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ABSTRACT: The potentiometric titration and intrinsic viscosity were measured under various conditions 
to study the dissociation behavior of poly(itaconic acid) (PIA), a polyelectrolyte with the same average 
charge density as poly(fumaric acid) (PFA) and poly(ma1eic acid) (PMA) but with a different arrangement 
of the carboxyl groups. The titration curves showed that PIA exhibits an apparent two-step dissociation 
similar to PFA and PMA. The analysis revealed that the intrinsic dissociation constant of PIA is smaller 
than that of PFA and PMA and that the electrostatic free energy of PIA at degree of dissociation a < 0.5 
is larger than that of PFA and PMA, but at a > 0.5, the value of PIA lies between those of PFA and PMA. 
The intrinsic viscosity increased with increasing a,  attained a maximum near a = 0.5, and then decreased 
steeply. The dissociation behavior of PIA was discussed in terms of the discrete charge model including 
effects of the short-range electrostatic interaction and the difference in the dissociation behavior between 
a- and p-COOH. The calculated titration curve was in quantitative agreement with the observed one. It 
was concluded that the difference in the local distribution of charges, rather than overall charge density on 
a polymer chain, plays a dominant role in the dissociation behavior of polyacids with high charge density. 

Introduction 
Polyelectrolyte solutions are known to have a number 

of properties different from those of both nonpolymeric 
electrolytes and nonionic polymers. The properties char- 
acteristic of polyelectrolyte solutions have been accounted 
for by the strong electrostatic potential produced by a 
large number of charges on a polymer chain.1!2 

Among the solution behavior of the polyelectrolytes, 
the potentiometric titration is closely related to the elec- 
trostatic interaction between a dissociating proton and 
ionized groups on a polymer chain. On the other hand, 
the intrinsic viscosity, which expresses the average dimen- 
sion of a macromolecule, is related to the electrostatic 
interaction between ionized groups on a polymer chain. 
These properties depend on the charge density and charge 
distribution on a polymer chain. 

We have reported previously that poly(fumaric acid), 
PFA, and its stereoisomer, poly(ma1eic acid), PMA, both 
of which have charge densities exactly twice as high as 
that of poly(acry1ic acid), PAA, and poly(methacry1ic acid), 
PMeA, dissociate in two steps due to short-range elec- 
trostatic interaction from the neighboring ionized groups. 
Also PMA shows a clearer two-step dissociation than PFA 
because of the configurational difference between them.3.4 
Moreover, the rod model with a smeared charge density 
was found to be unable to interpret the results of these 
polyacids, in marked contrast to the ordinary poly(vi- 
nylic carboxylic acids) which have been analyzed success- 
fully by the smeared charge In the subse- 
quent paper, we reported on a theoretical study of the 
apparent two-step dissociation of PFA and PMA and on 
the difference in the dissociation behavior between them 
resulting from the local configurational difference, by using 
a discrete charge model including short-range inter- 
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 action^.^ That is, the difference in the local charge dis- 
tribution on a polymer chain strongly affects its dissoci- 
ation behavior. 

Muto carried out a potentiometric titration of poly- 
(itaconic acid), PIA, a polyelectrolyte that has the same 
average charge density as PFA and PMA, but its car- 
boxyl groups are located differently from those of PFA 
and PMA, using various kinds of cations as coun- 
terions.1° He analyzed the data in terms of two empiri- 
cal pK values and found that at  degree of dissociation a 
C 0.5, the apparent pK value, pK,, defined later, becomes 
slightly larger as the size of the cation becomes smaller, 
whereas the tendency is reversed at  a > 0.5, in agree- 
ment with the results for ordinary poly(carboxy1ic acids). 
But he did not discuss further the physical meaning of 
two pKs or the changes in pK, mentioned above. Here, 
it will be particularly important to compare the effect of 
the charge distribution along the polyelectrolyte chain 
on the titration behavior of PIA with that of other poly- 
electrolytes reported previously. The charge distribu- 
tion of PIA may be compared either with that of PAA 
and PMeA because they have the same charge interval 
along the main chain or with that of PFA and PMA 
because they have the same overall charge density. Also 
comparison can be made between PAA having a-COOH 
and poly(viny1acetic acid), PVAc, having p-COOH as a 
reference material for PIA which has both COOH’s. Actu- 
ally, a- and 0-COOH of PIA are essentially distinguish- 
able from each other in contrast to COOH’s of PFA and 
PMA, although the difference in pK between a- and 
0-COOH was proved to be slight. In addition to the dif- 
ference in the relative position, the higher rotational free- 
dom of a-COOH as compared to that of 0-COOS may 
affect its dissociation behavior. What we are interested 
in is to clarify the effect of the difference in location and 
distribution of the charges on a polyelectrolyte chain on 
the dissociation behavior. 

