
Polymer Journal, Vol. 26, No. 5, pp 539-550 (1994) 

Studies of Polyelectrolyte Solutions V. Effects of 
Counterion Binding by Polyions of Varying 

Charge Density and Constant Degree 
of Polymerization 

Eckhard NoRDMEIER * 

Department of Physical Chemistry, University of Osnabriick 
49069 Osnabriick, FRG 

(Received August 19, 1993) 

ABSTRACT: The effect of the charge density on the behaviour ef polyelectrolytes in contact 
with counterions was studied by activity measurements, Donnan dialysis, dye-spectrophotometry, 
and potentiometric titration. The polyelectrolytes investigated were poly(acrylic acid), i.e., PAA, 
and acrylic acid/acrylamide copolymers, i.e., PAM-y, where y is the degree of hydrolysis. This 
gave charge density parameters, ¢, which range from 0.12 to 2.88. Activity coefficients were 
determined for Na+ and K + ions at T=25°C. The results were compared with those predicted 
from the theories of Manning and of Iwasa. Above the critical value, ¢. = 1, agreement with theory 
is satisfactory, but for ¢ < 1 there are significant deviations. The probable reason is change in the 
polyion flexibility. Binding isotherms for the univalent counterions, Na+ and K +, were determined 
by utilizing the dialysis technique. It is found that the degrees of binding, 0N• and 0K, decrease 
with decreasing¢ as predicted from theory. For¢< 1, the experimental error in 0Na and 0K becomes 
very large (>20%), but within this error no counterion binding is observed. The binding of the 
divalent counterion Mg2 + was examined by a dye spectrophotometric method, where Na+ or K + 
ions were added in excess. The results were analyzed within Manning's two-variable theory. For 
¢ > 1, the binding isotherms are in reasonable agreement with theory. For ¢ < 1, the Manning 
theory tends to under-estimate the degree of Mgz+ binding, 0Ms· Interestingly, 0M8 is not zero at 
¢ = 0.28, suggesting that for divalent ions counterion binding occurs above ¢. = 0.5 as well as below. 
Potentiometric titration shows that there is some polyion folding for PAM-y. The degree of folding 
increases with decreasing y. This leads to increase of the effective polyion charge, so that ¢ should 
be replaced by ¢,rr· It is observed that there is a small binding specificity for Na+ over K + at large 
¢. This vanishes when ¢ becomes small. The reason is not clear yet. It may be due to increase in 
the content of helical segments of PAM-y as y decreases. 
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A number of attempts 1 - 3 have been made 
to theoretically explain the physicochemical 
properties of polyelectrolyte solutions. How
ever, the theories have not proven completely 
satisfactory. This indicates that our under
standing of the subject is still incomplete. 
Perhaps, the greatest theoretical problems arise 
from the high charge density on the polyion 

which makes application of the simple Debye
Hiickel theory unacceptable. To overcome this 
difficulty the concept of counterion binding4 

has been found of great utility. 
However, the definition of counterion bind

ing in physical terms is still ambiguous. It 
can be divided into two types. Some of the 
counterions are attracted to a volume Vp of 
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the polyion domain through electrostatic 
interactions. Although these ions are localized 
to some extent, they are mobile. This type of 
binding is referred to as diffuse or territorial 
binding. Other counterions are attracted to 
specific groups of the polyion through for
mation of ion pairs. These counterions are 
completely localized and become part of the 
polyion backbone. This type of binding is 
referred to as site or localized binding. In 
general, overall counterion binding is a 
combination of both types, possibly with one 
type predominant. 

Several thermodynamic and electric trans
port properties have been employed5 - 7 to 
examine the type and extent of counterion 
binding. The results obtained, however, differ 
significantly. This is because the experimental 
techniques used are diversely sensitive for the 
two types of binding. 

The present study reports counterion bind
ing experiments on polyelectrolytes of vary
ing charge density and constant degree of 
polymerization. Very little work8 - 10 has 
been done in this field, although it is well 
recognized that the charge density is the most 
important parameter affecting the solution 
properties of a polyion. 

We focus our attention to acrylic acid/acryl
amide copolymers, PAM-y. Their charge den
sity can be varied by changing the ratio, y, 
of acrylic acid to acrylamide to any desired 
extent without altering the degree of polym
erization. This is readily achieved by hydro
lyzing nonionic polyacrylamide with NaOH. 

