was used to show that uncondensed coun-
terions interact more strongly with the line charge than
in the Manning treatment. For monovalent counterions
in polyelectrolyte solutions containing salt
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In the absence of salt the Iwasa expressions are identical
with those obtained by Manning (eq 3 and 5).

To test the Manning and Iwasa theories significantly,
experiments should be performed by utilizing a polyelec-
trolyte whose charge density can be varied over an ex-
tensive range of £ values, on both sides of £, without al-
tering the primary structure. With such a polyelectrolyte,
specific effects remain constant and electrostatic effects
can be focused upon. With this in mind, sodium ion ac-
tivity coefficients have been determined for aqueous so-
lutions containing fully neutralized poly(acrylamide/acrylic
acid) copolymers, whose ¢ values ranged from 0.02 to 2.85,
in the presence and absence of sodium bromide.

Experimental Section

Copolymers of acrylamide/acrylic acid were prepared by hy-
drolyzing polyacrylamide (PAM) under alkaline conditions.?!
PAM of molecular weight (5-6) X 10 was obtained from Po-
lysciences. Since aqueous solutions of this polymer were very
viscous and difficult to handle, the polymer was sheared in a
Waring blender until a significant decrease in viscosity was ob-
served, prior to further treatment. Accurate control of the mo-
lecular weight in the shearing procedure was not undertaken since
it is well established that electrochemical properties are inde-
pendent of polyelectrolyte molecular weight.??

All acrylamide/acrylic acid copolymers were prepared by hy-
drolyzing PAM with NaOH at 60 °C at the conditions described
in Table I. Following hydrolysis, the solutions were acidified
to a pH below 1 and then purified by exhaustive dialysis against
doubly distilled water. Concentrations of the resulting polyacid
stock solutions were determined by drying several aliquots of the
stock to constant weight in a vacuum oven at 60 °C. The error

© 1981 American Chemical Society



Vol. 14, No. 1, January-February 1981

Small Ion/Polyelectrolyte Interactions 167

Table I
Conditions for Hydrolysis of PAM? and Several Properties of the Resulting Sodium Polyelectrolytes
NaOH hydrolysis mol % [n10

sample conen, N time, min hydrolyzed dL/g bl A £
NaPAM-0.6 0.6 3.5 417 0.02
NaPAM-10 0.1 15 10 4.9 25 0.29
Na-PAM-14 0.1 30 14 4.3 18 0.40
Na-PAM-42 1.0 15 42 3.7 6.0 1.20
Na-PAM-57 1.0 120 57 6.4 4.4 1.62
NaPA 100 2.6 2.5 2.85

¢ Hydrolysis temperature 60 + 2 °C, PAM concentration 16.5 g/L.

a spacing of 2.5 A for vinyl groups.

in this determination is approximately £0.3%. Equivalent weights
(degree of hydrolysis) of the purified samples were determined
by potentiometric titration of the purified polyacids with NaOH.
One the basis of replicate determinations, the error in the de-
termined equivalent weights is £0.5%.

The purified polyacids were converted to their sodium salts
with NaOH. All polymer samples are labeled as NaPAM-y, where
y denotes the degree of hydrolysis as mol % (i.e., acrylic acid
content of the copolymer). Intrinsic viscosities [n] of the sodium
salts of the copolymers were determined in 0.5 M NaBr at 25.0
£ 0.05 °C in an Ubbelohde viscometer and are reported in Table
I. Since the molecular weight of the starting PAM for each
hydrolyzed sample was different, no relationship between degree
of hydrolysis and [n] can be deduced from these data. A sys-
tematic study of the relationship between these two variables is
currently in progress. Sodium polyacrylate (NaPA) was prepared
from 2 X 10° molecular weight poly(acrylic acid) purchased from
Polysciences. Purification and concentration determinations were
carried out according to the procedures described above for the
hydrolyzed PAM samples.

