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A. INTRODUCTIC)N

The quantitative examination of ion-binding equfiibria in charged polyxner
systems is of considerable importance to many  disciplines of chemistry. The
compilation of such information for metalloenzymes,  proteins, polynucleo-
tides and polynucleosides, for example, would provide much needed insight
to the bio-oriented investigator for the interpretation of metal-induced phenom-
ena in such biological org~zatio~.  In the case of the soil chemist a knowl-
edgeable interpretation of the binding of ions to the charged pofymeric  con-
stituents of various agriculturai media would lead to a better understanding of
a number of important problems encountered by the agronomist.

The literature abounds with studies purporting to develop this kind of in-
formation. Unfortunately, the treatment of ion-binding data obtained with
such systems has for the most part been inadequate. As a consequence f&e
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estimates of the nature of the binding phenomena have resulted, to the disad-
vantage of the investigator and the inve&igation_

There are two very spout complicating  factors that must be resolved
to affect a quantitative dissection of the equilibria involved in these systems
[ 1 ‘J. The first of these arises from the high and v&able electric field at the
surface of the charged mpcromoiecule.  The electric field which determines the
effective doncentration of mobile counter ions at the polyion surface is a func-
tion of the degree of ion binding and the ionic strength of the medium. The
extent and nature of ion binding may lead as well to conformational changes
in the molecule which complicate further accurate estimate of the effhct of
the field on the number distribution of the mobile counter ions at khe surface
of the macromolecule, i.e. at the site of the reaction,

The second troublesome aspect arises from difficulties encountered in the
accurate assessment of the concentration, at equilibrium, of the dissociated
and variously bound ligand species that occur along each polymer strand. In a
simple molecule the concentration a of free iigand can be evaluated from stoi-
chiometric considerations and a consideration of the equilibrium of a compe-
titive reaction. For example, in studying the compiexation of a metal ion by
a simple monobasic acid, e.g. acetic acid, the concentration of acetate ion is
available from a pH meas~eme~t  of the system. With knowledge of the disso-
ciation constant of the acid at the ionic strength of the system and by account-
ing Zor the amount of standard base added the evaluation of (2 is unambiguous
and the various iigand species concentrations can be easily and accurately de-
duced f21.  In these complicated systems, however, such an analysis is difficult
because of the inability to assess the effective concentration of the mobiie
counter Ions at the site of reaction.

Even should the concentration of free ligand be available its representation
by an appropriata concentration unit is difficult. The repeating functional
units of the polymerized molecule occur as ensembles and their concentration
representation on a monomer basis must be expressed as moles per effective
volume of the macromolecu!e,  existing as a separate phase. To express their
concentmtions  as moles (on a monomer basis) per liter of solution not only
overlooks the polymer existence as a separate phase but also provides a false
picture as uniform distribution of each functional unit throughout the solu-
tion is implied. The effective volume of the polymer domain, which can vary
in the course of an experiment because of conformational changes, is not ac-
cessible, however; it therefore does not permit an absolute expression of con-
centration units and concentrations are most often based on the solution
volume. Results obtained with this concentration unit when more than one
iigand unit is attached to the metal are influenced by the volume of the
polymer [lj.

The expression of concentration units on a polymer basis provides a proper
description of the uniform distribution of each assembly of functional units.
The volume of the polymer is not a factor either. Expression of concentration
units on this basis may be considered quite appropriate in numerous instances.
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Expression of concentrations on a mole fraction basis would be acceptable
but the possibility of unsymmetric binding of metal to ligand, e.g. as MA* and
MA, in the M2i--(IIA),  system, makes data resolution by this approach exces-
sively difficuIt  for such systems. The use of equivalent fractions as a concen-
tration unit to overcome this problem leads to an incorrect application of the
mass-action iaw to eliminate consideration of this approach. In both instances
volume changes in the molecule are not a complicating factor.

In the following review the means for effective resolution of these problems
that have been developed by the author and his co-workers are examined in
detail. Unambiguous experimental verification of the validity of the various
steps taken to overcome these complexities are presented. Examples in the
literature of the inadequate treatment of metal-binding studies of charged
polymers and the consequence of such treatment are also presented to empha-
size the importance and value of the approach that is recommended for mean-
ingful analysis of these complex systems,

B. THE EVALUATION OF FREE LIGAND CONCENTRATION AND AVERAGE
LIGAND  NUMBER IN CHARGED POLYMERS FOR THE DETERMINATION OF
FORMATION CONSTANTS

It was pointed out in Sect. A that one very important factor which inter-
feres with the quantitative analyses of equilibria between mobile counter ions
and the ionized groups fixed on L: polymer is the high and variable electric
field at its surface. There is consLierable  deviation from ideality of the mobile
counter ions at the reaction sites of the charged polymer as a consequence of
this field and it is extremely difficult to estimate the free ligand concentra-
tion cz in a pat%icukir  sequence of experiments.

No such complication is encountered with simple monomeric systems where
non-ideahty either can be kept invariant by the use of an inert neutral electro-
lyte such as NaCIO,  at a sufficiently high concentration [3] or can be accurate-
ly calculated with the Debye-Hiickel  equation or some well-tested semiempirical
modification 141 by keeping the system sufficiently dilute. Because of such
experimental control of non-ideality encountered in these systems the forma-
tion constants of a sequence of equilibria can be uniquely resolved [ 21.

For example, in the case of a monobasic acid HA analysis of complexation
of metal ion by the anionic ligand can be facilitated simply by very accurate
and precise potentiometric measurement of the pH of the system as a func-
tion of the standard base added. With the material balance equations listed
below for the total initial acid concentration and the total initial ligand con-
centration the average number of ligands attached to the metal ion can be
determined at each experimental condition.

HT=h+b+[HAj-K&z (1)

AT = a + [HA] f [MA] f 2fMAz] + ..- * n[MA,] (2)

where D is the free ligand concentration, h is the free hydrogen ion concentra-
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tion,  b is the base concentration added and K, is the dissociation constant of
the water at the temperature and ionic strength of the experiment. An earlier
measurement of the dissociation constant K, of HA under the same experi-
mental conditions but in the absence of metal ion permits precise assessment
of Q for use in eqn. (2). With these data, the average number z of ligands at-
tached to the metal M is calculable:

HT -h - b + (K,/h) = [HA]
AT-a- [HA] = [MA] + Z[MA,] + a-- + n[MA,]
__= 1[MA] + 2[MAz] + . . . + n[MA,]

MT

0-b)
f2b)

(3)

z= [MA] + 2[MAz J + . . . + n[MA,]
m + [MA] + [MA,] + _.. + [MA,] WI

(3c)

where m is the concentration of free metal ion and flII is the formation con-
stant of the nth complex.

AS

f Zdloga=log(l  +S) (4)

where
S = &c + &a2 f **f + /3# 6)

graphical  integration of a plot of z versus log a can be employed to obtain the
Value of log@ + Sj for the ultimate eval-uation of the sequence of stability con-
&ants characterizing the formation of complex species in the system under
investigation.

Use of this approach without proper modification for electric field effects
f<z the analysis of ion-binding data obtained with charged polymers is of
course unacceptable. Any attempt to interpret such ion-binding data without
consideration of perturbations of the system arising from electric field effects
is of little value. In spite of this a number of investigators have neglected to
consider this factor in their research with charged polymers.

For example, in a recently reported study of the binding of alkaline earth
metal ions to alginate, the reaction between MC& and the Na+ ion form of
alginate as well as the reverse reaction was investigated by the equilibrium
dialysis technique [S]. Estimates of deviation from ideality at the site of reac-
tion that could have been provided by monitoring the neutralization of the
acid during the addition of standard NaOH in the presence of MC1, were not
accessible with their experimen*kl  approach. On analyzing their data they negl-
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ected  to consider even qualitatively the effect of such perturbation of their
system.

They proposed, on the basis of volume changes in the course of reaction
and the stoichiometry of the reactions that there were two kinds of sites avail-
able for the Nai ion, one less strongly binding than the other. The mass-action
equation KS = 2fM,f ENa,*  J/[Nat 1 {Mf2+  J seemed to describe the observed ex-
change with the more numerous, less firmly bound Na+ ions. It was deduced
from this result that most of the uranic  residues of the alginate molecule were
arranged in divalent  ion-binding sites which could hold one divalent  ion or
one monovalent ion. Gel formation and contraction were presumed to involve
binding to residues not so arranged.

Because the possibility of perturbation due to the electric field at the sur-
face of the polyion was not considered in this estimate these conclusions are
highly suspect. By analogy with the PAA and PMA systems that are discussed
fully later it is strongly suspected that the Na‘ ion form of the alginate is fully
dissociated and that the postulate of Na, bound weakly or strongly, is incor-
rect. Instead, the amount of Na presumed to be bound to the alginate is be-
lieved to correspond to the concentration a of free ligand in these systems.
With values of a thus accessible the most appropriate analysis of their data
should have proceeded through the expression of Z (eqn. (3)), calculable on
this basis by the evaluation of A&Z,  where A, = At - [NaJa = A, - a. For
the formation of two species, MA+ and MAa,  eqn. (3), modified by incorpora-
tion of a correction term f and rearranged relates %, &, & and a as follows:

Without a reasonable estimate of fit is apparent that meaningful resolution
of the binding data that have been reported is very unlikely. A much more
careful scrutiny of the alginate system than has been made needs to be con-
ducted before the interpretations that have been proposed can be accepted.

The experimental procedure for the accurate estimate of the deviation term
f that is essential for effective study of these highly charged systems unfortuna-
teiy interferes with the assessment of CL The analysis of complexation of
metal ions in these systems by the method outlined above for the analysis of I
metal-monomer ligand interactions is thus not straightforward. With a weak-
ly acidic polyacid (HA),, the increasing deviation f from ideality of the mo-
bile counter ions (H+, My’)  with increasing dissociation of the acid is measured
during controlled neutralization with standard base. The concentration of HA
is still calculable with eqn. (lb) from the pH measurement and the amount of
standard base added. The assignment of a reasonable correct value for a to
permit the estimate of bound ligand with eqn. (2b) for evaluation of z with
eqn. 3 is not. The measured ph is related to the ph at the site of reaction by
eqn. (6).

2.303 ph, - 2.303 ph, = -&,/kT  = 2.303 pf (6)



130

where q, (the potential at the surface of the charged macromolecule) is a pri-
mary function of the degree of neutralization cx and can be significantly af-
fected by ~onfo~ation~ changes in the molecule that arise from concurrent
metal-ion binding. Only the value of the product a exp(-&,/hT)  can be ac-
curately determined from the potentiometric data in such metal-containing
systems I1,6 J.

By using a modified form of the Henderson-Hasselbach equation

p/z, -t log[HAJ - p& = log a - 0.4343 e’l’&~t (7)

In this equation Ka corresponds to the intrinsic dissociation constant of the
repeating monomer unit of the polyacid that is evaluated by a potentiometric
study of the metal-free but otherwise equivalent system.

In an attempt to overcome this problem Gregor and coworkers [ 73 used the
standard Henderson-Hasselbach equation

PhZU = pK= - n Iog((1  - a)/cu) (8)

This form of the equation has been shown to give an empirical representation
of the titration curve for many polyacids, the constant corrective parameter
lz accounting for deviation from ideality at a selected acid concentration
and ionic strength as the degree of dissociation of the acid is varied, By
determining Ka and n for the polyacid in the absence of the complexing
metal ion the value of CL for the metal-polyacid interacting system was ealcu-
lated by an iterative procedure with eqn. (9).

