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A b s t r a c t  The influence of added 
sodium chloride concentration levels 
on the acid-dissociation equilibria of 
a weakly acidic linear polyelectrolyte 
and a conjugate acid of weakly basic 
linear polyelectrolyte has been 
investigated potentiometrically by 
use of polyacrylic acid (PAA) and 
poly(N-vinylimidazole) (PVIm) as 
examples of polyelectrolytes. Both 
equilibria are strongly influenced by 
the degree of dissociation of the 
polyacids as well as the concentration 
levels of sodium chloride due to an 
electrostatic effect originating from 
the negatively or positively charged 
polymer surfaces. These have been 
analyzed in a unified manner by 
taking accounts of two-phase 
properties of the charged linear 
polyions. Distribution of counterions 
and colons between a polyelectrolyte 
phase formed around the polymer 
skeleton and a bulk solution phase 
has been rationalized by a Donnan's 
relation. Introduction of a volume 
term for the polyelectrolyte phase 

permits definition of averaged 
concentrations of mobile ions in the 
vicinity of the polyion molecules, 
which enables us to define hypo- 
thetical intrinsic acid-dissociation 
constants in the polyion domain. The 
intrinsic constants estimated by 
extrapolation of apparent acid- 
dissociation constants at zero-charge 
state are in good agreement with the 
acid-dissociation constants of the 
monomer analogs of the polymers, 
i.e., acetic acid for PAA and imidazole 
for PVIm, respectively. The difference 
between the apparent and intrinsic 
acid-dissociation constants for PVIm 
was much higher than that for PAA at 
defined degree of dissociation of 
the polyacids, even though the 
separations of the functionalities fixed 
on the linear polymers are 
approximately equal to each other. 

K e y  w o r d s  Donnan model - 
ion-exchange - polyacrylic acid - 
poly(N-vinylimidazole) - 
acid-dissociation equilibria 

Introduction 

Due to its primary importance in the characterization of 
ion binding in polyion systems, thermodynamic analyses 
of acid-dissociation equilibria of linear polyelectrolytes 
with weakly acidic or weakly basic functionalities have 
been made extensively in various disciplines of chemistry. 

One of the main objectives of these studies is the evalu- 
ation of an electrostatic effect (polyelectrolytic effect) on 
the ion-binding equilibria inherent in all the highly 
charged macromolecules. A large number of theoretical 
approaches to the modeling of the polyelectrolytic pro- 
posed up to the present time can be classified into two 
categories, i.e., (1) approaches based on the Poisson- 
Boltzmann (P-B) equation [1,2], and (2) Manning's 



H. Kodama et al. 939 
Acid-dissociation of linear polyelectrolytes 

counterion-condensation (C C) theory [3]. According to 
the P-B equation, the electrostatic surface potential of 
polyions can directly be calculated, where most of the 
linear polyacids are approximated as rod-like molecules 
[1, 2]. The potentiometric titration behaviors obtained 
experimentally have been explained by computing the 
electrostatic non-ideality terms with two arbitrary para- 
meters, i.e., the closest approach of the counterions to the 
polyion surface and the linear charge separation of the 
polyions. Compared with the P-B equation, only one 
adjustable parameter, 3, is needed for the C-C theory, 

being related to the structure of the polyion and is 
defined as ~ = 7.14/b, where b indicates the averaged linear 
charge separation of a rigid and infinitely long linear 
polyion, whose skeletal volume is neglected [3]. It is an- 
ticipated for all the linear polyions with ~ > 1, that 
univalent counterions such as H + ions are "condensed" or 
"accumulated" in the vicinity of the polyion molecules 
until the ~ value is reduced to unity. According to this 
model, discontinuity is predicted to appear in the polyion- 
titration curve at ~ = 1, however, such a peculiar phenom- 
enon has not clearly been observed in their thermodyn- 
amic properties [3], which has been a matter of debate [4]. 
Ambiguities in the geometrical parameters, such as the 
"closest approach" and the "linear charge separation" 
needed for the computations by the theoretical approaches 
become serious, when they are applied to predict the 
equilibria encountered in the polyion systems with hetero- 
geneous functionalities fixed on flexible polymer back- 
bones, such as naturally occurring polyions. 