Analytical grade NaBr was used without further purification.
All solutions were prepared by volumetric dilution of the stock
NaBr and appropriate sodium polyelectrolyte solutions.

Orion solid-state sodium ion selective electrodes were used in
conjunction with Orion double-junction reference electrodes (with
NH,CI filling solution) for the measurement of activity coefficients.
All measurements were carried out in stirred solutions thermo-
stated at 25.0 = 0.05 °C. Calibration curves were determined both
before and after every series of measurements on the polyelec-
trolyte solutions. Electrode slopes were Nernstian and were never
found to differ by more than 1 mV/decade (usually less) between
the two calibrations. Activity coefficients of the standardizing
NaBr solutions were calculated by the extended Debye-Hiickel
equation.

Results and Discussion

Sodium ion activity coefficients have been measured at
25 °C in aqueous solutions of the sodium poly(acrylate/
acrylamide) polyelectrolytes listed in Table I. Each po-
lyelectrolyte was studied at two polyelectrolyte concen-
trations, 0.018 and 0.0045 N, both in the presence of NaBr
and in salt-free solutions. The NaBr concentration was
varied so that X, the equivalent concentration ratio of
polyelectrolyte to simple salt, ranged from 0.5 to 12,5 at
each polyelectrolyte concentration. In the absence of
simple salt X = «». The dependence of the measured
activity coefficient yn.+ on X is shown in Figures 1 and
2, where yn,+ is corrected for small ion-small ion inter-
actions by yn,+°, the sodium ion activity coefficient of the
added NaBr in the absence of polyelectrolyte. Values of
yna+t® Were obtained from the extended Debye—Hiuckel
equation. For salt-free solution (X = «), yy,+° is equal
to unity. Also shown in Figures 1 and 2 are the theoretical
curves obtained from the Manning and the Iwasa limiting
laws. The plotted data demonstrate that, for the con-
centration range studied, yng+/Yne+° 18 independent of the
concentration of polyelectrolyte at any given value of X.
This is in accord with both theories, which predict that
the extent of counterion-polyion interaction is governed

b Measured at 25 + 0.05 °C in 0.5 N NaBr. ¢ Based on
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Figure 1. Dependence of yn,+/vne+° on X at 25 °C in aqueous
solutions of NaPAM-42 (¢ = 1.20), NaPAM-57 (¢ = 1.62), and
NaPA (¢ = 2.85) containing NaBr. Open and closed symbols are
for 0.018 and 0.0045 N polyelectrolyte, respectively. The solid
and broken lines are from the Manning and Iwasa theories, re-
spectively.
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Figure 2. Dependence of yya+/vYna+° on X at 25 °C in aqueous
solutions of 0.018 (0), 0.0045 (@), and 0.003 N (©0) NaPAM-0.6
(£ = 0.02), NaPAM-10 (¢ = 0.29), and NaPAM-14 (¢ = 0.40)
containing NaBr. Solid and broken lines are from the Manning
and Iwasa theories, respectively.

by the ratio of polyelectrolyte to simple salt and not by
the concentration of either component individually.
For each of the polyelectrolytes investigated, the mea-
sured activity coefficient ratios qualitatively follow theo-
retical predictions; i.e., yns*/Ynat® decreases with in-
creasing X for low X values and levels off approaching the
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Figure 3. Dependence of yy,+/vnat® 0On £ at 25 °C in salt-con-
taining (X = 5) and salt-free (X = =) solutions of NaPAM-y (@),
NaPEC (a), and NaCMC (0). The solid and dashed curves are
from the Manning and Iwasa limiting laws, respectively. (At X
= = both theoretical curves coincide.) NaPEC and NaCMC data
are from ref 2.
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Figure 4. Dependence of yya+/Yna+° on £ at 25 °C in salt-con-
taining aqueous solutions of NaPAM-y (@), NaPEC (&), and
NaCMC (0). The solid lines are from the Manning and Iwasa
limiting laws, respectively. NaPEC and NaCMC data are from
ref 2.

