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The titration behavior of polyelectrolytes at higher ionic strengths is treated on the basis of the nearest neighbor interaction
between the fixed ions. This point of view suggests a quantitative comparison of the behavior of polymeric and dibasic
acids. The application of these considerations to existing work on the correlation of viscosity and titration curves of poly-

meric acids is briefly discussed.

Introduction.—The correlation of various proper-
ties of polyelectrolytes, such as viscosity and titra-
tion behavior, has been the subject of a number of
recent theoretical treatments.! These approaches
have had varying degrees of success and while dif-
fering in a number of important respects, have in
common the assumption that both the fixed and mo-
bile ions in the polyelectrolyte system may be
treated as a continuous charge distribution.

The purpose of the present note is to examine a

(1) A. Katchalsky,” O. Kunzle and W. Kuhn, J. Polymer Sci., 5,
283 (1950); J. Hermans and J. T. G. Overbeek, Rec. trav. chim., 67,

761 (1948); G. E. Kimball, M. Cutler and H. Samelson, THia Jour-
NAL, 66, 57 (1948).

different approach to the titration behavior of these
systems, one which does not involve the latter as-
sumption but instead assumes that the important
interactions between the fixed ions on the polyelec-
trolyte are nearest neighbor interactions. It is
expected that the repulsions between the immo-
bile ions will vanish rapidly with distance, R, at the
higher ionic strengths, in the first approximation as
e~ ®/R where « is the reciprocal Debye length. On
this basis nearest neighbor interaction will begin to
predominate when kR ~ 1 where R is the distance
between nearest neighbors. When R ~ 5 A. this
will occur when the salt concentration exceeds 0.4



622

If these considerations are valid a correlation be-
tween the titration behavior of a polymeric acid and
of a suitable dibasic acid is to be anticipated. An
examination of available data on polyacrylic and
glutaric acids supports this. A treatment of the
dependence of pK on the degree of neutralization
is given in the following section using, at first, the
Bragg-Williams approximation and later, the more
exact Ising method.

Theory of Nearest Neighbor Interaction.—
The polymer chain is considered to have N, neu-
tralized and Ny unneutralized acidic groups. We
suppose that the free energy f. of an immobile ion,
A, and its counter ion atmosphere are modired by
an amount fa,/2 for each A nearest neighbor and by
far/2 for each B neighbor, there being only two
neighbors in all. Additivity of these effects will
be assumed. Corresponding quantities for the un-
charged acidic group B will be denoted by f,
fav/2 and fub/2, respectively. The total free energy
of such an assembly depends on the number of
pairs, Nab, of nearest AB neighbors and may be
written as

Fnh =ann +beb +faaN-n +fthbb +fthnb -
kT In g(Na, N, Nav) (1)

where g(Na, Ny, Nab) is the number of ways of dis-
tributing, for a given N,, Ny, and Ny, the A and B
groups along the chain and where the number of
AA pairs, Ny, and of BB pairs, Ny, is given by
2Naa+Nab=2N5, 2Nbb+Na,b =2Nb. Thefree
energy of this system, F, equals —kT In (P.F.) =
—kT In Z(P.F)a = —kT In Zexp (—Fap/kT)
where (P.F.) is the partition function for all config-
urations while (P.F.)s, is the partition function
for only those configurations corresponding to a
given Na. The summation is over all Ny, consist-
ent with the values of N, and Ny. From equation
1 it then follows that

F = Nu(fa + faa) + No(fo + fuu) — kT In Zg(Na, No, Nab)
exp (—Naww/kT) (2)

where
W = fob — faa/2 — f1b/2

In the Bragg-Williams approximation Ngp in the
exponential in the last term is replaced by Nap,
the average value of N,, when A and B are ran-
domly distributed along the chain. The last term
in equation 2 thus becomes exp (—wiNVa./kT)Zg.
The total number of ways of arranging the N, A’s
and Ny B’s along the chain, Zg, is (Na + Np)l/
N.!Ny! Ny is readily evaluated by observing
that in this random case the probability of an adja-
cent pair of sites having an A on the first site and
a B in the second is No/(Ns + Np) X Np/(Na +
Ny), so that the chance that this link is an AB link
is twice this. Since there are (Na + Ny) such pairs
of adjacent sites, Nap = 2NuNp/(Na + Np). It
then follows that (OF /ON,) is given by