The paper is organized as follows. First, we 
consider Na+ and K + activity coefficients of 
poly(acrylic acid) called PAA and of PAM-y. 
The charge density, (, covers the range froni 
0.12 to 2.88. The results are compared with 
predictions of the theories of Manning11 and 
Iwasa. 12 We query whether there is the 
possibility of selective counterion binding 
caused by the PAM-y acrylamide groups. 
Second, we examine the counterion binding of 
Na+, K +, and Mg2 + ions, where for Mg2 + the 
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Na+ and K + ions are added in excess. Theory11 

predicts that when ( is larger than (c, where 
(c is the critical charge density, counterions 
condense (bind) onto the polyion until ( is 
equal to (c· The remaining counterions are free, 
i.e., they are localized in the polyion Debye
Hiickel atmosphere. Theoretical justification of 
Manning's condensation theory was given by 
LeBret and Zimm. 13 Experimental evidence 
exists only for ( > ( c· 14• 15 Thus, we query 
what is with ( < (c· Third, we explore the 
possibility of polyion folding by potentio
metric titration. Such a conformation tran
sition would change the actual value of ( so 
that ( should be replaced by (err· 

Altogether this paper should contribute to 
a deeper understanding of polyion behaviour 
and help to elucidate biological phenomena 
such as ion carriers or ion channels. 

EXPERIMENTAL 

Materials 
Poly(acrylamide), PAM, was purchased 

from Stockhausen. It has a molecular mass, 
Mw, of l.75x 106 gmol- 1 , which was deter
mined by small angle static light scattering 
in 0.1 M NaCl at T=25°C. The dye Erio
chrome Black T (EBT) and the poly(acrylic 
acid), PAA, were from Aldrich. The molar 
mass of PAA is 2.1 x 106 g mol - 1 • The salts 
used are NaNO3 , KNO3 , and Mg(NO3)z. They 
were of analytical grade (from Merck). 

Copolymer Preparation 
The acrylic acid/acrylamide copolymers were 

prepared by hydrolyzing poly(acrylamide) 
under alkaline conditions. In detail, 1 liter of 
solution, containing 1 % (by mass) of PAM was 
kept in a well stirred reaction vessel. The 
temperature of this vessel was controlled at 
60°C and NaOH was added to give a 2 M 
NaOH solution. Following hydrolysis at 
different time intervals between 0.1 and 150 h, 
samples were taken from the reaction mixture. 
These were acidified to pH~ 1 and then purified 
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Table I. Several properties of the 
polyelectrolytes studied 

Sample y/% b/A 

PAM-4 4 60.0 0.12 
PAM-IO 10 25.7 0.28 
PAM-16 16 16.0 0.45 
PAM-30 30 8.4 0.86 

PAM-42 42 5.9 1.22 
PAM-68 68 3.7 1.96 
PAA 100 2.5 2.88 

by exhaustive dialysis against doubly distilled 
water. After that, aliquots of the purified 
copolymers were freeze dried and elemental 
analysis was performed to determine the 
degrees of hydrolysis. Finally, the polyacids 
were converted to their Na or K salts by 
neutralization with NaOH or KOH and stored 
in a cold room at 5°C. 

To distinguish between the different acryl 
acid/acrylamide copolymers prepared, we la
bel them PAM-y, where y is the degree of 
hydrolysis, i.e., the acrylic content per 
copolymer in mole percent. Table I lists the 
various structural parameters used. b is the 
average spacing between two carboxylate 
groups on the polyion and is the charge 
density parameter, so that 

(1) 

Here, e is the elemental charge, sis the dielectric 
constant of the solvent, k8 is the Boltzmann 
constant, and T is the temperature in Kelvin. 
The maximal degree of hydrolysis achieved is 
nearly 70 mol % . This value is in good accord 
with the limiting values reported by other 
workers. 16•17 An explanation is that at high y 
the Coulombic repulsion of OH- by two 
coo- -groups is so strong that hydrolysis is 
no longer possible. This is supported by the 
fact that the acrylic acid singlets and doublets 
are distributed randomly along a PAM-y chain. 

Activity Measurements 
Activity coefficients of Na+ and K + ions 
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were determined with a Metrohm cationic 
electrode at 25°C. The EMF-analysis was 
carried out as described by Gekko et al. 18 . 