With regard to the state of counterions "bound" to 
polyions, it is generally accepted that some fraction of 
counterions "bound" in a thermodynamic sense, can move 
freely in a "bound region" formed in the vicinity of the 
polyion skeleton [5, 6]. This "naive" picture of the "purely 
electrostatic binding" in polyion systems, has been concep- 
tualized as "counterion-condensation" by Manning [5, 6], 
and such a counterion binding is termed as "territorial" 
binding. In the C-C theory, the "bound region" is defined 
explicitly as a "polyelectrolyte phase", which is separated 
from the bulk solution phase [5, 6]. Due to this simplifica- 
tion, the model does not give concentration gradients of 
the mobile small ions from the polyion surface to the bulk 
solution, but gives the averaged concentrations of counter- 
ions and coions in both the polyelectrolyte and bulk solu- 
tion phases. It has been proven in most cases, however, 
that the averaged concentrations calculated by the C-C 
theory are in good agreement with those calculated by the 
P-B equation [7, 8]. 

Due to the essential equality of the "two phase" ap- 
proach in the treatment of ion-binding equilibria of linear 
polyion systems to the water insoluble cross-linked linear 
polyion systems, i.e., ion-exchangers, Marinsky has ana- 

lyzed the ion-binding equilibria of water soluble linear 
polyions based on a Gibbs-Donnan concept, even though 
no phase boundary is observable visually between the two 
phases [9, 10]. The ion-exchange equilibria of counterions 
between the two phases is quantified according to the 
Gibbs-Donnan equilibrium. No geometrical parameter is 
needed for this approach; it only uses the logic of "two 
phase" in a polyelectrolyte/excess inert salt system. 
A "polyelectrolyte phase volume", Vp, is defined and the 
distribution of counterions and coions between the poly- 
electrolyte phase and the bulk solution phase is described 
by the Gibbs-Donnan equation. Even though this concept 
has originally been proposed by Katchalsky [11] and 
Oosawa [12], its applicability to the analysis of various 
categories of ionic reactions in polyion systems, has re- 
cently been verified by several research groups including 
the present authors [13] mainly by the use of negatively 
charged polymers as examples. The theoretical computa- 
tions by the "P-B equation" or "C-C theory" require 
hypothetical molecular geometries of polyions as well as 
ambiguous parameters, however, the Gibbs-Donnan ap- 
proach determines the electrostatic non-ideality terms dir- 
ectly by the use of ion-binding equilibria as a probe [13], 
which is experimentally available. In order to examine the 
validity and the limitation of this semi-empirical model to 
the thermodynamic analyses of ionic reactions in polyion 
systems, it is of special interest to examine the ion-binding 
equilibria of positively charged polyions by this approach. 
The polyelectrolytic nature of positively charged polyions 
is compared with that of negatively charged polyions as 
well. 

Since quite a limited number of studies have been 
carried out on the influences of the magnitudes of added 
salt concentration on the ion-binding equilibria of weakly 
basic polyelectrolytes, the present authors have investi- 
gated the acid-dissociation equilibria of the conjugate 
acids of weakly basic linear polymers (positively charged 
polyions) at 25 ~ potentiometrically by the use of a glass 
electrode in the presence of sodium chloride of a wide 
concentration range. They are analyzed in a similar man- 
ner as weakly acidic linear polymers (negatively charged 
polymers). The influence of the concentration levels of an 
excess salt on the equilibria has been examined based on 
the Gibbs-Donnan logic. PVIm was chosen as an example 
of the linear polymers. Acid dissociation equilibria of 
weakly acidic linear polymer, PAA have been examined 
for comparison. The acid dissociation equilibria of PAA 
and the conjugate acids of PVIm, PVImH +, have parti- 
cularly been investigated in detail, because the whole pH 
region needed for both titration systems, i.e., 3 < pH < 8, 
is well suited for the potentiometric pH measurement by 
the use of a glass electrode. The electrostatic non-ideality 
terms observed in both polyions of PVIm and PAA at 
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defined degree of charging were compared with each other 
due to similar linear separation of the functionalities. It is 
concluded that the influence of excess salt on the ion- 
binding equilibria of  both negatively and positively 
charged polymers can equally be analyzed based on the 
Gibbs Donnan  concept  as predicted [9], even though an 
additional non-ideality term, originating probably from 
the preferential binding of C1- ions to the positively 
charged imidazolium groups is appreciable in the PVIm 
system. 