0 1990 American Chemical Society 
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Figure 1. 270-MHz lH NMR spectra of PIA in 4.0 g/100 mL 
of D20 solution and the monomer in D20 solution, at 25 "C 
with sodium 3-(trimethylsilyl)propanesulfonate as an internal 
standard. 
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Figure 2. 13C NMR spectrum of PIA. 

The purpose of this paper is to present the details of 
the dissociation behavior of PIA, by measuring the poten- 
tiometric titration and intrinsic viscosity a t  various a. In 
addition, by comparing the dissociation behavior of other 
polyacids, such as PFA, PMA, and PAA, the character- 
istic dissociation behavior of polyelectrolytes with high 
charge density is analyzed on the basis of the discrete 
charge model reported previously, from the viewpoint of 
the difference in local distribution of the ionized groups. 

Experimental Section 
1. Materials. PIA was prepared by the procedure of Mar- 

vel and Shepherd." Itaconic acid monomer was twice recrys- 
tallized from water before use. Thirty grams of the monomer 
was polymerized in 70 mL of a 0.5 N HC1 aqueous solution with 
0.15 g of potassium peroxysulfate as an initiator at 60 "C for 3 
days under vacuum. The reaction mixture was repeatedly dia- 
lyzed against water, passed through a mixed bed of ion- 
exchange resins, and finally freeze-dried. The polymer was 
obtained in 10% yield. The chemical structure of PIA was con- 
firmed with 1H and 13C NMR spectra as shown in Figures 1 
and 2, respectively, where the peaks of CH2= in the monomer 
disappeared completely. The solutions of PIA for the measure- 
ments were prepared by passing them again through a mixed 
bed of ion-exchange resins and adding a required amount of 
NaCl to them just before measurement. The concentrations of 
PIA, C,, were usually 4.32-8.63 mN for titration and the ini- 
tial C, for viscometry was 0.344-1.0 g/dL, depending on a, and 
the concentrations of NaC1, C., were 0.0050-0.10 N for titra- 
tion and 0.10 N for viscometry. The titration was carried out 
with carbonate-free NaOH containing NaCl as a titrant. 

2. Measurements. The 270-MHz 1H NMR and 67.80- 
MHz 13C NMR spectra were run at room temperature on a FT 
NMR spectrometer of JEOL type GX-270. Recording condi- 
tions for 13C NMR were as follows; 3 . 4 ~  pulse width, 16K points, 
4500 scans, relaxation delay of 30 s between pulses, deuterated 
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Figure 3. Potentiometric titration of PIA (C, = 0.008 63 N) 
in NaCl (C. = 0.10 N). 

acetone including 30 wt % HzO as a solvent, and polymer con- 
centration of 12 wt  %. The chemical shifts were determined 
by assigning 29.8 ppm to the methyl group of deuterated ace- 
tone. The assignment of the peaks of PIA followed the paper 
of Horata et a1.I2 

The potentiometric titation was carried out with an Orion 
Research EA-920 ion analyzer with a Ross-pH complex glass 
electrode Model 8102. Other experimental procedures of the 
potentiometric titration and viscometry were the same as those 
of the previous works,3,4J3 where the experimental conditions 
were given in detail. An example of the potentiometric titra- 
tion of PIA with HCl and NaOH at C, = 8.63 mN and C. = 
0.10 N is shown in Figure 3. The end point is not clear enough 
to be determined in the original titration curve as in the cases 
of PFA and pMA.3~4 By substracting the contribution of free 
OH-, however, the end point of titration could be determined 
clearly, as shown with an arrow in the same figure. 

Results 

constant, pKa, defined by 
The negative logarithm of the apparent dissociation 

(1) 
is not constant but usually increases with a for polyelec- 
trolytes. The PKa can be expressed by a sum of two terms4 
as 

(2) 
where KO is the intrinsic dissociation constant indepen- 
dent of a, R the gas constant, T the absolute tempera- 
ture, and Gel the electrostatic Gibbs free energy of dis- 
sociation of 1 mol of protons. The plots of pKa versus a 
at different C,'s are shown in Figure 4. Evidently, PIA 
appears to dissociate in two steps analogously to PFA 
and PMA, reported p r e v i ~ u s l y . ~ . ~  It is noted that differ- 
ent from the titrations of PFA and PMA, the solution of 
PIA does not become turbid even at  higher a.4J3 

The application of eq 2 to Figure 4 gives the value of 
pK0 as 4.0. It is uncertain whether pKo depends on C. 
or not, because the PKa values have some experimental 
uncertainties. This value of pK0 of PIA seems to be slightly 
smaller than that of PAA but much larger than those of 
PFA and PMA, as summarized in Table I. The differ- 

pK, = pH + log [(l - CY)/.] 

pK, = pK, + (0.4343/R'T?(dGe,/da) 
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Figure 4. Plot of pK. of PIA (C, = 0.008 63 N) against (Y in 
NaCl solutions at C, = 0.0050 N, 0.0010 N, 0.050 N, and 0.10 N 
from top to bottom, respectively. 