Donnan Exclusion Measurements 
The dialysis technique used was described 

recently. 19 Na+ and K + ion concentrations 
inside and outside the dialysis bag were 
determined by atomic absorption spectroscopy 
(AAS), the NO 3 - ion concentrations were 
obtained by utilizing an anionic electrode 
(Orion) and the fractions of bound Na+ and 
K + ions per carboxylate group, 0Na and 0K, 
were computed by the procedure presented in 
ref 19. 

The Dye Spectrophotometric Method 
Mg2 + concentrations were determined using 

a dye spectrophotometric method. Briefly, this 
method uses a weak dye-metal ion equilibr
ium as a concentration probe for the metal ion. 
By working at very low dye concentrations re
lative to those of the metal ion and polyion con
centration the polyion-counterion binding is 
not disturbed by the dye. 

Here, the dye is Eriochrome Black T (EBT) 
and the divalent counterion is Mg2 +. The 
binding constant of the EBT-Mg2 + complex21 

is of the order of 4000 at pH= 8 and ionic 
strength 0.1 M. Thus, the equilibrium Mg2 + + 
EBT Mg2 + EBT is neither fully to the right 
nor to the left. The equilibrium constant 
depends, however, strongly on pH. All solu
tions must be therefore carefully buffered. This 
was achieved using tris(hydroxymethyl)amino
methane as the buffer. This has a good buff
ering capacity at pH= 8 and low concentra
tions (up to 1 x 10- 3 M) can be used. In ad
dition, the cation, tris(hydroxymethyl)-meth
ylammonium, is fairly large. Thus, interfer
ences in activity measurements of Na+, K +, 
or Mg2 + ions are not expected. 

The measurements were performed with 
a Perkin-Elmer 550 SE/UV/VIS spectropho
tometer, working in the dual beam mode. 
The optical cells were of 1 cm in height. They 

541 



E. NORDMEIER 

were thermostated at 25±0.1°C. The wave
lengths used were A'= 615 nm and ).." = 560 nm. 

The dye (c0 = 3 x 10- 5 M) was added to both 
reference and polyelectrolyte solutions just 
before carrying out absorbance measurements. 
This was required to minimize problems due 
to the decomposition of ETB. 

Potentiometric Titration 
Potentiometric titrations were carried out 

with a digital pH-meter Model 91 with a glass 
electrode E 50 (both WTW). Each solution 
(20 ml) was titrated at 25°C under an argon 
atmosphere with NaOH or KOH. Readings of 
pH were considered reliable if they were 
reproducible within ± 0.01 pH unit before and 
after each titration. 

The degree of ionization, IX, was determined 
by the relation 

IX=[Ce+Ctt+ -Kw/Ctt+J/Cp, (2) 

where C0 is the number of NaOH or KOH 
moles titrated, Cw the H+ -molarity and Kw 
the water constant. Cp is the concentration of 
the carboxylic acid group. It was calculated 
from the NaOH or KOH-concentration at the 
end point. 

Analysis was made in the usual manner. 
The pH of a poly(carboxylic acid) solution is 
related to the electrostatic free energy AG01(1X) 
by 

pH=pK0 -log[(l-1X)/1X] +0.434AG0 i{1X)/k8 T, 
(3) 

where pK0 is the negative logarithm of the 
intrinsic dissociation constant of a carboxylic 
acid group which is defined as 

Ctt+Ccoo
Ko=----

Ccoott 
(4) 

Introducing the apparent logarithm ionization 
constant, pKa, where 

pK3 (1X)=pH+log[(l-1X)/1X], (5) 

eq 3 can be rewritten in 
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so that 

G0 i(1X) is the eletrostatic free energy per ion
izable carboxylic group at a given degree of 
ionization, IX, i.e., G0 i(1X) corresponds to the 
area under the curve pK3 (1X)-pK0 versus IX. 
Here, it is expected that G0 i(1X) depends on 
the degree of hydrolysis. 

RESULTS AND DISCUSSION 

Activity Coefficients 
There are two interesting theories for coun

terion activity coefficients. One was developed 
by Manning11 and the other, by Iwasa et al. 12 

According to Manning it holds: 

if ~<~c, 

then 

Y+ =exp(-0.5~X/(X +2)); (8) 

and if 

then 

Here, X is the ratio of polyelectrolyte 
equivalent concentration Cp to simple salt 
concentration C., i.e., X = Cp/C.. ~c is the 
critical charge density parameter. For uni
valent counterions ~c = 1. 