Theoretical 

Acid-dissociation equilibria of the monomeric  functional- 
ities of weakly acidic polyelectrolyte, (HA),, and the 
conjugate acid of weakly basic polyelectrolyte, (HB+),,  
respectively, can generally be expressed as follows: 

HA ~ H + + A - ,  HB + ~ H + + B .  

Both equilibria may be quantified in a unified manner  by 
defining an apparent  acid dissociation constants of the 
polyelectrolytes, pK,pp, which is calculated as follows by 
the use of the pH value and the degree of dissociation of 
the polyacids, ~, which are measured at equilibrium. 

pKapp = pH - log{~/(1 - ~)} , (1) 

pKapp indicates a macroscopic or overall constant, which 
is greatly influenced by ~, i.e., the electric potential at the 
surface of the polyion, as well as by the added salt concen- 
trat ion level, Cs, through a Debye-Hiickel- type screening 
effect. We can define a hypothetical  equilibrium constant,  
i.e., an intrinsic acid dissociation constant, pK0, which 
corresponds to a microscopic equilibrium constant  for 
respective functionalities. By its definition, pK0 is free from 
the electrostatic effect and is constant  irrespective of the 
change in c~ and C~. Based on the Donnan 's  logic, pK0 can 
be defined as follows [13] by the use of the averaged pH 
value in the polyelectrolyte phase, (pH)p. 

pKo = (pH)p - l o g  {~/(1 - c~)} , (2) 

where the subscript p indicates the polyelectrolyte phase. 
The pKo value must be equal to or close to the pKa value 
of the monomeric  acid analog of the polymer functionality. 
Combining Eqs. (1) and (2), pKap p a t  a defined ~ value can 
be related to pKo as 

pKapp = pK0 + log{(aH)p/aH} . (3) 

In the presence of an excess inert salt, i.e., sodium chloride 
in the present case, the following relationship is anticipated 
[13] by equating the activities of NaC1 in both the 

polyelectrolyte and the bulk solution phases: 

(aNa)p (acl)p = aN, a o .  (4) 

Similarly, by equating the activities of HC1 in both phases, 
the following equation is obtained: 

(aH)p (acl)p = an acl - (5) 

Due to the strong electric surface potential formed at the 
polyion surface, counterions,  i.e., Na  + ions for PAA anions 
and CI ions for PVIm H + cations are highly accumulated 
in the polyion domain. The activity ratios of the counter- 
ions between the two phases, (aNa)p/aNa and (acl)p/acb can 
be related to the H + ion activity ratio by the use of Eqs. (4) 
and (5), respectively as 

(aNa)p/aNa = (aH)p/a H (6) 

and 

(acl)p/acl = aH/(ala)p �9 (7) 

Since the (aH)~,/aH term in Eq. (3) can be replaced by the 
counterion activity ratios expressed by Eqs. (6) and (7), the 
effect of counterion concentrat ion level on the acid-dis- 
sociation equilibria o fa  polyacid, (HA),, and the conjugate 
acids of a polybase, (HB +),, can be expressed, respectively, 
as~ 

pKapp = pK0 + 1og(aNa)p - -  log aNa (8) 

and 

pKapp = pK0 - log(acl)p + log acl �9 (9) 

It has already been indicated by our  previous works 
[14, 15] that the activities of counterions in the polyelec- 
trolyte phase can be calculated as follows by the use of the 
specific polyelectrolyte phase volume Vp/np, where np indi- 
cates the amount  of the functional groups fixed on the 
polyelectrolytes. For  the (HA), system, for example, (aNa)p 
can be expressed as the produc t  of the activity coefficient 
o f N a  + ion in the polyelectrolyte phase, (YNa)p, and the free 
Na + ion concentration in the polyelectrolyte phase, [Na]p 
as (aNa)p = (YNa)p [Na]p. [Na]p is due to the sum of the 
two concentration terms, i.e., (1) Na + ions present in the 
polyelectrolyte phase to neutralize the free A -  groups and 
(2) Na + ions imbibed in the polyion domain in the form of 
Na +C1-. Escape of Na + ions from the polyion domain 
due to their thermal mot ion  produces site vacancy of the 
polyion which also should be taken into account. This 
fraction of site vacancy is experimentally available as 
a practical osmotic coefficient, q~p,Na, which can simply be 
related to the linear charge separat ion of the polyion, ~/b. 
It has been revealed experimentally that qSp.Na is not affec- 
ted by the change in the polyion concentrat ion level or Cs, 
which is known as an additivity rule [16, 17]. Since the 
~bp.Na values determined in the salt-free system can be 
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substituted for those for the excess-salt system, (aNa)p in 
Eq. (8) can finally be expressed as 

(aNa)p  = (YNa)p {(1 - -  qbp,Na)0C/ ' lp /g  p -[- (CNaC1)p } . (10) 

The q~p,Na values for PAA, for example, have been sum- 
marized by Katchalsky and the relationship between qSp,Na 
and the linear charge separation of polyions, ~/b, has been 
reviewed in the literature [18]. 