Table I 
Negative Logarithm of Intrinsic Dissociation Constants 

PIA 1 4.0 3.7 
PFAa 2 3.5 3.2 
PMAa 2 3.5 3.2 
PAAn 0 4.1 
propionic acidb 0 4.87 
succinic acid' 1 4.19 
propane-l,2,3-tricarboxylic acidd 2 3.48 
butane-1,2,3,4-tetracarboxylic 2 3.40 

0 From ref 4. From ref 14. From ref 15. From ref 16. 
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Figure 5. Plot of ApK versus a at C. = 0.10 N NaCl for PIA 
(O) ,  PFA (a): PMA (0): and PAA (.).4 

ences in pKo for these polyacids are due mainly to the 
inductive effects of the nearest-neighbor carboxyl groups,l7 
which will be discussed later in comparison with those 
of the low-molecular-weight organic acids. 

The electrostatic part of pK,, represented by ApK, writ- 
ten as499J3 

ApK = pK, - pK, = 0.4343/RT(dCe,/da) (3) 
is plotted against a for C, = 0.10 N in Figure 5, where 
the data of the other polyacids are also reproduced for 
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Figure 6. Most probable configuration of PIA. 
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Figure 7. Viscosity-concentration profiles of PIA at (Y = 0.1, 
0.4, and 0.7 in C, = 0.10 N NaCl aqueous solution. 
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Figure 8. Dependence of [ q ]  of PIA on (Y at C, = 0.10 N NaCl. 

comparison to the literature values. The value of ApK 
of PIA in the region of a < 0.5 is the largest in these 
polyacids, and at  a > 0.5, the value lies between PFA 
and PMA. 

From the l3C NMR spectrum of PIA shown in Figure 
2, the triad tacticities were determined as P,, = 0.18, 
P,, = 0.45, and Pr, = 0.37. The typical local configura- 
tion of PIA is shown in Figure 6, taking into account the 
triad tacticities. 

The intrinsic viscosity, [ q ] ,  was determined from plots 
of both qsp/C, versus C, and In qr.l/C, versus C,, as shown 
in Figure 7, where qsp and qrel are specific and relative 
viscosities, respectively. Figure 8 shows the results of 
viscometry as a plot of [ q ]  versus a at C, = 0.10 N. A t  
lower a, [ q ]  of PIA increases with a, attains a maximum 
near cy = 0.5, and in turn decreases steeply. It should be 
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noted here that the value of [ q ]  at a = 0 is nearly the 
same as that a t  a = 1.0. The decrease in [ q ]  observed at  
higher a seems to be characteristic of the polyelectro- 
lytes with high charge d e n ~ i t y . ~ J ~ J ~ J ~  

Discussion 
One of the most interesting results in the present inves- 

tigation is the effect of the difference in the local charge 
distribution on the dissociation behavior of polyelectro- 
lytes. Compared with the dissociation behavior of PAA, 
we may conclude that the presence of carboxymethyl 
groups in PIA suppresses the dissociation of a-COOH in 
a similar manner as PFA and PMA. As shown in Figure 
5 ,  the electrostatic Gibbs free energy of PIA in the region 
a < 0.5 is much larger than that of PFA and PMA. This 
seems to be closely related to a weaker interaction between 
P-COOH and adjacent a-COOH, compared with that 
between two a-COOH's in PFA or PMA. On the other 
hand, in the region a > 0.5, PIA shows an intermediate 
one between PFA and PMA. Since a t  least in the region 
of a > 0.5 the ionized groups will separate from each 
other as far as possible, the local distribution of the charges 
of PIA may be intermediate between those of PFA and 
PMA. 

The two carboxyl groups of PFA and PMA in close 
proximity are equivalent in the polymer structure, that 
is, both are bonded to the main chain, and their pK's 
should be equal if the electrostatic interaction between 
them is absent. On the other hand, the two carboxyl 
groups of PIA are bonded differently, one to the main 
chain and the other to the side chain. This difference 
may lead to the dissociation of 0-COOH first because 
the internal motion of 0-COOH is less restricted and the 
effect of the electric potential of the polyion is weaker 
than for a-COOH. In addition, the effect of the decrease 
in the dielectric constant of the neighboring medium result- 
ing in an enhancement of the electrostatic interaction is 
reduced for P-COOH because its average position is located 
outside of the main chain. Therefore, P-COOH behaves 
more freely from the constraints of the neighboring 
(u-COOH and other 0-COOH's in the process of dissocia- 
tion. This is why the curve of pK, shows a rather sym- 
metrical S shape, in contrast with that of PFA or PMA. 