The calculations of Iwasa et al. base on the 
cluster theory. Their results can be expressed as 

Y+ = 

exp[}:2 ( -0.5+0.3906~(x: 2 - 1))] 

(10) 
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(x/0+1 [ c 1x 
y + = X + I exp - 1 X + 2 

x(-o.5+0.3096( ~-ix 1))] (II) c 1x+2 

Note, both formula sets are limiting laws and 
applicable only when solutions are dilute 
(Cr<0.l M). 

To test these theories, sodium and potassium 
ion activity coefficients were measured in 
aqueous solutions of PAA and PAM-y at 25°C. 
Each polyelectrolyte was studied at three 
different concentrations CP in the range of 
0.005 to 0.015 M. The NaN03 concentrations 
were varied so that X ranged from 0.3 to 15 
at each Cr. 

Activity coefficients must be corrected for 
mobile ion-mobile ion interactions before they 
can be compared to the limiting laws. The 
correction procedure used was, therefore, that 
employed by Wells22 and Kwak. 23 It can be 
stated as, 

exp 1 .0 
.!!_· 
l~. 0.9 

0.8 

0.7 

0.6 

05 

0.4 

K/PAM-42 

a Cp=0.005M 

o Cp=0.010M 

a Cp=0.015 M 

= 1.22 

(12) 

0.3 ._..___..___,____,____,____,____,_______J 
3 5 7 9 11 13 15 

X 

Figure 1. Dependence of yr!'/y~. on X at various 
polyion concentrations in aqueous solutions ofK-PAM-42 
(~=1.22). Cr=0.005 (L',), 0.010 (0), and 0.015M (D). 
Solid and dashed-dotted lines are calculated from eq 9 and 
11, respectively. Tis 25°C. 

Polym. J., Vol. 26, No. 5, 1994 

where y~P and Y'=t- are the experimental and 
corrected counterion activity coefficients. y~ is 
the activity coefficient of the added salt in the 
absence of polyelectrolyte. Values of 'Y~a• and 
y + were obtained as y 1 values from Robinson 
and Stokes. 24 

For = 1.22 the activity coefficients mea
sured are shown in Figure 1. The data are 
plots of Yi• versus X. They do not show a 
significant Cr-dependence for the concentra
tion range studied. This is in accord with the 
above theories, which predict that y'=t- is 
independent of Cp. It is also in agreement with 
the experimental results of Kowblansky and 
Zema. 25 

The dependence of the activity coefficients 
on the charge density parameter,~, is illustrated 
in Figures 2 and 3, where is larger than 1 in 

1.0 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

Activity Coefficients 

of K+ (a) and Na•(•) 

3 5 7 9 11 13 15 
X 

Figure 2. Corrected activity coefficients y":"/y~ of Na+ 
and K + ions versus X = Cr/Cs in aqueous solutions of PAA 
(~ =2.88), PAM-68 (~ = 1.96), and PAM-42 (~= 1.22). 
Solid and dashed-dotted lines are from the Manning and 
Iwasa theories, respectively. Cr is 0.01 M and Tis 25°C. 
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Figure 2 and smaller than 1 in Figure 3. Also 
shown are the Manning and Iwasa limiting 
curves. 
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Figure 3, Corrected activity coefficients y"i'"/y<:- of Na+ 
and K + ions versus X = Cr/Cs in aqueous solutions of 
PAM-30 G=0.86), PAM-16 (~=0.45), and PAM-4 
(~=0.12). Cp is 0.01 Mand T=25°C. Symbols and lines 
as in Figure 2. 

We see that the activity coefficients follow 
qualitatively the limiting laws, i.e., Y~a+ and 
y~+ decrease with increasing X. At low X, the 
Manning and Iwasa predictions are not very 
different. For > 1, there is reasonably good 
agreement with both theories as long as X < 2. 
As X increases, there is disparity between 
experiment and theory. Then, Y~a+ is always 
significantly smaller than y~ +. This gives rise 
to the ion series Na+> K +. 

If~ < 1, the downward shifts of y '=t- are much 
less than predicted by the theories. Addition
ally, the Y~a+ values tend to be closer to the 
y~ + values as for > 1. This point will be 
discussed later. 

That is, for < 1, there is a significant 
discrepancy between experiment and theory. 
This is also found by Joshi and Kwak for 
sodium pectinates26 and by Kowblansky and 
Zema25 for PAM-y. It was proposed by the 
latter that counterion condensation takes place 
possibly below ~c = 1, as well as above. This 
may be right, as will be seen later. 