K&-5$” = & (9)

where the term a/(At - a) is substitu~d for or/(1 - (u) in eqn. (8) to correct for
the functional group bound to the metal ion, AT representing as before the
total polyacid concentration (dissociated, associated and metal-bound).

Mandel and Leyte [S] used a different approach to attempt the evaluation
of Q. A reference titration curve of the polyaeid (without metal ion) was
tansformed  to a plot of p(h;[HA]  ) against pa. After determining p(h/fHA]  )
for a solution containing the same total amount of polyacid and salt, but
with the compiexing ion present, the concentration of a in the solution was
conveniently determined from the reference graph. This method is applicable
even when eqn. (8) is not. In a number of polyacids (eg. PMA) the value of n
is not unique.

The assumptions implicit in the evaluation of a by these two methods are
that (1) the interaction of metal ion with individual functional groups, rather
than the polyion  as a whole, reduces the negative charge of the polyion and
that (2) conformational changes that occur during such an interaction do not
strongly influence the potentiometric characteristics of the polyacid.

Even though the first assumption is most probably valid there is one possi-
ble mode of multivalent metal-ion complexation that negates its applicability
in the two methods described for estimating the concentration of a. Let us
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assume that the valence of the metal ion is two. With the formation of MA+,
there is a need to neutralize this extra positive charge to conserve electro-
neutrality of the system. The most likely path to such charge neutralization
is via additional dissociation of the polyacid as shown below:

_M2+  + 2HA =+ MA+ + A- + 2H+ (10)

Charge neutralization by the co-ion is resisted by the net negative charge of
&he polymer surface, increasingly as the dissociation of the polyacid is in-
creased. The only alternative path requires the decomposition of water. As a
consequence, even though only one functional group is chemically bound the
effective charge of the matrix may be reduced by a factor approaching two in f
order to prevent the potentiometric duplication of the reference system when
the ratio of h/[HA] is identical. Unless there is some contraction of the mole-
cuIe to compensate for this extra loss of charge, the estimate of pa will tend
to be high.

In our studies where the presence of MA+ as the dominant species in PAA
and PMA systems was unambiguously proved [9], it was shown that, as the
concentration of M2+ relative to the polyacid increased, the removal of iigand
predicted by the method of Mandel and Leyte became increasingly greater
than could be accounted for by the binding of the metal on a one to one basis
with the repeating functional unit [lo]. In fact Mandel and Leyte in their
studies [8J found that the apparent ligand number predicted by use of their
reference graph approached a value of 2 no matter whether the dominant spe-
cies, identified positively by our studies, was present as MA+ (Co, Zn, Ni) or
MAz (0.1) [g-l1 ].

The second assumption is high& questionabIe  even if the MA2 species is
dominant. Any perturbation of the polyelectrolyte configuration as a conse-
quence of such metal-ion binding must modify the potentiometric character-
istics, thereby leading to an incorrect estimate of a. It is necessary to keep the
concentration of metal ion at a very low level relative to that of the polyelec-
trolyte to minimize this source of error with either approach.

On the basis of the above it is suggested that a sufficiently accurate evalua-
tion of Q in weakly acidic polymers with the two methods may be possible by
potentiometric measurements of pH only when the valence of the metal ion
is unity or equal to the valence of the repeating functional unit. Otherwise the
above methods can be employed with limited success only to systems where
the existence of well-defined species has been unambiguously characterized
by an independent approach.

To demonstrate this we have re-examined below the data resolved by
Mandel and Leyte from their potentiometrjc  studies of several M2+--PMA  sys-
tems [S]. This re-analysis of their data, made possible only through knowledge
about these systems that has been obtained 3om the author’s more recent
studies [9-111,  is shown to support the above prognosis by yielding informa-
tion about the complexed species of these systems which is in reasonable
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agreement with the more accurate assessment of these systems by the author
and his coworkers.

Leyte and Mandel [ 8 f, like Gregor et al. [‘7],  have expressed z as a function
of [HA], Fr and PnR, the constant for the reaction M2+ + &A * MA, + nH+
rather than as a function of a and the formation constant flMMA,,  as described
earlier. With their approach

and

p = U@WJ h” m%---neW/k~
n

[HA]” m exp(-Ze!Pfr,/kT)

(11)

ea

These equations are applieabfe to systems containing divafent  metal  ions only
when rz 2 2. The corrective term accounting for the deviation from ideality
of the competing counter ions appears in both the numerator and the denom-
inator of eqn. (12) and cancels when n = 2

p R - [MA21 k2
2 [HAI m

(13)

Mow [MA21 = pMAz m a2 and [HA] = 0, k a and such subs%itution  in eqn. (13)
yields the following relationship between pzR and PMMAz.

With & available from the potentiometrie  study of the polyaeid acid the value
of pEnA,  is resolvable, the need for accurate assessment of the exponential
term that would be required in an approach paralleling that described earlier for
the evaluation of the stability constants in simple metal-ligand systems hav-
ing been avoided.

Xn the analysis of their potentiometric data Leyte and MandeI  plotted z as
a function of ~~[HA~/k). One flat region in the formation curve was obtained
at z = 2 for all the systems studied. We have stated that, in these systems,
this result can indicate the presence of one dominant species, either MA+  or
I’&$. when MA* is the dominant species as it is in the Co2*-, Ni2+-  and Zn2*-
PMA systems the reaction is represented by eqn. (10); Z approaches a value
of 2 rather than 1 because that fraction of free ligand  whose charge is neutral-
ized by MA+ is undetectable by the use of the reference potentiometric titra-
tion plot.

Equation (11) is not applicable with these systems (n < 2). Here, from eqn.
(lo)*

a [MA+] k2 a exp(-2e’%‘JkT)
PI =-

m [HAf2 exp(-2&,/k?‘)
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At zap, = 1, [M-A+]  = m in these systems and the exponential terms cancel
once again so that

log &a = 2p h
( )
IHA] -pa

Now

Plog &a = log”A*
Pa2

07)

and fiMA+ for CoA+, NiA+ and ZnAf  can be computed. The results of this com-
putation are compared in Table 1 with the respective stability constants re-
solved by the author and his coworkers for the MA+ species that is dominant
in these systems. Sufficient agreement between the two sets of numbers is ob-
tained to support the validity of this treatement of Mandel and Leyte’s data.

With the CL?+-PMA system the interpretation by Mandel and Leyte of
their data is correct subject to the limitations of their method for the estimate
of a. The dominant species is CuAa  and log pzR = 2p ( f HA),&)  = log@,,,  /&2).

In the comparison in Table 2 of flmz computed from Leyte and Mandd’s
data with &A~ resolved from the author’s examination of this system only one
PMA concentration level is considered. The important problem of proper rep-
resentation of concentration terms for the computation of fihnA, has been
noted in the introduction, and a more detailed comparison of the pcuAz values
obtained by Leyte and Mandel and by the author and his coworkers as a func-
tion of PMA concentration appears in Sect. D. which is devoted to this aspect.

The discrepancy between the two values for pcuA2 is not too unreasonable
since the extra interaction of the mobile Cu2+  ion with S04% as compared
with NO, has not been considered in these computations. Also there is, in
the region where z = 1, (a < 0.3)Cu-Cu interaction 1121 (n-merization) to

TABLE 1

A comparison of formation constant values derived for the species MA+ in M2+-PMA
systems

From Mandel and Leyte as interpreted by the author From Marinsky and
co-workers

-
System

Co2+-PMA
Ni2*-PMA
Zn2+-PMA

2P ([HAlIh)  pa 1% 01” Phw+ PhIA*

- 5 . 7 3.75 9.45 f.6a 0.9b 6.6= 3d
- 5 . 6 3.88 9.48 1.5 0.9
- 5 . 2 3.95 9.15 3 19 8

a 2.35 x 10M3 M PMA, 0.05 M NaNOs.
b 1.0 x 10H2M  PMA, 0.05 M Na2SO4.
c 2.0-5.0 x l.0m2 M PMA, 0.1 M NaClOq.
d 3.0 x 1O-2M PMA, 0.4 M NaC104.
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TABLE 2

A comparison of the VaIue of the formation constant of CuA2 in PMA at one concentra-
tion level

From Mandel and Leyte as interpreted by the author From Madnsky
and co-workers

System ~P(EHAI/~)

Cu**-PMA - 4 . 2

log P2R

- 4 . 2

PCuA/

2.9x lo5

a 1.2 x 10W2 M PMA, 0.05 M NaNOa
b 1.0 X 1CT2  M PMA, 0.05 M NazS04.

complicate the analysis of the data from Mandel and Leyte [8]. In addition
data obtained by the author with a PMA gel are compared with data obtained
with the linear polyacid by Leyte and Mandel. As we shall see from Sect. I)
the volume differences of the gel and linear analog can also contribute to the
observed discrepancy [ 61.

The method used by the author and his coworkers to demonstrate the exist-
ence of a dominant species, MAC or MA2, and to determine the stability con-
stants reported for the dominant species in these systems analyzed the eom-
plex formation reactions as

M2+ + A- + MA+
M2+ f 2A- + MA2

by correcting for the deviation from ideality of the mobile metal ion. This
more generally applicable approach is described in the following sections. The
utility of eqns. (13) and (14) and eqns. (15) and (17) for the same purpose
when one dominant species exists has been claimed above. Further verification
of this c!aim is presented below. The data that were obtained with Ni2+  and
FMA gel in 0.05 M Na2S04  are employed in eqns. (15) and (17) to evaluate
flXiA+ for comparison with the value obtained from our more direct analysis.
These data are summarized in Table 3. The agreement between the #& values
obtained by the two approaches is exact and provides a full testimony for the
validity of our estimate of the proper use of this approach. Use of eqns. (13)
and (14) for the Cu2’-PMA gel--M Na#04  system not detailed here also
yields a value for flcuAZ in exact agreement with the value for this term derived
from our more direct approach.

It is of interest to note here that Mandel and Leyte considered the interact-
ing free ligand in the stepwise  formation-of CuAz as non-equivalent. They pre-
ferred to designate the ratio hl[HAl at 2 = 1 as 0,” (ave). This number was
suggested as differing from the true constant by hI(HA) and a constant para-
meter f which they introduced to correct for difference in the effective con-
centration of the second interacting ligand once its neighbor has been bound.
It is our contention that the ligand grq_ups  are kinetically equivalent and that
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Gregor et al. {7], who first employed z data as we have in order to compute
P” were conceptually correct in spite of the criticism by other workers. To
s&port this estimate we refer to the studies of Gottlieb f13] who has shown
that the exchange between free and bound counter ions in polyelectrolyte
solutions is rapid, correcting the erroneous observation by Wall et al. [ 141
that exchange rates are extremely slow. In addition, results of a temperature
jump relaxation study by Weiss et al. [15] of the kinetics of proton transfer
between polyacrylic acid and polymethacrylic acid and the pH indicator
phenol red in the pH range 6-8.5 support this as well. A single, well-defined
relaxation process with a time constant between 20 and 250 MS, depending
on polyacid concentration and pH, was observed in their experimental study
and demonstrated that the carboxylic acid groups of each polyacid are
kinetically equivalent, under the conditions of their study. This result is ob-
tained in spite of the fact that some of the acidic groups are undoubtedly
more exposed than others which are buried within the polymer’s coiled matrix,
a situation expected to be most severe with the PMA system which undergoes
a transformational change during the binding of protcns.