The strength of the acidity of a poly(viny1ic carboxy- 
lic acid) is well-known to result from both the intrinsic 
dissociation constant and the electrostatic interaction from 
the ionized groups. We will consider separately these 
two effects to compare with the other polyelectrolytes 
and the corresponding low-molecular-weight organic acids. 
The value of pKo is mainly influenced by the inductive 
effect or the electron-withdrawing effect of the other car- 
boxyl groups, the dielectric constant of the solvent, and 
the conformation of the polyelectrolyte. Judging from 
the value of pK0 of PIA, which is larger than that of PFA 
and PMA in Table I, the difference in pKo may result 
mainly from the difference in the number of neighbor- 
ing carboxyl groups. Since the inductive effect through 
the chain steeply decreases with increasing distance, the 
number of carbon atoms between two carboxyl groups is 
of importance.*O This number is a t  least two. In PAA, 
every carboxyl group is separated by three carbon atoms 
from the next carboxyl groups, but in PIA, PFA, and 
PMA, there exists a pair of carboxyl groups separated 
by two carbon atoms. Therefore, we introduce the num- 
ber N of carboxyl groups that are separated by two car- 
bon atoms from a particular carboxyl group in a poly- 
mer structure. The value of N is 2 for PFA and PMA, 1 
for PIA, and 0 for PAA. Then we estimate the induc- 
tive effect in terms of N, by applying the following expres- 
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Figure 9. Plot of the inductive effect of COOH A I  against N. 
The solid line results from the model compounds correspond- 
ing to PIA, PFA, and PMA. 

sion predicting a proportionality between the difference 
in pK0 and N 

(4) 

where AGoN is the Gibbs free energy change for 1 mol of 
dissociating protons when a polyelectrolyte chain is 
uncharged and is calculated from pKoN by AGoN = 
2.303RTpKoN. The values of pK0 of PAA and propionic 
acid are taken as references for a polyelectrolyte and a 
low-molecular-weight organic acid, respectively. In accor- 
dance with the above expression, a plot of AI against N 
is found to be linear, as shown in Figure 9, where the 
thick solid line is calculated from the low-molecular- 
weight carboxylic acids in Table I. This figure shows 
that AI of a polyelectrolyte is essentially the same as that 
of the low-molecular-weight acids, and from the slope of 
this plot, AI per COOH is found to be about 2.6 kJ mol-'. 
Considering the additivity and short-range nature of the 
inductive effect, the linearity as well as the same rela- 
tionship for both polyacids and low-molecular-weight acids 
in Figure 9 is reasonably acceptable. 

It is clear that the rod model with a smeared charge 
was not applicable to the electrostatic Gibbs free energy 
of PIA a t  any a or of PFA and PMA as reported 
previ~usly.~ Therefore, the discrete charge model includ- 
ing the short-range interaction and the difference in the 
location of carboxyl groups should be applied to express 
the dissociation behavior of PIA. We now have deter- 
mined the probability of the local configuration of PIA 
as shown in Figure 6, assuming the main chain as a trans- 
planar zigzag conformation. Such a complicated config- 
uration, however, leads to rather complicated calcula- 
tions because of the irregularity of the interaction param- 
eter. If we assume that only the electrostatic interaction 
from neighboring carboxyl groups contributes to the dis- 
sociation behavior of the polyelectrolytes, however, ApK.bfi 
can be approximately rewritten as 

AI = AG,O- AG,N = kN 

'PKshort = ~piApKshort i ( 5 )  
i=m,r 

where Pi expresses the probability of the diad tacticity, 
P,,, or P,. In addition to the configuration, the confor- 
mation of the p-COOH on the side chain must be con- 
sidered. The calculation was carried out for two extreme 
conformations: trans and gauche against the carboxyl 
group on the main chain. A detailed procedure of the 
calculations has already been shown in previous p a p e r ~ . ~ J ~  
The one-dimensional Ising model with the second-near- 
est-neighbor interaction is applied to the calculation in 
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COOH in neighboring carboxyl groups18J9 and the local 
salt concentration being higher than the bulk value at  a 
> 0.5.8,B A hydrogen bond may be formed between COOH 
on the main chain and COO- on the side chain in an 
intermediate region of a. This possibility seems, how- 
ever, inappropriate for the reason of the decrease in [ a ] ,  
because it does not affect very much the flexibility of 
the main chain and because the hydrogen bond between 
two unionized carboxyl groups may be equally probable 
for (Y C 0.5. At present, the main reason for the decrease 
in [a ]  at a > 0.5 may be the high salt concentration in 
the polymer domain due to the strong electrostatic poten- 
tial. 
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