At sufficiently low concentrations of the added salt, the 
(CNaCI)p term in Eq. (10) can be neglected and pKapp for 
(HA), can be expressed as 

pKapp = pK0 + 1og{(yNa)p(1 -- ~)p, Na)O~np/Vp} 

- -  1 O g a y a  �9 ( 1 1 )  

Since the volume term in Eq. (11), (np/Vp), can be regarded 
constant at a specified e value when ~ is close to unity [13], 
the second term in Eq. (11) is expected to remain unvaried 
irrespective of the change in the concentrations of the 
added salt at sufficiently low C~, which results in a straight 
line whose slope is exactly " - I "  when pKapp is plotted 
against log aNa. With an increase in C~, the salt imbibe- 
ment effect on the [Na]p term cannot be neglected and at 
the higher salt concentration levels, the (Cy~cl)p term be- 
comes predominant over the {(1 - qSp, N,)~ np/Vp} term. At 
the extreme condition, where (aNa)p can be approximated 
to aN,, it is anticipated from Eq. (8) that pKapp becomes 
equal to pKo. This extreme condition can also be fulfilled 
by lowering the charge density of the polyions, i.e., at 

value close to zero, where the polyelectrolytic nature of 
(HA), diminishes. 

For (HB+),, on the other hand, the counter-anion 
activity in the polyelectrolyte phase, (acl)p, can be ex- 
pressed in the similar manner with Eq. (10) as 

(ac1)p  = (YCl)p {(1 - -  q~p, Ci)(1  - -  OOnp/V p -~- (CNacl )p  } , (12) 

where (Yc~)p represents the activity coefficient of C1- ion in 
the polyelectrolyte phase and ~bp,C~ is the practical osmotic 
coefficient of the chloride solution of (HB+),. Similarly as 
with the (HA), system, it is anticipated that the ~bp, C~ value 
is just dependent on the linear charge separation of the 
polyions, i.e., at a specified e value of nearly zero, the 
qSp, a value is not influenced by the polyion concentration 
level or C~. Combination of Eqs. (9) and (12) gives the 
following equation: 

P / a p p  = pKo --log{(Ycl)p(l - -  qbp,c1)(1 - -  0~)rtp/Vp} 

+ log acl �9 (13) 

Based on the discussion similar to that mentioned above 
for the salt concentration dependence of the acid-dissocia- 
tion equilibria of (HA)n, the following relationship is 

anticipated for (HB+),; at sufficiently low Cs, pKapp at low 
degree of dissociation can simply be expressed as a linear 
function of log acj, whose slope being exactly equal to 
" +  1". With an increase in Cs, the slope is expected to 
decrease to approach 0. At ultimately high concentration 
of added salt, where the (acl)p term becomes equal to acb 
pKap p approaches pKo. At sufficiently high cr region, where 
the charge density of the positively charged polyions de- 
creased remarkably, the polyelectrolyte nature of (HB+), 
disappears, and pKapp values obtained at various Cs con- 
verge to a constant value of pK0. 

Experimental 

Chemicals 

The polyacrylic acid sample was prepared by polymeriz- 
ation of acrylic acid monomers with (NH4)2S2Os followed 
by dialysis with cellulose tube against distilled water. The 
PAA sample thus prepared was freeze-dried and stored at 
room temperature. The degree of polymerization of the 
PAA sample was determined by viscosity measurement 
to be ca 2.5 x 103. Poly(N-vinylimidazole) was prepared 
by free-radical polymerization of N-vinylimidazole in 
water-methanol mixture (50% v/v) with AIBN as an in- 
itiator. PVIm thus prepared was dialyzed by cellulose tube 
against distilled water. The dialyzed solution was then 
concentrated by evaporator and then dissolved in meth- 
anol. The PVIm was precipitated from ethylacetate, dried 
in vacua at 80 ~ for 24 h and stored at room temperature. 
The degree of polymerization of the P r i m  sample was 
determined by viscosity measurement to be ca 1.0 x 103. 
All other chemicals used in this investigation were of 
analytical grade. 