salt-free value with increasing X. With the higher charge
density polyelectrolytes, i.e., £ > 1, the observed activity
coefficients are in reasonable quantitative agreement with
theory (Figure 1). For ¢ = 1.2 the measured activity
coefficients are consistently in agreement with the Iwasa
predictions and below the Manning predictions over the
whole range of X values studied. At higher charge den-
sities, £ = 1.62 and 2.85, the observed activity coefficient
ratios are in good agreement with the Manning predictions
and above the Iwasa predictions, except in salt-free solu-
tion, where both theories overestimate the extent of
counterion—polyion interactions. When the charge density
is below the critical value, £ = 0.02, 0.29, and 0.40, both
theories greatly underestimate the extent of interaction
between counterions and polyions over the entire range
of X values, as seen in Figure 2.

To examine the relationship between the measured and
predicted counterion activity coefficients and £ more
closely, our experimental data and the theoretical curves
are plotted in Figures 3 and 4 as a function of £ for four
different conditions: salt-free (X = «), excess polyelec-
trolyte (X = 5), equal concentrations of polyelectrolyte and
simple electrolyte (X = 1), and excess simple salt (X = 0.5).
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Figure 5. Linear relationship between yy,+/vng+° and £/2 at 25
°C for aqueous salt-free solutions of NaPAM-y (@) and NaPMA
(0). The NaPMA data are from ref 7.

In the absence of simple electrolyte (X = «, Figure 3)
identical activity coefficients are predicted by the Manning
and Iwasa limiting laws for each value of £. The measured
values of yng+/¥na+® are below the theoretical curve at low
charge densities, intersect the theoretical curve at £ = 1.2,
and continue above the theoretical curve at higher charge
densities.

In the presence of simple salt (X = 5, 1, and 0.5, Figures
3 and 4), the theoretical values obtained from the Iwasa
limiting law are lower than from the Manning limiting law,
over the whole range of £. The relationship of the ex-
perimental results to the theoretical curves is the same for
all three conditions: at low charge densities the experi-
mental results show that the counterion-polyion interac-
tions are much stronger than dictated by either theory, at
£ = 1.2 the measured activity coefficients fall on the Iwasa
curve, and at higher charge densities the experimental data
are best described by the Manning theory.

Included in Figures 3 and 4 are the counterion activity
coefficients reported by Joshi and Kwak?® for sodium
(carboxymethyl)cellulose (NaCMC) and a series of sodium
pectinates (NaPEC) of varying charge density (¢ =
0.25-1.63), above and below £, in NaCl solution. Their
results are in excellent agreement with those obtained in
the present study at all charge densities. It was proposed
by these authors that the poor agreement with theory at
low charge densities might be the result of folding of the
polyelectrolyte chain and thus a breakdown of the linear
model employed in both theories. The use of conforma-
tional arguments to explain the discrepancy between ex-
periment and theory does not seem justified in view of the
excellent agreement in experimental results for the stiff
polysaccharide polyelectrolytes and the much more flexible
vinylic polyelectrolytes. It is highly unlikely that these two
types of polyelectrolytes at equal charge densities would
coil to the same extent in solution to give identical activity
coefficients. In view of the results of these two studies it
must be concluded that for polyelectrolytes whose £ values
are less than unity, the electrostatic interactions between
counterions and polyions are more significant than pre-
dicted by either theory. Perhaps condensation takes place
below £, as well as above.