(:15::)”.+ o o+ faa — fo — foo + 2w (1 — 2a)
3)

where
a = Nu/(Nn + Nb)

Equating this to the partial molecular free energy,
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u, of the hydrogen ions in a solution in which their
activity iseug*, u = fu + kT In ag™, it follows that

_ _ a _ _Af 2w, _
PR = pH —log 7 = 337 t ggpr(! — 22) (4)

where
f=fotfout+fo—Ffo —fo

Thus the pK is a linear function of « in this ap-
proximation and the change in pK, from « = 0 to
a = 1is ApK = —4w/23kT. The major contri-
bution to w is fas, the repulsion of the immobile
ions, and it follows that f.. is positive and w nega-
tive, as observed. Both Af and w will depend on
the counter ion atmosphere and hence upon the salt
concentration.

If the repulsion of nearest neighbor ions is very
pronounced, then the A and B groups are not dis-
tributed randomly along the chain. Using the ap-
proach employed by Ising in an analogous prob-
lem in ferromagnetism, an equation may be derived
which takes into account in an exact manner such
deviations from randomness. From such a treat-
ment we find?

oF
O_Nu)lv,+ o = fa + faa — fo — fob +

Via(l — a)e?BT — 1) + 1+ 2a — 1
V{da(l — )T — 1) + 1)+ 1 — 2a
and from this, that

kT (5)

-
PK = 557
log(‘/4“(1 — a)(e™RT _ 1) + 1 4 2a — 1)(1 — a)

(Vda(l — «)(e®T — 1) + 1] + 1 — 2a)a
(6)

where w and Af retain their previous significance.
As before, the change in pK from o = 0 to « = 1,
ApK, is — 4w/2.3kT. This is as expected since
in both cases a dissociating acid group is in an
environment of other undissociated groups when
a = 0 and in an environment of neutralized groups
when a = 1. When —2w << kT, equation 6 re-
duces to 4, as it should. A comparison between
these equations is given in Fig. 1 for ApK = 1.0.
In this case —2w/kT = 2.3/2, which is not negli-
gible compared with unity. When ApK = 0.5
equations 4 and 6 are essentially equivalent.

Comparison with Experimental Data.—A survey
of the titration behavior of polyelectrolytes®+
indicates three common types of pK-a curves:
linear (as in Fig. 1), S-shaped (as in Fig. 1) with a
maximum slope at & = 1/, inverted S-shaped with
a minimum slope at @ = 1/,. Frequently the cur-
vature in the latter cases is not particularly pro-
nounced and its observance may well depend on the

(2) Anevaluation of the last term in equation 2 is given, for example,
in Rushbrooke's *‘Statistical Mechanics,”’ Oxford University Press,
New York, N. Y., 1949, p. 304, equation 42. Denoting this term by
AF, subsequent equations are also given there for (dAF/dN,)Ny, and
(OAF/3Np)N,. It is observed that

(5—1{’1’)&;, Ny =fo +foo = fo — foo +

(bAF
oN,

_ (OAF)
Ny ONy /w,
(3) C/.P. Doty and G. Ehrlich, Ann. Rev. Phys. Chem., 8, 81 (1852)
(4) H. P. Gregor and L. Luttinger, private communication.
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number of experimental points recorded. In
the various data examined the first two curves, and
therefore equations 4 and 6, satisfy reasonably well
the modified, empirical, Henderson—-Hasselbach
equation, pH = pKy, 4 n log a/(1 — «), proposed
by Katchalsky and Spitnik,’ if « is, say, between
0.1 and 0.9; while the third type generally obeys
the equation over a somewhat larger region. How-
ever, when o > 0.9 the experimental error is larger,
while when a < 0.1 the interpretation of the data
may be more vague since here, the calculation of «
depends on a knowledge of the self-ionization of the
acid.