Potentiometric titration 

Acid form PAA solutions were titrated a standard sodium 
hydroxide solution (CNaOH moldm-3), whereas neutral 
PVIm solutions were titrated with a standard hydrochlo- 
ric acid solution (CHcl mol dm- 3) at 25 ~ All the sample 
solutions contained sodium chloride of Cs mol dm-3. The 
pH values of the equilibrium solutions were measured 
under N2 atmosphere with an Orion 91-01 glass electrode 
and an Orion 90-01 single-junction reference electrode 
equipped with an Orion research Ionalyzer 701A. The 
electrochemical cell for the pH measurement was calib- 
rated by Gran's procedure [19]. The titration procedures 
were carried out automatically with an Auto-Buret (APB- 
118, Kyoto Electronics Manufacturing Co. Ltd., Tokyo), 
controlled by a personal computer. 
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The ~ value of PAA solution has been calculated by the 
following equation: 

= {CNaOH VNaOH -~- [ H + ] ( V o  + VN~OH)} / (CpVo) ,  

whereas the a value for the conjugate  acid of  P V I m  has 
been calculated as 

= {C~Vo - C.c.v.~. + I-H + ] (Vo + V.~O}/(C,,Vo), 

where Vo, VNaOH, and VHC~ indicate the initial volume of 
the polyion solutions, the volume of the added N a O H  
solution, and the volume of the added  HC1 solution, 
respectively. The initial concentra t ion of the polyions, 
Cp, was kept  constant  at 2 x 10-3 m o n o m o l  d m - 3 .  

Results and discussion 

The plots of  p K a p  p v s  0~ for P V I m  and PAA are shown in 
Figs. i and 2, respectively. In these figures, the average 
charge per one functional group, Z, is shown in the upper  
abscissa, i.e., Z = 1 - c~ for the P V I m  system and Z = - ct 
of the PAA system, respectively. The pKapp value increases 

Fig. 1 Salt concentration effect on pKapp vs c~ plots of PVIm. 
(�9 Cs =0.01moldm-3; (A) C~ =0.02moldm-3; (c~) C~ = 
0.05 moldm-3; (e) C~ = 0.10 moldm 3; (~7) C~ = 0.20 moldm-3; 
(*) Cs=0.50moldm-3; (zx) Cs= 1.00moldrn 3; (I) C~= 
2.00 mol dm- 3; (,5) C~ = 3.00 mol dm- 3 
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Fig. 2 Salt concentration effect on pKapp vs 0c plots of PAA. 
(�9 Cs=0.01moldm-3; (A) Cs=0-02moldm-3; ([]) C~= 
0.05 rnol dm- 3; (e) C~ = 0.10 mol dm - 3; (v) Cs = 0.20 moi dm 3; (,) 
Cs = 0.50 moldm -3 

with ~ in both t i t rat ion systems, whereas the effect of Cs is 
completely opposi te  to each other. Depression of pKapp 
with increasing Cs is remarkable  in the PAA system, 
whereas the substantial  increase in pKapp with the addit ion 
of salt is observed for the P V I m  system. It  should be 
pointed out that  the pKapp vs ct curves determined under 
various Cs's converge to specific values of pKo for both 
systems at Z = 0, where the surface charge is completely 
diminished, i.e., at the complete  neutral  condition. The 
pK0 values thus est imated for P V I m  and PAA are ca 7.0 
and ca 4.3, respectively, being quite close to the p K a  values 
of the m o n o m e r  analogs  of the po lymer  functionalities, i.e., 
imidazole (pKa = 6.99) [20] for P V I m  and acetic acid 
(pKa = 4.56) [-21] for PAA. 