With the dissociation of hydrogen ions from the polyacid, the several con-
current combinations of the dissociated side-chain carboxyl groups with Cu2+
is thus with identical sites. The equilibrium constant for each kind of reac-
tions can be related to a single intrinsic constant for each reaction type as a
consequence. It is true that the effect of binding at any site on the binding
affinity of other sites must differ, even though they are identical in their in-
trinsic properties. Because of their position with respect to other sites, there
must be a different response to charge [16,17]  as evidenced by a change in
the relaxation time constant, but this is automatically accounted for in the ex-
ponential terms which cancel in the above treatment.

We have seen that the methods proposed in the literature’for the reasonably
accurate assessment of the free ligand concentration of charged polymers in
the course of their complexation by metal ion have limited applicability. With
these methods, it is difficult to distinguish between the formation of species
such as MA’” - l)+, MA2(” - 2)+ --- MA,. The tendency is always to indicate the
presence of MA, as the dominant species. As a consequence, only when MA,
is the dominant species is it even likely that the computed value of o may be
accurate.

In addition the expression for % (eqn. (11)) is not correct. For the sequence
of reactions that may arise from interaction of a v-valent  metal ion with a re-
peating univalent functional unit of a polymer the correct expression based
upon electroneutrality conservation considerations is

”

c n&a ([HA] /h)na’“-n)
-g= n=l

ZpnR(  [HA]/&nac’-R)
(18)

If several species co-exist the great advantage derived from the fact that the
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exponential non-ideality term is cancelled is of little value as an accurate value
of o and consequently ???  has not been affected by the several methods SO far
devised for this purpose. We have therefore turned to stemate experi&ental
avenues in order to achieve a correct analysis of complexation reactions in
charged polymer systems. With the development of such alternatives, the ad-
ditional fundamental  information about such systems allow successful analy-
sis either by providing, as described above, the opportunity for a more correct
interpretation of the experimental data via the two methods outlined for the
computation of free ligand concentration or by permitting other avenues for
analysis as described in Sect. C. In the course of development of these latter
approaches an experimental technique for the accurate evaluation of CL has
been forthcoming and allows us to compute z and thus to evaluate,,&, #I, as
well

C. A MORE USEFUL APPROACH TO THE DETERMINATION OF STABILITY
CONSTANTS OF COMPLEX SPECIES FORMED IN CHARGED POLYMERS

We have shown that it is not possible with the methods so far proposed, to
evaluate the concentration (z of free ligand in metal-po&cid systems in order
to obtain z; therefore computational methods based on 2 as a function of a can-
not be employed (except in the special cases #at we have described) for the eva-
luation of meaningful formation constants in these systems. Only the combined
term cr exp(--~*&kT),  as we have already pointed out (eqn. (‘I)), is measured in such
systems. We must, therefore, determine directly and accurately an experimen-
tal quantity which can be related to the complex formation constants through
this term. The measurement of free metal ion concurrently with the measure-
ment of pH has been employed to facilitate such an analysis [6,9--111.

By measuring the concentration M of free metal ion we determine the frac-
tion a0 of metal ion added that is free and mobile. In simple metal-ligand sys-
tems

Here PO = m/m = 1, In charged polymer systems the effective concentration of
free metal ion at the reaction site is expressed as m exp(--u&,/M'),  Y repre-
senting as before the valence of the metal ion. For these systems

a0 = exp(--ve*,fkT)/(l  f C &a”; exp(-ve*,/kT)
n=l

(19s)

By equating fl,-,  to exp(vH,/kZ’)

1ag= -
I+ =Fx &a” exp(--ve\Ir,fkT)

Wb)



138

Rearranging eqn. (19b)
1-q)

ng exp(--@Ptk,/kT)
= x &a(“-  I) exp {-(Y - l)&JkTI

,, = 1

It is reasonable to assume that in metal-containing polyacidic (or polybasic)
systems My”, at equilibrium, is exposed to the same potential \k, as the Ht
ion in the system, The a exp(-&.JkT) term extracted from the potentio-
metric measurement of pH is applicable on this basis to an estimate of the
electrostatic work exp(-ve\k,/  kT) in bringing the MVc ion to the site of reac-
tion.

In order to examine the application of eqn. (19) for the evaluation of the
formation constants of a sequence of complexed species that may form in a
particular system it is appropriate to consider first the possibility that the
number of separate and independent species that can form in these unique
systems may be limited. If the number is smaller than 3, the andliysis will be
much less complicated.

Each polyacid strand in the presence of excess neutral salt provides an in-
dependent, equivalent ligand environment. These strands repel each other in-
creasingly as the degree of neutralization increases and the tendency for a ran-
dom orientation of the molecules becomes less. As a consequence the close ap-
proach of flexible segments of the same molecule becomes unlikely. A cylindri-
cally symmetrical geometry in which the strands are extended parallel to each
other and as far apart as possible is the net conformational result. Ligand inter-
action with the metal ion is thus sterically limited. The opportunity for metal
attachment to more than one strand is unlikely to happen also, especially at
higher degrees of neutralization, in the normal polymer concentration range
employed.

Because the binding of the metal ion is confined to individual polymer
strands its complexation behavior is essentially unaffected by increasing the
polymer concentration and is to a first approximation only a function of the
degree of neutralization. The net result is that the effective range of ligand
concentration for complexation is approximately one order of magnitude
(0.05 < f;y < 1.0). Even if steric factors were not operable to limit the coordi-
nation of ligand to metal ion this effective concentration range of ligand, by
analogy with simple ligand-metal ions systems, is insufficient to yield more
than two complex species concurrently. Equation (19) reduces to

l-a()

ffO a exp(--&JkT) = & exp {-_(u - 1)&,/k? 1 + &a exp {-(v - 1 )r\Ir,lkT)

(194
The graphical representation of experimental data by plotting the left-hand
side of the equation against cz exp(-@P,/kT)  leads to a line with an intercept
of PI exp f-(v - l)eq,/&Y’) and a slope of & exp {--(V - 2) -c\k,/kT) . When
the valence of the metal ion is 2, only the intercept value is variable and reso-
lution of PI. and & is a reasonably straightforward exercise. With v Z= 3, the
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intercept and slope are both variable and complicate appreciably the evalua-
tion of formation constants with this approach. In addition the hydrolytic
chemistry of these multivalent ions becomes an extra source of complexity
as the pH of the system is continuously varied during the experimental pro:
gram. We therefore limit the detailed discussion of this approach which follows
to the analysis of complex formation of divalent  ions with charged polymers.

The only possible way to treat the complexation of higher valent metal ions
by charged polymers quantitatively requires the evaluation of the free ligand
concentration which, as we have seen, has not been possible with the methods
so far proposed. In the course of the author’s experimental studies to demon-
strate the validity of the approach a method to achieve this objective with ac-
curacy is suggested.

(i) The effective concentration of mobile counter ions in charged polymers

The first fundamental insight into the analysis of non-ideality in charged
polymeric systems, such as proteins, was due to LinderstrQlm-Lang  [18]. His
complicated treatment was restated much later in a more convenient form by
Scatchard [19] in order to facilitate the study of ion binding in complicated
protein systems. The more rigorous derivations of Scatchard have been essen-
tially duplicated  by Tanford [ZO] with i;he simplified version of the
Linderstr$m-Lang  treatment that is presented below.

All ionizable groups of a protein are assumed to be completely independent
of one another and to obey the ionization equation. The equilibriumconstant
K’ is related to the free energy of ionization

AGXI = -RT In K’ = 2.303 RT pK’ (20)

Part of this free energy is electrostatic work which must be done to increaSe
the charge of the conjugate base molecule by one. The ionizable group is con-
sidered to be on the surface of the protein molecule which is taken to be a
sphere with a charge of 2 uniformally distributed about its surface. The elec-
trostatic free energy required to increase the charge to 2 + 1 is then

(2 -f- 1)2Ne2 - - ~
20

and

(22 f l).NE’
W = -(uoion)elec (21)

where b is the radius of the sphere, :Z is its radius of exclusion, K has the usual
meaning in the Debye-Htickel  theory, D is the dielectric constant of the me-
dium and E is the protonic charge.

The subscript zero is used to denote that the protein sphere has zero net
charge when the ionizing group under consideration is in the form of its con-
jugate base.
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Then

and

(22)

We assume that the difference in ionization constant of a particular group
on the protein is the same whether neighboring groups are ionized or not ex-
cept in so far as the electrostatic free energy changes with the charge and

2.303RT(pK,‘-  p&J

(P&z - PKO) (23)

It is customary to equate

to w

so that at any charge 2

PH

and

PH --loglacu

From eqn. (7)

&,/kT = 2Zw

to demonstrate

2ZW
= PG-2.303

2ZW=p&----2.303 (24)

(25)

the equivalence of the approach the aut;hor  has adapted by
employing directly the modified form of the Hasseibach-Henderson equation
for this purpose.

Arnold and Overbeek 1211 in their pioneer demonstration of this approach
plotted the potentiometric titration data obtained with polymethacrylic acid
~s;PH - log Ecu/(1  - a) ) versus (Y. Ideally pH - log{ol/(l - ~1)j  = pR, and any
deviation from a straight line of zero slope in such a plot is presumed to be a
quantitative measure of the deviation from ideal behavior of the system as the
polyacid is progressively dissociated. A representative plot of such data ob-
tained with PMA is presented in Fig. 1. The extrapolation of the upper curve
of the figure is by a straight-line extension of the data as it should be in this
re&on of low charge density where the Debye-Hiickel approximation is valid.
The long extrapolation of the lower line must be slightly curved to reach the
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a

Fig. 1. Potentiometric study of polymethacrylic  acid; system 0.01 M PMA-Q.05  M NazSOe

same intercept value 1221.  Such curvature is to be expected in the higher
charge density region. The K, value of 1.48 X 10m5  that is determined from
this analysis of the potentiometric data is in good agreement with the dissocia-
tion constant reported for isobutyric acid, the repeating monomer unit of
this polymer. Since there is no ionization of the polymer at o = 0 this number
should correspond to the negative logarithm of the intrinsic dissociation con-
stant of the repeating acidic group of PMA, as it does, if the source of devia-
tion is exclusively electrostatic in nature. Thus the change (API-Z)  in the value
of pK with a is attributable to the change in the electrostatic free energy of
the molecule as a consequence of the group-group interactions accompanying
the ionization process. Such a deviation from ideahty  at the polymer surface
is expressed as 0.4343eqk,ffiT  (see eqns. (6) and f?)), the starting point of the
Poisson-Boltzmann equation for a uniformally charged cylinder in a uniform
dielectric 1231.

(ii) A test of the general applicability of the non-ideaiity term

In the development of eqn. (19) it was assumed that the fundamental devil-
tion term exp(-&,/kT)  derived from the study of the ii+ ion in polyacid sys-
terns provides an accurate basis for an estimate of the deviation from ideality
of the mobile M”+ counter ions also present in these complicated systems. To
demonstrate that this is indeed the case, a study of the complexation of trace-
level concentrations of Ca2+, Co2+ and Zn* by polymethacrylic  and pofyacryi-
ic acid as a function of Q was made by the author and a co-worker 191.  The
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distribution of trace-level concentrations of these respective metal ions be-
tween a cation-exchange resin (Na ion form) and a solution (M NaClO.+) in the
absence and presence of various concentrations of the respective polyacids
was measured at different degrees of neutr~zation  to facilitate this objective.
The partition coefficient Do (absence of polyacid) and D (presence of ligand)
bear the following relationship to /3 and a for M2’-polyligand systems.