The y ~a+ and y + data can be well fitted by 
eq 8 to 9 if the parameter is chosen 
appropriately. The values of required to 
obtain a reasonable fit are listed in Table II. 
They are called ~.m where the suffix "eff" 
stands for effective. For~< 1 and also for~> 1, 
~.rr increases with decreasing~- This may have 
two reasons. 

Table II. Microenvironmental effective dielectric constants and effective ~-values 
calculated from the Manning theory 

Method Activity measurement Counterion binding 

Ion Na+ K+ 

Sample eeff ~.ff eeff ~.ff ~eff ~.ff 

PAM-4 25.2 0.37 25.2 0.37 
PAM-10 38.2 0.58 38.2 0.58 
PAM-16 45.8 0.75 45.8 0.75 
PAM-30 60.1 1.12 60.1 1.12 58.5 1:15 58.5 1.15 

PAM-42 67.5 1.42 68.9 1.39 66.1 1.45 66.5 1.44 
PAM-68 73.4 2.08 78.3 1.95 74.9 2.04 78.5 1.96 
PAA 78.5 2.88 86.3 2.62 82.5 2.74 78.5 2.88 
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With decreasing ~' the average separation 
between neighboring polyion charges becomes 
larger. Thus, the repulsion between the charges 
may not be strong enough so that some folding 
of the polyion occurs. This would result in a 
larger effective value of~-

Note, folding is a conformational change 
within a single polymer chain. Probably, it is 
controlled via intramolecular hydrogen bonds. 
Intermacromolecular bonds can be excluded 
because light scattering measurements yield 
unchanged molar masses. 

Experimental support for this mechanism 
can be obtained from studies on aqueous 
polyacrylamide solutions. There are several 
effects which indicate the existence of hydro
gen bonds for PAM. For instance, there is a 
decrease in the intrinsic viscosity34 with time, 
while no viscosity loss could be observed 
when structure breakers35 such as formamide 
or propanol are added to the solutions. Other 
evidence are flocculation tests36 and IR 
investigations37 on deuterated and undeu
terated PAM. 

Viscosity decrease was also observed for 
PAM-y38 and poly(L-glutamic acid), 39 PGA. 
It is found that the viscosity loss of aqueous 
PAM-y solutions is more drastic than of 
aqueous PAM solutions. Moreover, time 
dependent estimations of the a-helix content of 
PGA from circular dichroism measurements 
show a decrease during the storage of the 
aqueous solutions from 53.3% (1st day) to 
7.4% (26th day) at 25°C. Unfortunately, there 
is, however, no clear evidence for a-helix in 
aqueous PAM-y solutions. 

Therefore, the other possibility is that there 
is no folding but that the dielectric constant 
Eerr at the polyion surface is different from 
that of the solvent. Values of E0 rr can be 
obtained from ,err· They are listed in Table IL 
We see that e0 rr decreases as or y decreases. 
However, the dielectric constant of an amide 
group is larger than that of a carboxylate 
group. The number of amide groups per 
PAM-y molecule increases with decreasing y. 
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That is, the dielectric constant, Eem at the 
polyion surface should increase and not 
decrease. Thus, we have a dilemma. 

If there is some folding, the NH2 and COOH 
groups are localized inside the helical segments, 
while the outside is built by the hydrophobic 
polyion backbone. We believe that the content 
of helical segments per PAM-y molecule 
increases with decreasing y. Thus, a PAM-y 
becomes more hydrophobic as y is lowered and 
the dielectric constant Eerr decreases. 

Probably, both a change in band a change 
in Eecr are realized, where one effect may be 
dominant. 

Counterion Binding 
Figure 4 shows the binding isotherms for the 

systems Na/Mg/PAA and K/Mg/PAA at va
rious ionic strengths in the range of 5 x 1 o- 3 M 
to 1.5 x 10- 2 M. The graphs are plots of 02 

versus CMg/Cp, where 02 is the fraction of bound 

0.50 .---,---,.----,-----.--r----y--~--, 

0.45 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 

PA A 

o,a I=0.005M 
o, e I= 0.010 M 

l>,Al=0.015M 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Cz/Cp 

Figure 4. Plots of 02 vs. C2/Cp for PAA at various ionic 
strengths, I. Open symbols are for potassium and the closed 
one for sodium. Upper line: simple condensation theory 
(J=O). Lower curves: two-variable theory at different I. 
The parameter~ is 2.88 for the solid lines (K +) and 2.74 
for the dashed lines (Na+). 
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divalent ions (Mg2 -+-) per carboxylate group. 
Cp is 0.0015 Mand CMg is the total Mgz+ -ion 
concentration. Values of 02 were determined 
via dye spectroscopy. 