The pKapp change upon  neutral izat ion of the polyacids 
as well as the effect of  the salt concentrat ion level can be 
rationalized qualitatively by taking into account  the repul- 
sion or at tract ion between H + ions and the charged poly- 
ions. Due to the crowded positive charges formed at the 
P V I m H  + polymer  surface, the concentrat ion of  the free 
H + ions in the vicinity of  the po lymer  molecules is diluted 
compared  with the bulk solution, which results in the 
decrease of pKapp than  pKo ( =  7.0). This electrostatic 



H. Kodama et al. 943 
Acid-dissociation of linear polyelectrolytes 

B 

8 i i 

c~ 

4 

I I I 

~S~]ope=+l 
3 i I 

-2.5 -2 -I .5 - I  -0.5 0 0.5 

log acl 
Fig. 3 pKapp of PVIm as a function of logac~. (c:.) ~ = 0; (A) 2 = 0.2; 
(D) ~ = 0.4; (e) ~ = 0.6; (v) ~ = 0.8; (*) ~ = 1.0 

repulsion between the positively charged polyion surface 
and H + ions is reduced by the presence of excess salt as 
shown in Fig. 1 through the Debye-Hfickel - type  screening 
effect, which is most  p ronounced  at the highest salt con- 
centrat ion level, i.e., at Cs = 3.00 m o l d m  3 examined in 
the present study. With decreasing C~, the repulsion effect 
becomes appreciable  and the discrepancy between pKap p 
and pK0 is enhanced. Con t ra ry  to the P V I m  system, H + 
ions are s trongly a t t racted to the surface of the negatively 
charged PAA molecules, and the increased concentrat ion 
of the mobile  H + ions in the vicinity of the fixed car- 
boxylate groups  of PAA molecules leads to the increase in 
pKapp than pK0.  The ion-screening effect due to the added 
inert salt is mos t  effective at the highest Cs as well, i.e., at 
C~ = 0.50 m o l d m  -3 in the present study, as shown in 
Fig. 2. 

In the present  study, the effect of salt concentrat ion 
levels on the pKap p ~ curve has been examined in the wide 
range 0 .01 -3 .00moldm  -a ,  in order to examine the ap- 
plicability of  the G i b b s - D o n n a n - b a s e d  concept  to the 
interpretat ion of the acid-dissociation propert ies of the 
weakly basic polyelectrolytes. The pKap p values deter- 
mined at specified ~ values are plotted against log ac~ in 
Fig. 3 as suggested by Eq. (13). Approximate ly  good lin- 
earities are obta ined  at relatively low region for any com- 
binations of the pKapp values determined at specified 

values. It is notable  that  the slope of the straight line of 

the linear por t ion is quite close to " +  1" at ~ = 0, where all 
the functionalities are completely charged, which is indeed 
expected by the G i b b s - D o n n a n ' s  concept. With  decreas- 
ing Z to 0, the slope decreases to reach 0, where no salt 
concentrat ion dependence is observed, which is also in 
accord with the predict ion due to Eq. (13). These relation- 
ships found in the pKap p vs logacl  plots, clearly indicate 
the phase-separa t ion  proper ty  of P V I m  molecules dis- 
solved in aqueous solution, even though the po lymer  solu- 
tion appears  homogeneous  and no boundary  between the 
two-phases is observable  visually. The fixed imidazole 
groups on the linear polymers  were endowed with positive 
charges by H + ion binding, and C1- ions must  be accumu-  
lated in the vicinity of the polymer  skeleton due to the 
strong at t ract ion between the positively charged polyion 
surface and C1- ions. Even though the mobi le  H + ion 
concentrat ion in the vicinity of the positively charged 
polyion molecules must  be much  lower than  the bulk 
solution due to electrostatic repulsion between H + ion and 
the polyion surface, the magni tude of the dilution of the 
free H + ions is reduced by the C1 ion binding to the 
polyion surface, which is controlled directly by the concen- 
t rat ion of C1- ions in the bulk solution. The correlat ion 
between H + and C1 ion activities between the polyelec- 
trolyte domain  (or polyelectrolyte phase) and  the bulk 
solution phase is characterized by the D o n n a n ' s  law, 
which can be expressed by Eq. (5). 

Validity of the G i b b s - D o n n a n  approach  mus t  be con- 
firmed by analyzing the acid-dissociation equilibria of 
weakly acidic polymers  based on the same concept  as well. 
The acid-dissociation equilibria of PAA were examined for 
this purpose  at various salt concentrat ion levels, i.e., 
Cs = 0.01-0.50 mol  d m -  3; the PAA sample used in this 
study formed precipi tat ion at high salt concentra t ion level 
as 1 .0moldm 3, which prevented precise p H  determina-  
tion at the higher Cs region than 0.5 mol d m - 3 .  The  pKap p 
values determined at specified ~ are plotted against  log aNa 
as shown in Fig. 4. It  is notable  that  all the plots  form 
approximate ly  straight  lines at any ~ values when Cs is 
sufficiently low; in particular,  at ~ = 1, i.e., Z = -  1, the 
slope of the linear plots is quite close to " -  1", as expected 
by Eq. (11). On  the contrary,  at Z = 0, the slope becomes 
equal to 0, due to the invasion effect of the inert salt to the 
polyelectrolyte phase. 