Do-D
Dfl = PI exp(--2E\Ii,/kT)  f &u exp(--2&,/kT)

Analysis of the distribution results, with exp(-&,/kT)  and a values directly
available from pH measurements (binding of trace metal ion does not affect
the stoichiometry of the system) made concurrently with the distribution
measurements provided unambiguous verification of the general applicability
of the non-ideality term so obtained in these systems. The experimental vaJues
of (DO -D)/Da  were plotted versus the a exp(-&JkT)  term. The data were
extrapolated and the intercept of the ordinate defined the value of &. A plot
of log((Dc - D)/Da&  ) versus pH - log{a/(l  - (Y)]- pka then yielded a line
with a slope of 2 which intersected the origin. The ordinate log{(DO -D)/
Da&)  is equal to

2&,fkT
2.3

while the abscissa pH - log {ar/(l  -a)} - pK, is equal to &,/2.3kT;  the ob-
served result demonstrates that (1) essentially only the MA+ species exists in
these systems (i.e. /3a < 0.1&) and (2) the non-ideality of the divalent ion is
defined by B&,/kT.  These results are presented graphically in Figs. 2 and 3.

These results show un~bi~o~ly that the above approach to a quantita-
tive estimate of the non-ideality of multivalent metal ion competing with the
H ion in their interaction with the repeating Iigand unit of polyelectrolytes is
valid. A bonus of this result is that a means of accurate analysis of the free li-
gand concentration a in (HA),-M”+ systems is also provided. If instead of
using trace-level concentrations of Zn2+ in these systems macroscopic concen-
trations are employed, the concurrent measurement of pH and pZn with a
glass electrode and a Zn amalgam electrode, respectiveiy,  will yield, after ap-
propriate consideration of stoichiometry, the terms a exp(--e\t,/kT) and a
exp(--2&,/kT).  If we express equilibrium in these systems by

&!f!f!d  = a exp(-&,/kT)
h&

and since ZnA’ is the dominant species in these systems,

[ ZnA’]
Pn2+l &,+

= a exp(--2&,/kT)

(7c)

Ud)

Division of [HA]/h &, by [ZnAf]/(Zn2+JPZnA+  yields the value of exp(-&J
k?‘) and thus allows computation of a in every experimental situation,
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pH-LOG  $ - pKo pH - LOG -& - PK,

Fig. 2. Plot of non-ideality relationships; system ““CO-0.03 M PAA-0.1 M NaC104.

Fig. 3. Plot of non-ideality relationship; system 6oCo-PlbU-0.1  M N&10+

With this approach, a Zn2+ ion can be used as a probe to evaluate a during
the study of the complexation of other metal ions of valence not less than 2.
The measurement of free mobile MVf concurrently with the measurement of
pIi and pZn is desirable for greatest accuracy but is not essential in this proce-
dure since with the a available an accurate assessment of z is possible. With a,
exp(-&,/kT)  and 2 or cyo available, proper resolution with eqn. (3), (18) or
(19) (if the concentration of free M* is measured) is susceptible only to the
extra complication which arises from the expression of the concentration, in
these polymeric systems, of all species in molar&y units based upon the solu-
tion volume. The nature of this problem with its advantages and disadvantages
is fully detailed in Sect. D.

D. THE IMPORTANCE OF CONCENTRATION UNITS

Only the accurate resolution of fir is possible in M2’-polyacidic  (or polybasic)
systems where two complex species (MA+ and MA2)  are formed if the concen-
tration of the various species are expressed in the standard way by molarity
units based on the solution volume V. Its value wi!l be uniquely obtained from
the intercept of the ordinate axis of a plot of (1 - ao)/cuoa  exp(-&\k,/kT)  ver-
sus o exp(--f!PJkT).  The straight line of slope equal to p2 that is expected
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from this plot, however, may instead be curved with only segments linear. If
a stzaight  line is obtained over the complete range. of the experimental study
its slope wilI be inversely proportional to the init@ concentration of poly-
acid employed, i.e. pz = k/MHA.

Such failure of eqn. (19) to resolve uniquely the stability constant of MA2
species using molarity units based on the solu.ution volume is very well illustrated
from the restits obtained in a detailed study by the author and co-workers of
the binding of Cu2+ by polyacrylic acid [6]. In this study, the PAA contained
at fixed concentrations and degrees of neutralization in 0.05 M Na2S04  was
titrated with CuSO4.  The pH a3d pCu were measured concurrently. Graphical
representation of a typical set of data is shown in Fig. 4. The best line that
can be drawn through the experimental points is linear in two a expf-&,/kT)
regions: at the very lowest values of the abscissa where the CuSO_, to PAA
concentration ratio is largest and in the low CuS04 to PAA concentration ra-
tio range. The linear portion of the curve at, low values of a exp(-&JhT)  is
magnified in the figure insert through the use of a much expanded coordinate
scale to show this result clearly. Experimental points obtained at the same
PAA concentration but at different fixed a values (cu = 0.23 to 0.90) in the
two separate CuS04  to PAA concentration ratio regions of Fig. 4, where linear-

0.i
otexp-+r,/kT)

Fig. 4, The variation of (F a&or0  (I exp(-&slhT)  versus fz 13@--E*~fkT)  with varying
CS&Og concentration in P.&% at a fixed neutralization value; system 0.0146 M PAA-0.05
M Na2S04; Q = 0.75.
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ity is observed, are plotted in Fig. 5 and Fig. 6 and continue to yield straight
lines with essentially the two respective slopes observed in Fig. 4. The magni-
tude of the respective slopes in the separate concentration ratio regions is
shown to be inversely proportional to the initial concentration of PAA by
plots of j3s versus MPAA+ in Fig. 7. The results obtained at the low C&O, to
PAA concentration ratio were reproduced in a potentiometic study, during
neutralization with standard base, of a PAA system containing Cu2+ and PAA
fixed at the appropriate concentration levels.

The failure of eqn. (19) to resolve @a uniquely is a direct consequence of the
use of molarity units based on the soiution volume. This concentration unit
does not properly represent the discrete distribution of polymer species as a
separate phase of these systems. For this the concentration of each polymer
species must be based upon the total volume u of the polymer contained in
the solution volume. With this expression of polymer species concentration
V>uand

PlW = Cm{(V-
CMACl/u

~)Iexp(-2CIJ,lkT)  (a/u)

fMA+](V-u)
= mar exp(-2E!Ps/kT)

fMA*]V
* ma exp(-2dfJkT)

(27)
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Fig. 5. A potentiometric study of PAA in Cu2t-crowded  systems as a function of PAA
neutralization and Cu2+ concentration; system 0.0146 M PAA-0.05  M Na$304.



A-a * 0.75
O-0 = 0.60
v-a = 0.40
a c * 0.23

o (exp-erjt,lkT)
Fig. 6. A plot of (1 --q#.~~  exp(-&@T)  versus a exp(-@If,lkT)  at several different
fixed and low Co2+ to PAA ratios in one concentration of PAA at different fixed neutra-
lization values; system 0.0146 M PAA-0.05  M Na2SO.Q.

Fig. 7. A plot of jI&+) versus the inverse of the PAA concentration.

P
U’+Wd/u

2(v) = Imf( V- ufl fa/u)2  exp(--2&JkT)

W&I W- UBJ
= ma2 exp(--2E?P,hr)

[MA,1  uV
= ma2 exp~---zwlf,kT)

‘In the standard representation

P
[MA+]V

l(S) = ma exp(-2&Zr,hT)

PZ<s>  =
IMA*l@

miz2  exp(-2&&T)

(28)

(291
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SO that

Pl<v) = 01 <s) and P2w - P24 (36)

Since the definition of /.I,+.,  is believed to represent correctly the equilibria
operative in these systems, only the representation of jIn where n > 1 can be
expected to yield unique resolvable formation constants for the X18=1 [MA,]
complex species that may form. Misrepresentation of the concentration of
polymer species in the standard expression for & does not lead to noticeable
error in the evaluation of this formation constant because the dimension of u
in the numerator and denominator is the same and the u terms cancel in defin-
ing & (v) so that Pi Q) = 01  (v)- However, in the case of MAz, for example, in-
correct representation of the concentration of polymer species in the star-~-
dard expression leads to the prediction that p2(sj will not be constant but will
vary inversely with any change in volume of the polymer domain during an
experiment in which V is maintained constant. Even if the polymer is dimen-
sionally stable, it is predicted that &(sj will vary inversely with the con-
centration of polyelectrolyte employed in a series of experimenti  conducted
at constant V.

On the basis of the above examination of e;ln.  (19) the observed distribu-
tion of the experimental points of Fig. 4 suggest that the polymer molecule
exists as CuA2  in a dimensionally stable but expanded form at the first addi-
tion of CuS04.  Eventually a progressively greater contraction of the molecule
with each additional increment of Cu2+ occurs until at the highest concentra-
tion levels of CuS04 a constant minimal volume of the molecule is reached.
At the point where rapidly increasing contraction of the molecule is indicated,
turbidity is observed in the solution. The precipitated polymer is believed to
correspond to the dimensionally stable contracted form of the molecule.

It is of interest at this point to return to the study by Mandel and Leyte of
the binding of Cu*’  by PMA [S]. With a sixfold increase in the concentration
of PMA from 0.01 to 0.06 M the binding constant derived from their data is
approximately one-sixth the value obtained by them at the lower PMA con-
centration. This result is anticipated by our analysis.

To test further the validity of the above interpretation of the Cu2+hinding
data, the CuSO* interaction with a PMA gel in 0.05 A4 Na2S04  was studied p+
tentiometrically and polarographically as a function of its neutralization with
a standard base. It was known that the volume change of the gel, constrained
by cross-linking with divinylbenzene, would be small over a large Q range and
this dimensional stability of the molecule was expected to be reflected in the
linearity of the line resolved from graphical representation of the data with
eqn. (19). This was indeed the case at Q values of not less than 0.35. The di-
vergence from a straight line below this 01 value could be explained by a
Cu-Cu interaction that is known to prevail in PMA in the low 01 region [X2].

It is appropriate to refer at this time to the report by Felber et al. 1243 on
their study of metal complexes in the alternating 1 : 1 copolymer of ethylene
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and maleic  acid. Unaware of the fact that concurrent study of the reaction of
H* competitively with the M2+ would provide an accurate estimate of the devi-
ation of ideality of the mobile counter ions at the site of reaction they e&i-
mated stability constants in these systems neglecting this correction term- In-
stead they attempted to apply the interionic attraction  theory of electrolytes
for this purpose, badly underestimating the high field due to the charge on
the polymer by assuming a uniform distribution of the charged polymer sites
throughout the solution. In their evaluation of the pK value of the bicoordina-
ted complex formed they used molar concentration units based on the solu-
tion volume to repeat this mistake.

The discrepancy of a factor of six orders of magnitude between their pK
value and the pK value reported for the corresponding meta?-monosuccinate
complex was discussed in terms of the enthalpy  and entropy of complex
formation in these polymeric systems, It is quite apparent, however, that the
extra magnitude of their PMA is a consequence of their low assessment of {I)
the electrostatic deviation term by a factor of 16-100 and (2) their use of
molarity  units based on the solution volume which magnifies their answer by
at least another factor of 1000.

{i) An interesting and important observation

In studies of the Cu2”PMA system in the author’s laboratory [25] it has
been observed from concurrent polarographic and pH measurements made
during progressive neutralization with a standard base of PMA containing a
constant  concentration level of CL?+ that eonfo~ation~ stability of the CuAz
species in these systems occurs over a fixed neutralization range. The extent
of this neutralization range appears to be a function of the concentration ratio
of Cuzc to PMA; the larger the ratio the more extended is the range of dimen-
sional stability.