While neither the Manning nor Iwasa theory adequately
describes the behavior of counterions over the entire range
of charge densities investigated, a new empirical rela-
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Table II
Experimental and Predicted® Values for 8§
and [ in Equation 8

X I exptl Sexptl Spreda
0.5 0.96 0.13 0.14
1.0 0.96 0.19 0.21
2.0 0.97 0.27 0.28
3.0 0.97 0.32 0.31
5.0 0.97 0.36 0.35
8.0 0.99 0.40 0.37

12,5 0.96 0.40 0.39
oo 0.96 0.42

¢ Predicted from eq 9.

tionship between the measured activity coefficients and
polyelectrolyte charge density has been found. This is
demonstrated in Figure 5, where the experimentally de-
termined values of yng+/vng+® Obtained in salt-free solution
are seen to decrease linearly with £/2 according to the
relationship

YNat/Yna*® = I - SEV/? (8

where I = 0.96, S = 0.42, and v,+°, as defined previously
for salt-free solutions, equals unity. Since the measured
activity coefficients were found to be independent of the
polyelectrolyte concentration, only average measured
values are plotted for clarity. What is most important
about the linearity is that the same continuous relationship
extends over both sides of £, As a consequence of this
behavior, coupled with the large discrepancy between
measured and theoretical activity coefficients below &, it
is tempting to speculate that condensation not only occurs
when £ > £, where there is good agreement between ex-
periment and theory, but below £, as well. Although the
physical significance of the linear relationship is not clear,
it is not unreasonable that the intercept value of 0.96 for
the sodium ion activity coefficient when £ = 0 may be due
to specific interactions between sodium ions and un-ionized
polyacrylamide and that the slope is an interaction con-
stant.

To determine if the linear relationship is unique for our
series of polyelectrolytes, or more generally true, sodium
ion activity coefficients reported by Costantino et al.” for
salt-free aqueous solutions of partially neutralized poly-
(methacrylic acid) (PMA) are also plotted in Figure 5 for
comparison. Between £ = 0.3 and £ = 2.85 good linearity
is obtained, with S = 0.35 and I = 0.84. The rapid increase
in the sodium ion activity coefficient below ¢ = 0.3, which
corresponds to 10% neutralization, may be an anomaly.
This is supported by the fact that anomalous behavior has
also been reported in viscosity?* studies of PMA at low
degrees of neutralization. It is most noteworthy that the
linear relationship for NaPMA extends well above and
below £,, which is unity. When fully neutralized, the charge
densities of poly(acrylic acid) and poly(methacrylic acid)
are equal (£ = 2.85). At this point the lines for the two
polyelectrolyte systems intersect but they diverge with
decreasing £. Since the charge density of PMA is varied
by neutralization of carboxyl groups, with decreasing de-
gree of neutralization (i.e., decreasing £) the self-ionization
of unneutralized carboxyl groups becomes increasingly
significant and, thus, may result in the divergence from
the NaPAM-y series of polyelectrolytes, which were all
fully neutralized. A systematic study comparing the be-
havior of partially and fully neutralized polyelectrolytes
of comparable charge densities should be undertaken.

In the presence of NaBr, at any constant ratio of po-
lyelectrolyte to simple salt, i.e., constant X, the linear
relationship between yy,+/yna+® and £'/2 given by eq 8 is
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Figure 6. Linear dependence of yy,+/vng+® on £/2 at 25 °C for
aqueous solutions of NaPAM-y in the presence of NaBr.

also obeyed as is shown in Figure 6. The numerical values
of S and I in eq 8 for each X are given in Table II, where
the correlation coefficients were all greater than 0.99, With
increasing X, the values of S approach the salt-free value
of 0.42; with decreasing X, they approach zero. If S, as
suggested above, is a measure of the counterion—polyion
interaction and if it is assumed that counterions from the
added NaBr are not affected by the polyelectrolyte, then
the slope for any value of X can be represented as an
additivity rule
X 1

X+t X ®)
where X/(X + 1) and 1/(X + 1) are the dimensionless
concentration weighting factors for polyelectrolyte and
simple salt, respectively, S.. is the measured slope from
salt-free polyelectrolyte solutions, and S, is the slope for
polyelectrolyte-free simple salt solutions. Since in for-
mulating eq 9 it was assumed that S is an interaction
constant and that the added simple electrolyte does not
interact with the polyelectrolyte, S, = 0, and the second
term in eq 9 also equals zero. The experimental and
predicted slopes agree remarkably well at all values of X,
as is shown in Table II, confirming the assumptions that
S is indeed an interaction constant and the added simple
electrolyte does not interact with the polyelectrolyte to any
significant extent.