Of particular interest is the comparison of the
titration behavior of glutaric and polyacrylic (PAA)
acids. A comparison with «,y-dimethylglutaric
acid would, it is true, be more suitable, but data
on that acid do not appear to be available. The
ratio of the first and second dissociation constants
K,/K,, of glutaric acid is about 12, of which a factor
of 4 is statistical and the remaining factor of 3 may
be attributed to the repulsions of the neighboring
ionic groups and more specifically to the term,
—2w/kT, discussed earlier. An examination of
some approximate titration curves of glutaric acid*
indicates that pK, — pK, is lowered by about 0.08
and 0.19 unit in the presence of 0.2 and 2 M
NaNOQ;, respectively. If nearest neighbor inter-
action predominates in PAA, then one might antic-
ipate that ApK for PAA would be about 2 log 3,
2(log 3 — 0.08), 2(log 3 — 0.19); that is, 0.96,
0.80, 0.58 in the presence of no salt, 0.2 M NaNO,
and 2M NaNOQ;, since there are two nearest neigh-
bqr; in the polymeric acid and only one in glutaric
acid.

The pK-a curves for PAA,* in solutions dilute
with respect to PAA, appear to be linear or slightly
S-shaped, as in Fig. 1. ApK is approximately 2.5,
1.2, 0.8 in the presence of 0, 0.2 and 2 M NaNOQ;, re-
spectively. The agreement between the observed
ApK'’s and those calculated from the behavior of
glutaric acid improves with increasing salt concen-
tration, as expected, and the agreement in the lat-
ter cases is reasonable, considering the extrapola-
tion errors and assumptions employed.

(8) A. Katchalaky and P. Spitnik, J. Polymer Sci., 3, 432 (1947).

(8) Two procedures are available for this caloulation of ApK for
PAA. The values cited in the text are based on a linear extrapolation
of data given in the region @ = 0.2 and @ = 0.8. Another procedure,
and one which i3 more self-consiatent, caloulates ApK from the slope
of the pK-a curve in this region using equation 6 and the relation
ApK = (—2w/2.3kT). The values of ApK ocalculated by the latter

procedure are but slightly less, as expected, and are found to be 1.0
and 0.7 in the presence of 0.2 and 2 M NaNO,, respectively.
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Fig. 1.—A plot of pK versus a when ApK = 1.0 The
dotted line is based on equation 4, and the full line on equa-
tion 6.

The titration behavior of dilute solutions of car-
boxylmethylcellulose’ (CMC) is rather interesting,.
Extrapolating the linear curves of Hermans and
Pals, one arrives at a rather rough value for ApK
of about 1.8 in the absence of salt, a value somewhat
less than that observed for PAA. This ApK de-
creases rapidly with increasing salt (NaCl) concen-
tration so that at a salt concentration of 0.3 M,
ApK ~ 0.2, a value considerably smaller than that
found for PAA. This CMC polymer differs from
PAA in that the acid groups are, on the average,
more widely spaced. In the presence of salt the
nearest neighbor interaction will vary strongly with
distance, R, approximately as e—*2/R, while at low
salt concentration the interaction between all the
immobile ions varies less strongly, as 1/R. It is
therefore expected that the former will be much
more sensitive to change in nearest neighbor dis-
tance than the latter. This is consistent with the
observed behavior of CMC and PAA.

In conclusion, it is observed that nearest neighbor
interaction is expected to have a rather slight ef-
fect on viscosity. If such interaction is a large part
of the total interaction, which in PAA it appears to
be, then it must be taken into account in theories
correlating viscosity and titration behavior. The
neglect of this contribution to the interaction would
tend to make ApK’s calculated from viscosity be-
havior less than those observed experimentally.
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