Representative data and the method employed for their interpretation are
presented below tc illustrate this observation. The fundamental equation
derived by DeFord  and Hume [26] for the evaluation of formation constants
through the pofarographic examination of stepwise  equilibria between succese
sively formed complexes in solution was employed. This equation, modified
to correct for the deviation from ideality of the metal ion at the surface of
the reaction site of the polymer, as described earlier, is

where LE2,s  is the difference  in the half-wave potential of the experimental
solution and the polymer-free but otherwise equivalent system, i, is the diffu-
sion current measured in the experimental system and is is the diffusion cur-
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rent of the polymer-free but otherwise equivalent system; n represents the
electron change in the reduction of the metal ion and F is Faraday’s constant.
A plot of the left-hand side of eqn. (31) versus Q exp(-&,/kT)  will, as before,
yield a line with a dope of & and an intercept of p1 exp(-&,/kT).  The &SXBE
ity of the line will depend upon the conformational stability of the molecule.

In the sequence of experiments performed, the effect of the presence of
Cu2+ on the conformation of PMA was studied. For this purpose, a constant
initial concentration of PMA (0.0109 M) was used while varying the concen-
tration of copper tenfold (1.0 X 104 34 to 1.0 X low3 M) in the presence of
0.30 M NaCIO*.  The data, analyzed using eqn. (31) are presented in Fig. 8. As
the Cu2’  to PMA ratio is increased, the negative deviation of the points from
the initial straight line that was obtained over the (11 range (0.3 f OL G 0.5) in
earlier studies (in sulfate media) diminishes until, at the highest ratio, no devi-
ation of the points (other than experimental) from the straight line is ob-
served, even at Q = 0.8. The evidence is strong for conformational stabiliza-
tion of the compact form of PMA by Cu”+, which increases with increasing
amounts of copper.

The straight lines resolvable at the lower values of Q for each set of data
have somewhat different slopes, with the steepest slope being obtained from
the system with the highest Cu2+ content. This result suggests that both di-
mensional stability and compactness are a function of the metal ion concen-
tration level in this system.

The relationship between bound (1 - (~a) and free copper (ora) is

l---a0
(~0 a exp(--E\k/kT) = (Px+ P2a) exp(--E*,lhT) (19)

the right-hand side of this equation being equal to the term calculated from
the potentiometric and polarographic data with eqn. (31). Thus,

nF kRT + log i, -1 (32)

With ato calculable in this way the amount of bound Cu, Cub, where

(I- %) [C&l = 1CuiJ (33)

can be determined at every experimental point. To a first approximation, all
bound copper exists as the CuA2 species. The accurate value of u, in each
equilibrated sample, can then be obtained by correcting for the amount bound
to the Cu2* ion:

CI = [HA] - [HA,,] - ZfCu,] (2)
to permit evaluation of p&, as a function of a. The results of these calcula-
tions, performed on the system containing 0.0109 M PMA and 0.001 M CuSOa
in 6.30 N NaC104,  where the greatest range of dimensional stabilization is ob-
served for the Cu2*-bound  species are compiled in Table 4 and presented
graphically in Fig. 9 together with the potentiometric data for the Cu2”free
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obp-  r+JkT)
Fig. 8. Graphical analysis  of a pofarographic  study of C!u2”binding  by PMA; system
1.09 x 10-2 MPMA-5.3MNaCi04.

Fig. 9.ApparentpK  of PMAin the presence and absence ofCu'+;system  1.09 X 10°2M
PMA-1 x lo-" &I CuS04-0.3  M NaC104.

TABLE4

The PK,, of PMA in the presence of Cu2* for the system 1.09 x 10w2M PMA-1.0 x 10-3M
CuS04-0.30iCZNaC104

0 o! = a/(a PH
l [HAlI - iog&-

0.10 0.3670 1.367 7.315 x 10-4
0.20 1.454 2.454 4.074
0.30 8.410 9.410 1.062
0.40 27.72 28.72 5.482x 1O-5
3.45 47.38 48.38 2.067
0.50 77.36 78.36 1.276
0.55 89.84 90.84 1.101
0.60 98.73 99.73 1.003
0.65 141.7 142.7 7.007 x l_o*
0.70 184.9 185.9 5-379
0.75 239.3 240.3 4.161
0.80 310.8 311.8 3.207

7.710 x 10-4 0.0696
1.093 x 10-3 0.1125
1.511 0.1658
2.483 0.2756
2.960 0.3311
3.483 0.3902
4.022 0.4508
4.564 0.5117
5.102 0.5724
5.643 0.6333
6.259 O-6968
6.727 0.7553

4.918
5.035
5.323
5.435
5.486
5.500
5.504
5.504
5.511
5.537
5.560
5.477



but otherwise equivalent system. bin (Y > 0.4, the ordinate vaIue is essentiafly
constant to within +0_02 pli: units?  the range of the ~xpe~ment~  precision of
the potentiometric measurements in all but one instance1

This constancy in pKapp, and consequently the &‘,/kT  term, is characteris-
tically observed in the potentiometric titration of PMA (Fig. 1) at 0.3 < a C 0.5
and has been identified with the transformation of a compact form of PMA
to a random coil conformation. It is proposed that this phenomenon is closely
analogous to the critical point in the case of a Pure substance [2’7 J . At this
critical point since the non-ideality curve is horizontal

ay+_=fj~fJa$+J
aa
As the critical point is not a simple m~imum or minimum the second deriva-
tives are also zero. As &F/au and a2F/ih2  equal zero the partial molar volume
of the molecule must remain constant to explain the observed constancy of @z.

The concept of ion condensation [28-301  has recently been introduced to
analyze the conformational transition of rod-like palyelectrolytes possessing
high charge density [31].  According to this theory, some counter ions must
“condense” on the surface of the rod when the charge density reaches a criti-
cal value, specifically during the random coil + helix transition. With such
condensation to keep the charge density constant one might suspect that the
dimensions of the molecule are also maintained constant. Extension of this
concept to the Cu2*-contained  PMA provides a logic4 explanation of the ob-
served dimensional stability of the PMA molecule.

From the above we have noted that with the formation of MA2 species in
M2+--(HA),  systems information with respect to the conformational stability
of the polymer molecule as a function of exp&mental  conditions is derived
from the use in eqn. (19) of molar concentrations based upon the solution
volume. With P.AA, for example, we observed dimensionaf  stability of the
macromolecule when the ratio of Cu2*  to PAA was, respectively, relatively
high and relatively low. The volume of the dimensionally stable molecule at
the higher Cuzf to PAA concentrations  was approximately one-sixth the
volume of the d~ension~ly  stable molecule at the lower Cu to PAA concen-
trations.

This interpretation of the data is further supported by the following analy-
sis. The dominant complex species in the PAA--CuS04--Na2S04  systems is
CuAz  when the concentration of Cu2+ relative to PAA is small. The free ligand
concentration a can as a consequence be accurately determined (eqn. (2b)) in
these instances. With the value of a thus available the apparent pK (p&,,)  of
the PAA as a function of a during addition of CuS& can be computed with
the EIenderson-Hasselbach  equation for comparison with its value in the in&-
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ally C&free  but otherwise equivdent system neutralized with a standard base.
A typical representation of such analysis of the potentiometric data is pre-
sented in Fig. 10 for the 0.0146 M PAA-0.05  M I?ia$3Q4y  M CuS04  system
initially at a fixed neutralization value of 0.9. We note that with the metal-
free system the plot of p&, versus Q is linear. Since p&, - p& = (-eS,/ftT)
(0.4323) = -2Zw(O.4323)  this linearity is a reliable :adication of the eon-
formational stability of the Cu2+-free  PAA during neutralization. The electrical
work term w is constant. With the addition of CuS04, however, linearity of
the pfot is soon disturbed to indicate conformational change in the molecule
beyond this point as C&O4 is added to the system. In this region the devia-
tion from ideahty  is due to the refativefy  Iarga electrostatic field at the SUP
face of the macromolecule as n decreases in value. The relatively higher charge
density is due to the more compact conformation of the PAA as Cu is increas-
ingly bound to the PAA. We have by this analysis  of the data corroborated
the earber  deductions.

The eventual exponential increase in p&a in the Cu-crowded region is an
artifact of the inaccurate estimate of free ligand concentration. By assuming
the exclusive presence of CuAa in this experimental region for the evaluation
of pK,,  the value of Q is increasingly underestimated to produce this result.
Correction for this oversimplification is attempted in the following paragraphs.

In these systems there is, with the addition of Cu*,  transformation from a
less compact to a mure compact form of the Cu-bound polymer. It seems
reasonable to consider that in the Cu-crowded region of these systems a
“critical solution” phenomenon equivalent to thatsuggested by the results of
our earlier analysis of the Cu ‘+-PMA system may prevail as well. To test this
possibility, p&Z,, values were employed in the Henderson-Hasselbach equa-
tion together with the experimental pII and HA concentration values obtained
for the seven points that make up the first linear portion (the insert) of the
curve in Fig. 4. With the value of a redetermined in this way the concentra-
tion of the species CuA”  and CuA2  is resolvable by simultaneous solution of
the following equations.

[C&j = [Cur] - [CuA+] + ECuA,] (31

[CuA]  + ZfCuAs]  = AT - a - fHAf (9)

With CuA, CuAz and a available by these operations the appropriate selection
of P&p for each experimental point could be tested by examining the con-
stancy of && calculable from each such reduction of the data thus

tCuA2f = pZ

ICuAla PI

A single p;K,, value of 4.88 * O.@l  (4.89, 4.87, 4.87, 4.875, 4.895) assigned
to the first five points does indeed yield a constant value for P2/& (2.88, 2.&J,
2.84, 2.895,2.74 X lO*). The pK,, values that need to be assigned to the



153

55

PK VP

400
I I

0.2 0.4 0 6 0.8 t.0

a (Degree of Neutrahrotion)  _-_

Fig. 10. Apparent pK of PAA in presence and absence of Cu2’;  system 0.0146 M
PAA-0.05 M Na&04.

Fig. 11. Potentiometric study of poly-1-glutamic acid in 0.05 M Na@04.

sixth and seventh point to yield this constant ratio (2.88 and 2.70 X 104) are
4.935 and 5.017.

These seven points are replotted in Fig. 10. The straight line that can be
drawn through the sixth and seventh point-s is a smooth extension of the rest
of the curve defined by the other experimentally based points whose compu-
tation are not sensitive to neglect of minimal formation of CuA+. It is interest-
ing also to note that the line drswn  in this manner intercepts the ordinate at
PKaRp = 4.56, the intrinsic pK of PAA at the experimental ionic strength.

These results do indeed corroborate formation of the dimensionally stable,
compacted form of the Cu-bound FAA at the seventh point. Evidence for this
is the straight line that can be drawn through the readjusted sixth and seventh
points; the sought-for transition seems to occur in the dimensionally stable
molecule at the fifth point.

The value of & is approximately 2.5 X 10 (& = 7.25 X 105); after correction
for competitive eomplexation of CL?* by SO,% as described later the PI value
of approximately 3.25 X lo2 that is resolved is in reasonable agreement with
the & value of 1.5 X lo2 that is reported in the literature for the formation of
Cu(acetate)+ at zero ionic strength.