Also shown in Figure 4 are the theoretical 
curves of Manning's two-variable theory (solid 
lines). They were calculated by numerical 
iteration of eq 6 of ref 19. The discontinuous 
upper line was calculated from Manning's ori
ginal condensation theory. This line will be 
reached when 02 is extrapolated to /=OM. 

The experimental isotherms show a smooth 
increase in 02 with increasing CMg/Cp. This is 
in reasonable agreement with the two-variable 
theory. However, the 0z(K/Mg/PAA)-values 
are slightly larger than the 0z(Na/Mg/PAA)
values at large CMg/Cp, 

Mg2 + and Na+ (or K+) ions are in com
petition for binding. A Mg2 + ion can bind 
only when simultaneously two Na+ (or K +) 
ions are released. Note, Na+ ( or K +) ions are 
present in excess. 

Thus, the isotherms of Figure 4 can be ex
plained as follows. The Mg2 + ions are better 
able to displace K + than Na+ ions from the 
region surrounding the PAA polyion. This 
leads to the specificity sequence Na+> K +, 
i.e., Na+ is stronger bound by PAA than K +. 
Similar specificities were found for other 
carboxylate polyanions in the absence of 
divalent ions. For alginates Ander27 found, 
for instance, from EMF measurements that 
y~+ >Y~a+· There are also authors who have 
arrived at no specificity and others28 who have 
deduced the reverse sequence K +>Na+. 
However, in most cases, where carboxylate 
polyanions were investigated, the affinity 
sequence Li+>Na+>K+>cs+ was found. 
That is, 01 , the fraction of bound univalent 
counterions per carboxylate group, decreases 
with decreasing hydrated radius of the cation. 

Note, the same sequency29 is found for 
polyphosphates, while the reverse sequency 
holds for polysulfonates and polysulfates. 
Obviously, such an influence is not in
corporated into the theory. That is, an 
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Figure 5. Plots of 01 versus C,/Cp for PAA (1), PAM-68 
(2), PAM-42 (3), and PAM-30 (4). Cp is 0.001 Mand Tis 
25°C. <•) Na+ and (D) K +. Solid curves: simple con
densation theory. Dashed curve: best fit for PAM-30. 

explanation cannot be given yet. 
We now turn our attention to the main 

topic of this paper, i.e., the influence of the 
charge density parameter, ~, on the fraction 
of bound uni- and divalent counterions. The 
critical value of~ is 1 for univalent and 1/2 for 
divalent counterions. Thus, four cases are 
interesting. They are 1 and < 1 for 
univalent cations and 1/2 and < 1/2 for 
divalent cations. 

Figure 5 shows isotherms for the systems 
Na/PAM-y and K/PAM-y. is larger than 1 
and no divalent cations are present. The graphs 
are plots of 01 versus C1 /Cp, where 01 is the 
fraction of bound univalent counterions. 
Values of 01 were determined by the dialysis 
method. C 1 is the total concentration of the 
Na+ (or K +) ions at dialysis equilibrium and 
Cp was 0.001 M. Also shown are the theoretical 
isotherms of the simple condensation model. 
Obviously, the agreement between theory and 
experiment is sufficient. For a given value 
of C if Cp, 01 decreases with decreasing ~. 
Simultaneously, the deviations between 0Na+ 
and 0K + become smaller. Both effects are in 
line with the measurements of the activity 
coefficients. 
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For ,<I, theory predicts 01 =0. Exper
imentally, the situation is somewhat diffuse. 
The values obtained for 01 by the dialysis 
method are of the order of zero (01 <0.05), but 
they are affected with errors of 20 and more 
%. Thus, one could conclude that 01 =0. 
However, we have also performed some 
measurements by Na-NMR and ESR. It is 
found that 01 is small, but larger than zero 
within the experimental error of 5-10%. That 
is, it seems that univalent counterions can 
condense for , s ,c, as well as for , > 'c· The 
reason why counterion condensation occurs 
even for , s ,c may be folding. On the other 
hand, it can not excluded completely that 
condensation takes place if there is no folding. 
To prove this, it is desirable to extend the 
studies for, s ,c to other types of polyions and 
to other univalent counterions. Such experi
ments are now in progress. 
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Figure 6 presents isotherms for the systems 
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Figure 6. Binding isotherms of 02 versus C2/Cr for the 
systems Mg/Na (K)/PAA and Mg/Na(K)/PAM-y. Cr is 
0.0015 M,Iis0.01 Mand Tis 25°C. (I) i; =2.88; (2) i; = 1.96; 
(3) i;= 1.22; (4) i;=0.86; (5) i;=0.45; (6) i;=0.28; (7) 
i; =0.12. Solid lines: two-variable theory for i;. Dashed 
lines: two-variable theory for i;,ff· 
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Na/Mg/PAM-y and K/Mg/PAM-y. Cp is 
0.0015 M and l=0.01 M. Included are also 
the theoretical curves of the two-parameter 
theory. Four effects can be observed. 