In order  to compa re  the magni tude of the non-ideal i ty 
terms observed in bo th  P V I m  and PAA systems directly, 
the absolute value of ApK, [ApK 1, is plotted in Figs. 5 and 
6 against  Z, respectively, for P V I m  and PAA. Discrepancy 
is appreciated between the [ApK[ vs Z plots obta ined  for 
both  systems, i.e., much  higher ]ApK[ values are given for 
the P V I m  system, even though it has been revealed 
that  the ApK t e rm can be related to the electrostatic 
effect s t ra ightforwardly in the case of PAA [2, 13]. This 
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Fig. 4 pKapv of PAA as a function of log aNa. (o) ~ = 0; (A) ~ = 0.2; (G) 

= 0.4; (e) ~ = 0.6; (v) ~ = 0.8; (*) ~ = 1.0 
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Fig. 5 IApKI as a function of Z for PAA. (o) C, = 0.01 moldm-3; 
(A) Cs=0.02moldm-3; (D) Cs=0.05moldm-3; (o) Cs= 
0.10 mol dm- 3; (w) C, = 0.20 mol dm- 3; (.) C, = 0.50 mol dm- 3 

discrepancy observed between the two polymer  systems is 
a t t r ibutable  to a preferential binding of C1- ions to the 
positively charged imidazol ium groups, even though the 
binding of N a  § ions to the carboxyla te  groups of PAA 

4 1 i i i 

3 

__<2 

0 
0 0 .2  0 .4  

Z 

I 

0 .6  0 .8  1 

Fig. 6 I ApKI as a function of Z for PVIm. (�9 Cs = 0.01 mol dm- 3; 
(A) Cs=0.02moldm-3; ([]) Cs=0.05moldm-3; (o) Cs= 
0.10moldm-3; (v) Cs=0.20moldm-3; (*) Cs=0.50moldm-3; 
(A) Cs=l.00moldm-3;  (I) Cs=2.00moldm-3; (o) C~= 
3.00 mol dm- 3 

molecules is est imated to be purely electrostatic in nature. 
This additional interaction between the charged polymer  
surface and the supporting anions must  play an important  
role in the positively charged polymer  systems, which may 
be categorized as hydrophobic  interaction originating from 
the low degree of hydrat ion of imidazolium groups and C1- 
ions. Fur ther  systematic investigation is needed on the 
effect of the nature of the counter  anions on the poten- 
t iometric titration of positively charged polymers 1-22-24]. 

Conclusions 

Polyelectrolytic nature  observed in the potentiometric  
t i trations of linear polyions with weakly acidic or weakly 
basic functionalities can be rat ionalized in a unified 
manner  with a G i b b s - D o n n a n  concept  by assuming a 
two-phase proper ty  of aqueous  polyion solutions. Acid- 
dissociation equilibria of  bo th  polyacrylic acid and the 
conjugate acid of poly (N-vinylimidazole) have been quan- 
tified by an apparent  acid-dissociat ion constant,  which is 
strongly dependent  on the degree of neutralization of the 
functionalities and the added salt concentrat ion level. The 
apparent  acid-dissociation constants  at completely neu- 
tralized condition determined by ext rapola t ion are quite 
close to those of the m o n o m e r  functionalities resembling 
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the funct iona l i t ies  f ixed on  the p o l y m e r  backbone .  I t  has  
been verified by  this p r o c e d u r e  tha t  the  effective polye lec-  
t ro ly te  phase  v o l u m e  b e c o m e s  ca lcu lab le  by the use of the  
e lec t rochemica l  m e a s u r e m e n t  da ta ,  even t hough  an add i -  

t i ona l  n o n - i d e a l i t y  t e rm  mus t  be t a k e n  in to  a c c o u n t  for  the  
p o l y ( N - v i n y l i m i d a z o l e )  sys tem d u e  to  specific i n t e r a c t i o n s  
o f  s u p p o r t i n g  a n i o n s  to the  surface  of  the  pos i t i ve ly  
c h a r g e d  po lymers .  
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