We have, with this approach, examined the conformational behavior of
polyglutamic acid (PGA) in the presence of Cu2+ 1321.  This molecule has been
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demonstrated to exist as a double-stranded helix [33j at low degrees of neu-
tralization. From potentiometric and optical rotatory dispersion studies a
transformation from helix to random coil has been shown to occur in PGA
with its increased dissociation. The point of transformation from one form to
another is a function of temperature and simple neutral electrolyte concentra-
tion.

In our experimental study a potentiometric titration curve of PGA in 0.05M
Na2S04  was first obtained to fix the range of this transformation. These data
are presented in Fig. Il. The same concentration of PGA in 0.05 M Na$SO*
fractionally dissociated by controlled addition of standard base to present
helix, helix-random coil and random coil configurations were titrated with
CuS04. After the addition of each increment of CuSO.+  the pH and pCu at
equilibrium were measured. Plots of the data, {(l - crO)/croa)exp(-e?!IZ,/kT)
versus a exp(-&&I’), are shown in Fig. 12.

Straight lines are obtained in the &-crowded  region as was the case with
PAA. Eventually the points deviate downwards from these straight lines in the
presence of smaller amounts of C&O+ With all the PGA systems a Cu concen-
tration is reached where the observed points become smaller than the pre-
ceeding ones obtained with more CuS04 to produce a maximum in the eventu-
al curve. The maxima obtained with the more highly dissociated PGA samples
occur outside the Q exp(-e\k,/kT)  range examined in these plots. A second
region of linearity in the Iowest Cu2* to PGA concentration ratio region, as
was observed with PAA, is barely detectable. These data suggest that a dimen-
sionally stable configuration of the molecule is formed only in the presence
of relatively high concentrations of CL?+. When only a little Cu2’ is present,
the expanded PGA molecule does not readily yield a second dimensionally
stable configuration. Also, unlike the PAA, the volume of the dimensionally
stable molecule which forms in the Cu-crowded region is not completely in-
dependent of the initial degree of neutralization of the polyacid. When
Q > 0.45 the linear portion of the curves obtained do have the same slope to
indicate constancy in volume of the product molecule. At cy < 0.255 the lin-
ear portions of the curves obtained are also characterized uniquely, but by a
smaller slope to indicate constancy in the voiume of a larger product molecule
under these experimental conditions. At 01 = 0.35, the slope of the straight
line in the Cu-crowded region is intermediate in value between the slope
characterizing the dimensionally stable product formed in the Cu-crowded re-
gions at cc > 0.45 and CY < 0.255. These results seem to indicate that, when on-
ly the helix form of PGA exists initially, the dimensions of the CuAe product
formed in the Cu-crowded system is defined by the double-stranded helical
geometry which is preserved. As soon as a small amount of random coil is pre-
sent initially, the tendency is to form an even more compact single-stranded
molecule with Cu2+ ion binding. This is quite apparent from a more detailed
examination of the Cu*+-PGA binding data, corresponding to that performed
for the Cu’+--PA_%  system earlier.

The CL?* ion binding data obtained dur.mg  titration with CuS04 of 7.5
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Fig. 12. The variation of (1 - aoffao  a exp(-e\k,lkT)  versus a exp(-&,/kT) with varying
CuSO* concentration in PGA at fixed neutralization values; system 0.0075 &f PGA-0.05 M
NapS04.

Fig. 13. Apparent pK of PGA in the presence and absence of Cu2+; system 0.0075 M
PGA-0.05 M Na,S04;  Q: = 0.9.

X 10B3 M PGA, initially 18% and 90% dissociated, are analyzed as before
to provide plots of pK,, versus a and are presented in Figs. 13 and 14. A
parallel plot of the equivalent system, free of CuSO, and titrated with standard
base, is presented once again in each figure for comparison. Both sets of
points in each figure deviate upwards from the straight line drawn from the
extreme experimental point to intercept the ordinate at pKtit. This line is
drawn to correspond to the pK,,, that should be obtained in the absence of
conformational change in the PGA molecule. (In the figure representing the
data obtained with the 18% dissociated PGA, where PGA already exists  in the
helical configuration, neutralization-based data are not accessible because of
the spontaneous protonation of the PGA to this dissociation value.)

The shape of the neutralization curve and the curve corresponding to the
potentiometric property of the Cu-bound PGA, initially 90% dissociated, is
similar. Although transformation from random coil to helix seems to be indi-
cated for the Cu-contained PGA, the absence of a linear segment in the plot
presented in Fig. 12 in this apparent transitional region suggests otherwise.
The higher degree of compactness transmitted to the mofecufe is responsible
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Fig. 14. Apparent pK of PGA in the presence and absence of Cuzf;  system: 0.0075  M
PCA-0.06 M Na$304;  Q = 0.18.

for the maximum in the plot (Fig. 12) of {(I- ~)/or~)  a exp(--E\k,/kT)  ver-
sus a exp(-&,/kl‘)  not noticeabie  in the PAA system.

With the 18% dissociated sample the increased compactness of the helical
molecule with addition of Cu2+ is dramatic. The somewhat higher pKarm value
eventually reached by the dimensionally stable molecule in this instance, even
though approximately three times larger in volume than the dimensionally
stable single-stranded assemblage obtained from the initially randomly coiled
PGA mofecule,  is believed to be a consequence of the higher charge density
emanating from its double-stranded configuration.

The experimental points obtained in the Cu-crowded region where the re-
spective dimensionally stable CuA2  species are eventually formed have been
analysed as before to yield corrected pK,, values which correspond to con-
centration values for CuA+, CuAz and a leading to a constancy of && in this
region of the plots. These corrected  pK,, values are included in Figs. 13 and
14.

With the 90% neutralized sample a p&,, value of 5.005 + 0.015 (5.02,4.99,
4.99) yields a constant&J&, ratio of 4.81 X lo4 (4.81,4.76 and 4.85 X 104)
with the fist three of the four points that fall on the linear portion of the
curve in Fig. 12. A pKapp value of 5.04 for the fourth point is needed to main-
tin the ~~/~~ ratio constant. As with the PAA before, the natural extension of
the line from this point is linear. Its slope is determined within narrow limits
by the pK,,  plateau formed by the other three points so that it intercepts the
ordinate at 4.50, the intrinsic pK value for PGA at the experimental ionic
strength, to duplicate the observations with the Cu2+-PAA system.

In the 18% dissociated sample a p&, value of 5.25 (5.25,5.25,  5.25) yields
a constant && ratio of 1.61 X lo4 (1.56,1.65,1.63  X 10”) with the three
points that are associated with the dimensionally stable molecule eventually
formed in the Cu-crowded  system. Once again there is evidence for the “‘criti-



cal solution” phenomenon with formation of the compact dimensionally
stable complex compound.

The PI values computed from the ratios obtained in the two separate samples
are 7.1 (6s = 3.4 X 106) and 7.2 (0s = 1.16 X lOti). The agreement as to this
number is excellent and provides strong support for the validity of this analy-
sis of these complex systems.

E. THE DETERMINATION OF INTRINSIC FORMATION CONSTANTS OF COMPLEX
SPECIES IN CHARGED POLYMERS

In the computation of stability constants, come&ion for the non-ideality of
the mobile metal ion that is introduced to account for disturbance due to the
variable electric field at the surface of the polyion is based upon a comparison of
the effective H”ion concentration at the reaction site with its effective concen-
tration in a region of the solution where Debye-like long-range interaction be-
tween the H+ ion and co-ions of the added neutral electrolyte is dominant. A
similar basis for computation must be applied to the free Mzf metal ions as well.
Estimate of such non-ideality is made by reducing the concentration of the free
metal ion that is experimentally measured to its effective value.

The fl NA+values  determined experimentally as described above have in prac-
tice been corrected by multiplying the experimental concentration of the free
metal ion by the published mean molar activity coefficient of MXs at the effective
ionic strength I of the system, where X is the co-ion of the neutral electrolyte
employed in the experimental program,  As the intrinsic stability constant of the
acid, measured at the ionic strength of the experimental program, is the reference
base for evaluating the non-ideality term exp(&&T) at each experimental con-
dition a correction for the effect of ionic strength on plc, must be made. For this
purpose the value  of 0 hiA+ at I must be multiplied by the ratio of /3& at I = 0,
identified with the experimentally reported value of the intrinsic dissociation
constant of the repeating monomer unit at infinite dilution (isobutyric acid in
the case of PMA) and the experiment&y measured value of flHA at the experi-
mental I. With this treatment of data obtained by the author and his coworker
with PMA and PAA using tracer-level concentrations of Ca, Co and Zn in 0.1 M
and 0.4 M NaClO* the stability constants of CaA* CoA+ and ZnA+ at infinite
dilution are less than 13,13 and 37 for both PMA and PAA [Q]. The formation
constants at infinite dilution reported for these metal ions combined with acetate,
MAC+, are 13, 28 and 39 respectively [34]-

Measurement of the stabihty  constant of CoA+ and NiA+ during the study of
the interaction of macroscopic quantities of CoS04 and NiS04 with a PMA gel
in 0.05 M Na2S04 also yield a formation constant of 13 at infinite dilution for
the CoA+ and NiA+ species formed in this system. With this system, however,
the resolution of the activity of Co2+ and Ni2+  at the measured concentration of
these ions required prior consideration of the following competing reaction:

rvF+ + so 2- =4 MS0 4
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in 0.05 M Na2SOa. The stability constant of CoSO, and NiSOB in Ha0 at 25°C
has been reported to be 2.95 X lo2 and 2.5 X 102, respectively 1351.  It can be
assumed that the activity coefficient of the neutral ion pair is unity and that the
mean activity coefficient of the dissociated electrolyte Mzi SO,‘- is calculable
with sufficient accuracy by the Davies modification 14) of the extended form
of the Debye-Hiickel  equation at the ionic strength defined by the NaaSO.+
With this approach y-+M2+s042- = 0.675 and the ratio of MSO* to M2+ is given by

MMS04
-- = PMSO4  @f~,,2->  tY +MZ+So42-f2m

(34)
= fiMso4  (0.05) (0.675)2 = 0.023&so4

From this expression

%f so4 = 0.023&so4  m (35)

As the sum of MSO, and free, mobile M2* ion (EM) was measured in the polaro-
graphic analysis of the equilibrated solution phase the concentration of free
metal ion in these systems is

0.023flMso,  m + m = ZM

and

C M
m = 1 + o.023/3~so,

Its effective concentration is

With this analysis

aC~2+  = 1 + 6.023~~~~~,  Y_+c&so.$-

= a (0.675) = 0.084ZMc,

(36)

(38)

and &A+ = 0.9/0.084 = 11; at. infinite dilution &A+ = 13.
To estimate the intrinsic stability constant of MA2 species in these polyacid

systems not only must the concentration of free metal ion at equilibrium be con-
verted to activity terms as described above but the volume of the polymer do-
main must be known as well. The polymer volume was accessible by use of a
FMA gel in the author’s study of its complexation of Cu2+ in 0.05 M Na,S04 for
this purpose and

7.85 X lo* X 0.09
0.084 x 100 = 5.3 x lo2

At infinite  dilution fi2 (“I = 9.85 X 10’. This value is in reasonable agreement with
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the & (“I value that is derived from the experimental studies of Gust&on and
Lurio  1361. In their program the exchange of 4.63 mmol of Cu(NG& in 100 ml
of I M &NO3 with 9.26 mm01  of PMA gel (a concentration level  9.26 times
larger than above) was studied as a function of the degree of neutr~at~on of
the polyacid with standard bpe. At 50% neutralization an equilibrium pH of
4.06 was measured by them; the molar concentration of HA, Cugt and CuA2 was
approximately 0.045,0.023  and 0.023 M, respectively. With the use of eqns.
03) and (x4), Pz (s) =I: 1.64 X lo* and at infinite dilution fi2<V) = 400.