First, 02 decreases with decreasing , for a 
given ratio of C 2/ Cp. This confirms that binding 
is strongly dependent on ,, i.e., on the average 
separation of polyion charges, and not on the 
exact polyion structure. 

Second, the experimental Oz-values become 
considerably larger than the theoretical values 
when , decreases. Similar observations were 
made by Kohn30 for the interactions of Ca2+ 
and Sr2 + ions with polygalacturonate in 
the absence of added univalent salts. Kohn 
has explained the high degree of Ca 2 + ( or 
Sr2 +)-binding as intermolecular binding of 
Ca2 + (or Sr2 +) ions with carboxylate groups 
of different chains in small aggregates. This 
may be also the case here, but it is also possible 
that Mg2+ ions interact with PAM-y in a 
specific type of interaction, i.e., by site-binding 
formation. 02 would then be the sum of two 
terms, i.e., 02 would be 02 .t + 02 ,., where 02 ,t 

and 02 ,. are the fractions of the divalent 
counterions that are bound territorial and by 
site-binding. The third possibility is again that 
polyion folding occurs, so that , should be 
replaced by ,eff· Values obtained for ,eff by 
taking , as an adjustable parameter are shown 
in Table IL They are in reasonable agreement 
with the ,err-values deduced from the activity 
measurements. 

Third, the disparity between 0z(Na +) and 
0 z(K +) vanishes as , becomes smaller than I. 
This may indicate that 01 is zero for,< I as 
predicted by theory. Alternatively, it is think
able that the affinity of binding is equal for 
Na+ and K+ at,< I. 

Fourth, 02 is not zero for ,<0.5 within the 
experiment errors. This is contrary to the 
theory, which predicts that for divalent ions 
,c=0.5. However, it would be strange, if 
univalent counterions could condense for 
, s ,c, while divalent counterions could not. 
The explanation is the same as be before. 
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Folding may occur. This would produce 
polyion parts (segments), possessing ~-values 
which are larger than 0.5. The other possibility 
is that the dielectric constant t:0rr at the polyion 
surface is much smaller than that of water. 
Probably, both effects act simultaneously. 

pH-Induced Conformational Transitions 
A good method to detect conformational 

transitions such as folding is the potentiomet
ric titration. The titration curves of polyacids 
which undergo a conformational transition 
greatly differ from those of polyacids with
out transition. A discontinuous change of 
pKa versus the degree of ionization, oc, is ob
served in the former case while a gradual 
increase of pKa is observed in the absence 
of any special transition. For instance, poly
(methylacryl acid), PMAA, and poly(L-lysine 
co 1.3 benzenedisulphonyl chloride), PLL, 
show such features. 31 •32 

Figure 7 shows plots of pKa versus a for 
Na-PAA, K-PAA, Na-PAM-y, and K-PAM-y 
having various degrees of hydrolysis. The 
solutions contained no added salt. Cp was 
0.0012M. 

There is a clear difference in behaviour 

8.0 
0 

:,,:: 
a. 

7.5 

7.0 

6.5 

6.0 

5.5 

5.0 Na OH 

4.5 
0 0.2 O.t. 0.6 0.8 1.0 

a. 