The latter conclusion has previously been drawn from
the observed additivity of counterion activities61%:25

Sx

ANa+ = aPNa" + asNa* (10)

where aPy,+ and aSy,+ are the sodium ion activities in
salt-free polyelectrolyte solution and in polyelectrolyte-free
simple salt solution, respectively. However, when ex-
pressed in this form, the additivity rule is dependent on
the concentration of simple salt, due to small ion—-small
ion interactions. To eliminate this dependency a new
empirical additivity rule is formulated analogously to eq

9, in terms of the dimensionless concentration parameter
X

( YNat ) =
YNa*® X
X YNa* 1 'YNa*o
+
(X + 1)(‘YNB+° )a (X + 1)(’7Na+° )X (11)
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Figure 7. Comparison of experimental values of yy,+/yna+°® for
NaPAM-y with predictions from additivity eq 11 (solid lines).

where the subscripts have the same meanings as in eq 9
and all other symbols have been previously defined. The
first term on the right-hand side of eq 11 is the contribu-
tion from the polyelectrolyte; since its value is obtained
from measurements in salt-free polyelectrolyte solution,
YNat® equals 1. The second term is the simple salt con-
tribution. A comparison of the experimental values with
those predicted by additivity eq 11 is made in Figure 7,
where again agreement is very good for all values of X,
except at the very low charge density of £ = 0.02. Thus
from a knowledge of the activity coefficients in salt-free
polyelectrolyte solution, the activity coefficients of salt-

containing polyelectrolyte solutions can be quite accurately
predicted, much more accurately than from either the
Manning or Iwasa limiting laws.
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Active Transport and Selective Transport of Alkali Metal Ions
through Poly(3-vinyl-1,4-butyrolactone-co-acrylonitrile) Membrane

Takeo Shimidzu,* Masakazu Yoshikawa, Masayuki Hasegawa, and

Kenjiro Kawakatsu

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University,
Kyoto 606, Japan. Received March 25, 1980

ABSTRACT: A membrane made of the lactone-containing polymer poly(3-vinyl-1,4-butyrolactone-co-
acrylonitrile) exhibited active transport and selective transport of alkali metal ions. The active transport
of metal ions was promoted by H*. In the selective transport, the selectivity depended on both the affinity
of the carrier fixed to the membrane for alkali metal ions and the hydrophobicity or hydrophilicity of the

membrane.

The transport of specific ions is a common function of
a biomembrane. It is observed in the active transport of
ions through the cell wall, the proton transport in oxidative
phosphorylation, and the selective transport of K* and Na*
through the protoplasmic membrane. To develop synthetic
membranes having such functions is an important objective
of polymer chemistry.

Previously, active transport of metal ions through liquid
membranes, such as the transport of alkali metal ions by
monensin,! transport of Cu?* by S-diketone,? and the
transport of heavy-metal ions and anions by dithizone or
trioctylamine,? has been investigated. Selective transport

of metal ions through liquid membranes, such as the
transport by crown ether® and macrocyclic ligands com-
posed of tetrahydrofuran,’ or through synthetic mem-
branes®® has been studied. With the liquid membrane,
there is a membrane stability problem. Active and se-
lective transport through a synthetic membrane carrying
a fixed functional group has not been investigated.

We have synthesized several lactone-containing poly-
mers.”® Preliminary experiments showed that, among
these polymers, the membrane made of poly(3-vinyl-1,4-
butyrolactone-co-acrylonitrile) was capable of active and
selective transport of metal ions.!%!! In the present paper,
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