A value of 4.4 X IO2 was measured by Froneaus ]37] for the CuAc2 complex
in I M NaC104.  If we correct for the deviation from ideality of the Cu ion at this
ionic strength, fiz is approximately 7.8 X lo2 by a parallel analysis, in good agree-
ment with the above. The formation constant reported for CuAc2 at zero ionic
strength [34 ] is 4.25 X 103, however, and suggests that the estimate of the ex-
cess free energy of the metal ion in these systems is subject to some uncertainty
as is expected when single ion activity coefficients are sought.

The fairly good agreement observed between the intrinsic stability constants
computed for the complex species MA+ and MAs and those observed in &nple
acetate systems is believed to be of fundamental importance. Because of the
chemical similarity of the ligand groups in the polymer to acetate (pKisobutydc  acid
= p&c&c  a&d) such agreement is expected if the approach employed to evaluate
these stability constants is correct. A basic assumption in this approach assigns
chemical properties of the monomer which most closely resemble the repeating
unit  in the polymer. The observed agreement is supportive evidence for the
validity of (1) this assumption and (2) the correctness of the method of compu-
tation.

F. A GENERAL METHOD FOR DIAGNOSTIC STUDY OF ~ONFOR~A~~N~
CHANGES IN CHARGED POLYMERS

On the basis of the detailed analysis that has been made of metal-ion binding
reactions with PAA, PMA and PGA a general method for the quantitative study
of the conformational behavior of weakly acidic (and weakIy  basic) polymers ap-
pears possible. For example, a detailed study of the effect of various experimental
parameters such as temperature, solvent composition, and the nature and concen-
tration of neutral salt on the effective volume of the charged carboxylate-bearing
polymers in the presence of different coordinating metal ions can be accurately
monitored by using the Cu”’ ion as a probe. A Cu2’  ion selective electrode used
in such systems for the quantitative estimate of the concentration of free Cu2”,
initially present at a sufficiently low concentration level to have little or no affect
on the physical chemical properties of the macromolecule dominated by the ex-
perimental variables under investigation, will provide such information. Analysis
of the formation of CuA2,  the dominant Cu species at these Cu2+ concentration_
levels, with eqn. (19) provides a qu~t~~tive  estimate of the affect of the experi-
mental variables studied on the value of ficuA,o) which can, as has been shown,
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be related, using eqn, (33), to the relative volume v of the molecule during the
course of such an investigation.

The use of the Zn2+ ion as an additional probe to evaluate as described earlier
the exponential term and a concurrently with the estimate of the relative volume
change of the macromolecule provides the means for testing on a theoretical ba-
sis the most appropriate models that describe the changing geometry of the
charged polymer. In this way the variable conformation of the polyelectrolyte
as a function of (1) its interaction with various metals ions, (2) the system tempe-
rature, (3) the nature of the solvent and (4) the concentration and neutral salt
composition can be deduced.

G. ANOTHER EXAMPLE OF THE DIAGNOSTIC QUALITY OF THE ELECTROSTATIC
MODEL FOR TILE INTERPRETA’lKlN  OF POLYELECTROLYTE  PHENOMENA

In a study undertaken by Conio and coworkers 1381 their objective was to
show that the KSCN-induced coil to helix transformation 139-411 observed at
pH = 3 for the fully ionized (a = 0) (L-lysine) (CONHCH( CH2),INH2)n  (Lys,)
could be quantitatively described in terms of (1) the reduction of the fixed elec-
tric charge on the polymer by the binding of the SCN- ion to the molecule and
(2) the screening effects of the ionic atmosphere due to mobile K” and SCN-
ions.

The analysis of the conformational transition induced by such ion binding
required experimental evaluation of the separate binding effects on the helical
and random-coil conformers. Because conformational transition of the Lys,-
KSCN system occurs at very low salt concentration, the study of these effects
was made with the closely related compound, poly (L-ornithine) (CONHCH-
(CHa)sNH2)n  (Orn&, which retains a random-coil conformation up to 1 M KSCN
at pH 3 because of the low intrinsic stability of its helix form f 42 J. Parameters
determined in this way included the intrinsic equilibrium constants for the dis-
sociation of hydrogen ion and slopes of the pK,,, versus 2 plots (w) measured
potentiometrically. The very similar polyelectrolyte properties of these two
polymers, as evidenced by the essentially equivaient values of their intrinsic ion-
ization constants [40,42]  and of their electrostatic free energies at every value
of cy, justified transfer of these data to the Lys, molecule.

On the basis of data previously obtained [ 39-451 it was assumed that (1)
SCN- binds to the side-chain amino groups of both Lys, and Orn, and (2) no
such binding of the Cl- ion occurs with these polymers. It had been demon-
strated also that no coil to helix transition occurs in the Om,-KSCN and the
Omm-KC1  system at pH 3 up to a salt concentration of 3. M

For appropriate correlation of the data the e-amino groups of Om, (and Lys,)
were considered to be involved both in the dissociation equilibrium of H* ions
and in the association equilibrium of SCN- according to the reactions

R-NH3+ = R-NHa  + H+ (39)

R--NH,+  + SCN- + R-NHs’SCN- (49)
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The corresponding equilibrium constants were expressed as

g = C-NHa] [H+]/[--NHs+]  = ncx k/rt(l - cy)(l - 7)

= iYkf(l -a)(1 -+YY)

and

(43-l

&, = [-NHs’SCN-]/[-NHs+]  [SCN-]  = n(1 - a)r/n(l  -or) (1 - r)as

=r/(l--Yr)Y -t C,
(42)

where r~ is the total concentration of e-amino groups (mole per liter), (Y is the de-
gree of dissociation and 7 is the degree of association (the concentration of
NHa+SCN-  divided by n( 1 - cu),  the concentration of sites available for SCN-
binding); as, C, and y+- are the activity, the molar concentraticn  and the mean
activity coefficient of salt, respectively.

By proceeding as described earlier

Kapp = ah/t1 - 0) (1 - y) = I&, exy(&,/hT)

= I& exp(2wZ) = I& exp{(2w)(l  --ar)(l  -y))
(43)

and

E- b * r/Cl - y)C,y, = R,tb  exp(e\k,/kT)aPP

= Ktitb  exp(2wZ) = Kintb  exp{(Zw)(l  - a)(1 - 7))
(44)

In the deployment of these equations the value of u was determined from
the slope of experimental pKapp versus Q: plots that were obtained for Orn, and
Lys, at several concentrations of salt (KC& NaCl and KF) which do not bind.
Slopes obtained in the random-coil co~ormation and the helical conformation
were plotted separately to obtain the value of w as a function of C, in the two
conformational states. It was stipulated that the occurrence of ion binding on-
ly altered the values of 2, H, and w (which depend upon salt concentration)
having been shown to be unaffected by salt type at a given concentration.

In the case where binding is negligible (i.e. in the presence of KCl)

KS=, = ah/( 1 --(Y) = H,expf(2w)(l  -a)) (45)

The difference in pK,,, in the presence of KSCN and KC1 at a given OL is then

PI&, - PI&,’ = pk - pk’ + lo&l - 7) (46)
= 0.868w(l  -Q) - 0.86820(1  -a ) - 0.86&.&l  - ar) (1 -. 7)

With potentiometric titration data obtained for Orn, at a given salt concentm-
tion with both KC1 and KSCN the pH-pH’ difference at a fixed (u value was
used to determine 7 to permit computation of Kintb  and Kappb.  At the given LY it
was required that Om, maintained the same conformation in KC1 and KSCN.

With this  evaluation of I&,,b through data obtained at finite a values the value
of KPPb and 7 at a = 0 could be determined as a function of C, by the following
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equation:

Kappb = -Y/V - r)C,y + = &2exp((2w)(l  -r)) (47)

With this equation &,,” values were computed as a function of C, for both
the random-coil and the helical conformation using the w values obtained ex-
perimentally for the two conformations. The value of K&’ determined for
Cm,, in KSCN was also used for Lys, (random-coil and helical forms).

In order to predict with these results the KSCN-induced random-coil to
helix transformation observed experimentally for Lys, at pH 3 the free  energy
change AG accompanying the transformation was computed as a function of
C, from the evaluation of WeI  (at cr = 0) for both random-coil (RC) and helical
(H) Lys, with eqn. (48).

wt!,  = wRT(1 - r)e (43)

and by assigning a value due to Hermans  [46] of -80 cal mol-l  to the free-
energy change AGo for the transition between the uncharged conformers in
eqn. (49)

AG = W,l” - lVeIRC  + AG, (49)

The effect of the change in AG with KSCN concentration on the corre-
sponding tariation of the helical fraction was considered to be described by a
theoretically based equation developed by Zimm and Rice 1471.

There was satisfactory agreement between the experimental data (direct
determination of helical content by ORD) and the theoretical predictions to
support strongly, once again, the validity of the model that has been developed
during this article, In addition there was good agreement between the calori-
metric data that were obtained to test the internal consistency of the binding
model and the model-based predictions.

H. ION BINDING IN MULTI-SITED POLYMERS

VUsefuf  and valid approaches for the reliable estimate of thermodynamic
quantities associated with the interaction of metal ions with charged polymers
have been carefully documented in this presentation. Examples, however, have
been limited to polymeric systems in which only one kind of interacting site
is repeated in the molecule, the extent of repetition depending on the degree
of polymerization. With biopolymers, to which successful application of these
methods is sought, a m~tiplic~ty  of potentially reactive sites are repeated
throughout their structure and make employment of these methods extremely
difficult. It becomes necessary to identify these potentially reactive sites and
even with correct identification of these sites resolution of their competitive
interaction with various metal ions is a complicated operation. An excellent
example of the enormity of this problem is provided by a brief review of the
research that has been performed over the last two decades in the study of the
binding of a single metal ion Zn2+ by plasma albumin [48---543.
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In this molecule (MW -65,000) there are available a number of ionizable
groups for interaction with Zn2+. In bovine serum albumin a hydrogen ion
titration study and amino acid analysis indicates, within an uncertainty of
about one group in each case, the presence of 1 a-carboxyl,  99 6,~ carboxyl,
17 imidazole, 1 e-amino, 57 e-amino, 18 phenolic, 22 guanidine and 0.7 sdph-
hydryl (free) groups 1581. ’

In spite of the availability of these various sites for interaction many re-
searchers have concluded that Zn2+ is bound primarily to the imidazole resi-
dues of histidine in this molecule [ 48,49,53,56].  In the more quantitative exa-
minations which have led to this conclusion attempts were made to evaluate
the intrinsic constant for the formation of the proposed complex species.

Tanford [56], for example, corrected for the deviation exp(--2  2,&w)
from ideality of the Zn*” ion at the site of reaction in 0.15M KC1 by estima-
ting the net charge 2, on the protein molecule. For this computation account
was taken of the bound and dissociated protons and the bound metal; esti-
mates were made of the bound chloride ion using data from Scatchard and
co-workers ]59]. In the assessment of 2, and 2, it was assumed that the pre-
dominant species entering into the complexation reaction was ZnCl+.  The
value of w was based on analysis of potentiometric data obtained with the
metal-free protein [SO]. This value of w was presumed to be applicable to the
metal-contained system as well

With such treatment of the binding data obtained pol~o~~~hic~y  a p&i
value of about 2.8 was computed by assuming exclusive interaction of ZnCl*
with the imidazole sites of the protein. This value was in excellent agreement
with the first association constant that had been reported for the interaction
of Zn2+ with imidazole [6X] to influence assignment of this group as the inter-
action site in the protein.