Figure 7. pK. values of PAA and PAM-y neutralized by 
KOH and NaOH in the absence ofadded salt. Cp is 0.012 M 
and Tis 25°C. y= 100% (0, e); 68% (L., .A.); 42% (V, 
-.,); 30% (D, •)- Open symbols: KOH. Closed symbols: 
NaOH. 
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between PAA and PAM-y. For PAA, pK3 is a 
monotonic increasing function of oc, while for 
PAM-y there is an abnormal rise ofpK3 at low 
degrees of ionization. This abnormality of pKa 
is due to the intramolecular association of 
PAM-y segments via hydrogen binding. It is 
often called the globular-coil transition, al
though it may be a helix-coil transition (see, 
for instance, ref 35-40). 

At small oc, pKa of PAM-y increases with 
decreasing degree of hydrolysis y. Additionally, 
the transition region is shifted to higher values 
of oc as the number of amide groups per polyion 
increases. 

Very similar curves are obtained with added 
salt. It is observed that the curves of PAA 
and PAM-y become lower with increasing 
ionic strength. Any discussion of this effect 
is, however, beside the purpose of this paper. 
It is of more interest whether the number of 
amide groups around an carboxylate group 
can change the selectivity for counterion bind
ing. pK3 -curves of K-PAA and K-PAA-y are 
always higher than those of the Na-polyions. 
That is, the electrostatic energy G01(oc) required 
to remove H+ from PAA or PAM-y is greater 
when titration is performed with KOH than 
with NaOH. It is thus more easy to replace H+ 
by Na+ than by K +. That is, the affinity 
sequence is again Na+ > K +. 

The differences between pK3 (Na) and pK3 (K) 
become smaller with decreasing ~- For < ~c, 

pK3 (Na)~pK3 (K). This is in agreement with 
the activity and binding measurements. That 
is, folding or something like folding is one 
factor in producing ion selectivity. The other 
factor is the type of the ionizable group such 
as coo-, S03 - or Po/-. For coo- and 
PO/- we find Na+ 2: K + and for S03 - we 
have K+~Na+. 

The main result is that PAM-y shows a 
globular-coil transition. Folding is one reason 
for deviation observed between theory and 
experiment. 
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CONCLUSIONS 

The following conclusions can be drawn: 
(1) For ~> 1, Manning's counterion con

densation concept is sufficient to describe 
correctly the interactions between small ions 
and polyions. The agreement between theory 
and experiment is quite well for y':.-, 01 , and 
02 • This is remarkable because the Manning 
theory contains no adjustable parameter. 
The only defect is that the theory does not 
incorporate specific interactions. 

(2) For~< 1, there is significant deviation 
between theory and experiment. This holds for 
the activity coefficients and also for the 
fractions of counterion binding. The probable 
reasons are: (a) There is some polyion folding 
so that ~eff is larger than ~- This idea was 
manifested by potentiometric titration. The 
pKa-values of PAM-y show a curvature 
which is characteristical for a globular-coil 
transition. (b) The dielectric constant Berr at the 
polyion surface is smaller than that of water. 
The provement of this idea is difficult. This is 
because aeff can be measured only indirectly. 
This was done by Morishima et al. 33 who 
estimated eerr by linking covalently pH
sensitive chromophores to the polyelectrolyte 
molecular surface. Indeed the values obtained 
for Berr are smaller than that of water (eerr< 80). 
However, it is not clear to what extent the 
chromophores influence the polyelectrolyte 
conformation. 

(3) The question whether counterion con
densation takes place for univalent ions below 

< 1 and for divalent ions below <0.5 is 
still an unsolved problem. According to 
Ander10 there is a critical but according to 
Kowblansky and Zema25 there is none. Our 
results do not show clearly that ~c exists or 
that ec does not exist. Thus, the situation 
remains nebulous. 

To bring light into this topic, effects such as 
folding or segment association should be 
excluded. One way to achieve this is to replace 
water by an organic solvent. This should lead 
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to a decrease, and even disappearance, of the 
compact conformation if hydrophobic interac
tions are destroyed. An example is PMAA. In 
50% methanol-water mixtures, there is no 
longer a discontinuity in pKa. 

There is a second problem. Generally, poly
ions with < 1 do not posses the conformation 
of a rod as assumed by Manning. That is, the 
solubility of a polyion in an organic solvent 
must be high, so that the polyion coil 
is highly expanded. Unfortunately, this is dif
ficult to achieve. Therefore, it may be better 
to repeat Manning's calculations for molecular 
structures such as spheres, ellipsoids or 
wormlike chains. Perhaps, there are also criti
cal charge density parameters. 

To clarify these points, further study is in 
progress. 
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