Gurd and Goodman f48f used a dialysis equiIibrium  technique to study
the binding of Zn2+ by human serum albumin in 0.15 M NaM& and varying
amounts of sodium hydroxide and zinc chloride. The counter ions Zn*+ and
H+ were considered to compete for the imidazole groups on the basis of
Tanford’s earlier study and from experimental observation that the eoncen-
iration vaIue of deprotonated imidazole groups as deduced from the mass-
action relation for kHti+ corresponded to the experimentalfy  observed con-
centration of bound Zn*+ in a set of experiments designed to examine the
possibility of such parallel behavior.

In computing the intrinsic stability constant of ZnIm* by consideration of
the competitive interaction of H+ and Zn2+ for the imidazole group the expo-
nential electricaI deviation term exp {2(2, - Z~)Z,w~ was employed. To esti-
mate the protein charge at equilibrium the number of bound nitrate ions was
deduced from the data of Scatchard and Black [62]. The value of w at the ex-
perimental ionic strength was computed using an equation due to Scatchard.
The pK~,t  value of 2.82 * 0.1 that was resolved was in agreement with
Tanford’s.

A later examination by Rao and Lal [ 511 of Zn2* interaction with bovine
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albumin serum in acetate buffer of pH 6.5 and at an ionic strength of 0.2 led
to results in conflict with those of Tanford and of Gurd and Goodman. Their
analysis of Zn-binding data obtained via equilibrium dialysis, polarography
(diffusion current measurement), electrophoresis and spectroscopy WAS af-
feeted by assuming the competive reaction of H+and ZnAc+  for imidazole
sites. This equivalence in charge of the competing ions eliminated the electro-
static correction term. A pKti, value of 3.62 was obtained at low degrees of
Zn binding. The pJ&, value fell with increased Zn binding until a value of 2.8
was reached after interaction with approximately 50% of the imidazole sites.

Rae and Lal were compelled to conclude from these results that Zn was
initially bound more strongly than could be inferred from combination with
the imidazole sites of the protein molecule. They suggested that binding to
compound sites involving an imidazole and a neighboring peptide oxygen
seemed most likely for the first two Zn atoms bound. With saturation of these
more reactive compound sites competitive binding of the remaining Zn by
imidazole and carboxyl sites on a one to one basis was postulated. Configura-
tional changes in the protein molecule were also presumed to occur.

The scope of the experimental programs employed in these earlier studies
of the binding of tin7 ‘+ by serum albumin was much too limited. Once the
imidazole group had been proposed as the primary site of the interaction by
Tanford  on the basis of a rather cursory investigation much of the later effort
was confined to the examination of this particular interpretation of Zn2’ inter-
action with serum albumin. As a consequence the possibility of alternative
site interaction was not sufficiently considered.

In addition the use in some of these studies of acetate and chloride in place
of nitrate or percblorate salts to fix the ionic strength of the Zn’++bumin
systems studied introduced uncertainty in the computation of intrinsic stabil-
ity constants. The computed pl(, value was the basis for judgement of the
validity of the interaction model being tested. Uncertainty introduced into
its evaluation must be transferred to the model.

Because of the complexation of Zn2+ by acetate and chloride in these sys-
tems a decision as to whether the hydrated ion or the ion pair (ZnCl+  and
ZnAc+),  more predominant in these mixtures, interacted with this particular
site needed to be made. It was presumed in both instances that the singly
charged species was involved at the binding site. This unproved assignment
defined the electrostatic correction term and the concentration of the unbound
Zn species to be used in the mass-action expression of pKtit  to influence its
value significantly. The disagreement between Tanford  and Rao and Lal is
understandable on the basis of the uncertainty introduced in the computation
of pKtit by their choice of neutral electrolyte.

Experimental evidence has since been compiled to suggest that the irnida-
zole sites of serum albumin do not play an important role in the binding of
ZnzC * The most informative experimental program of Perkins [55] led to this
conclusion and supports the earlier estimate by Rao and Lal of this possibility.
In experiments with protein modified to have different histidine contents
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the binding tc Zn2‘ was not noticeably affected. Results obtaked  in equilibri-
urn dialysis studies to compare the binding of Zn’+ in pepsin (six histidine resi-
dues) and human albumin (sixteen histidine residues) could not be correlated
with the histidine content of these molecules; the same relative change in
binding could be correlated, however, with the difference in free carboxy
group content. When the carboxyl group of the protein was esterified without
significantly altering the histidine content, the Zn2’ ion binding was markedly
decreased. The binding values observed led to Perkin’s suggestion that the
thiol group was the binding site involved in the modified protein.

With the results of this thoughtful study by Perkins it became apparent that
a number of protein sites are competitively involved in the binding of Zn’*
ion by serum albumin and that experiments to analyze quantitatively such
simultaneous involvement of sites must employ the classical methods developed
for investigation of the sequential appearance of complex species in metal-li-
gand systems. &terberg  [ 57 ] was the first experimenter to apply such an ap-
proach in his study of Znzf binding by serum albumin.

In this investigation the equilibrium between bovine plasma albumin and
Zn’+ was investigated by potentiostatic e.m.f.  titrations using glass and zinc
amalgam electrodes. The ionic medium was 0.5 M NaClO,  and the pH was
maintained constant at 6.78 while varying the concentration of free Zn gener-
ated electrically. The amount of electricity used to maintain the pH and to
vary the Zn2+ *Ion content during constant current electrolysis was measured
with a coulometer.

Two sets of primary data were obtained. In one set the total Zn2+ concentra-
tion M and the protein concentration A were varied while maintaining the
hydrogen concentration h and the Zn2+ concentration m constant. In the sec-
ond, M and m were varied keeping h and A constant. In analyzing the data it
was assumed that the equilibria in the Zn2*-albumin system could be de-
scribed by the general reaction

pZn2+ + qH[+  + rAY_ + $$,H,&(~+‘J-rY)* (50)

and the equilibrium constant fipqr_ For a constant value of h we obtain from
the mass balances

A = a + c c rhqa'  fleqr + c c z rmphqar  /3,,,
9 r P qr

= c a’ For + c 2 rmpd Fpr
r P f-

(51)

M = m + x c c pmPhQar/3p,,
P Q f

=  m +  z c pmParFPr
P r

(53
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where

(53)

For  constant vdues of both h and m

A = c ra%,
r

M = m + x arsr
r

where

G, = x mPFpr; S, = c pmPFpr
Pa0 Pal

(5455)

When r is equal to unity

rl=aG1;M=mtaSIIm+Ac:onst. (51,b,5Zb)

With this approach to the analysis of p and r the introduction of any assump-
tions regarding the compositions of the complexes that $orm, except that
they conform to the general formula Zn,,H,A,‘2p+Q-ry)  , is avoided.

gsterberg found with this analysis that monomeric albumin complexes ap-
peared to predominate at low Zn2+ ion concentrations and that the albumin
mclecules seem to condense into polymers through Zn ions at higher concen-
trations of 211.  The data carefully examined using a graphical approach and
refined with the second version of the Legatrop program 163 J yielded correla-
tions found to be most consistent with the formation of the monomers ZnL
and Zn2L and the series of polymers ZnL(Zn,L),  where n = 1,3 and 5. In this
notation the general formula Zn&I,A, has been reduced to Zn,L,,  with L in-
cluding all different protonated forms that may enter the complex.

Attempts were then made to identify the individual protein sites involved
in the formation of ZnL, Zn& and in the bridging through Zn ions of protein
molecules to form the series of polymers. By presuming that the thiol group
is involved in the complexation of Zn the pK value that is deduced from such
an interpret&ion of the data is 9.6. This value is not very different from the
pK of 9.9 that has been reported for Zn2*-cystein 1641.  It was found by con-
sidering the second zinc association step to involve a bide&ate  complex via
the a-amino and @carboxyIate groups of the albumin asparty residue that a
pK value of 5.8 is resolved for the formation of this species. This number is in
reasonable agreement with the pK value of 5.5 reported for Zn’+ chelates of
amino acids [65]. Finally, by assuming the bridging of two Zn ions by coordi-
nation through imidazole groups from each molecule in the polymers formed
and by further assuming that the bridging of Zn to the imidazole is indepen-
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dent of polymer formation the plc of ZnIm2+ is calculated to be 3.3 to 3.4 in
the dimer, tetmmer and hexamer formed. This value approaches the pK of
2.8 reported for the corresponding low molecular weight complex.

There is no question that &terberg’s approach is potentially the most use-
ful that can be employed for the elucidation of the complex spectrum of
metal-ite interactions that occur in these complicated biopolymer systems.
However, there is a serious oversimplification introduced by Osterberg in the
analysis of his data which undoubtedly has distorted his perception of the
Zn*~bumin system. Even though the pH is kept constant in his examina-
tion of the system, the charge on the surface of the protein molecule does
vary with the binding of Zn2+ to make the effective concentration h, of EI+ at
the site of reaction vary as well.  In the region of study where the degree of
binding is low the net change in the charge on the surface of the protein is suf-
ficiently small so that the equations derived by &terberg  are essentially valid.
The resolution of the two dominant species ZnL and ZnLz and the evaluation
of the constants F,,F,l-l  and FzrFol-l with these equations most probably
provide a reasonably accurate assessment of the complexation behavior of
the bovine albumin serum in this limited region of study, However, with the
binding of additional Zn2+ the net charge on the protein is sufficiently affected
to lower the effective concentration of H” and Zn*+ at the protein surface re-
lative to the constant concentration ievel  maintained for these ions in the solu-
tion. The observed concavity of the curves obtained in the region of greater
ZnZf binding by plotting A4 versus A could be a consequence of this phenom-
enon and need not be attributed to the appearance of polynuclear com-
plexes. To demonstrate unambiguously the presence or absence of polynuclear
species in this system it is the constancy of H+ and Zn2+ at the site of reaction
that must be controlled in the use of eqns. (56) and (57) to evaluate p and r
for the species Zn,L,

p = (A log(M - m)/A log m}hs, * (561

r = {A lo&M - mYA log Q h,,,,,, (57)

* For the preparation of normalized graphs the symbol II in eqns.  (56) and (5’7)  is related
toA by

log (a/A) = log (aE’ol/A)  = lo&a ,Go hs%dA)

= lodalno)

(58)

and the quantity

lag m

log(a/ao) =
s

(aM/6A Im,,h, d log m
-00

(59)

at A& constant
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To obtain the value of h, and m, for such examination of the serum albumin
the exponential electrostatic deviation term needs to be estimated by the
methods already described in the article. With accurate k, and 112, values com-
puted for every experimental point graphical representation of A log(M - m)
versus log m and log a at fixed values of h, and m, can be affected to achieve
a correct analysis of the system.

With the identity of the ionizable groups and their number known for serum
albumin and with the reasonably knowledgeable estimate of the identity of
the domi&nt complexed metal  species deduced from the analysis by
osterberg of data obtained at the lowest degrees of binding the following esti-
mate of the competitive interaction at each experimental condition studied
by osterberg  has been made. To affect this analysis the possibility of a Zn2+
interaction with the various groups at the pH employed by ijsterberg  was first
assesssed by the consideration of both the pr(r,, values  characterizing each ion-
izabfe group and the fo~ation constants reported in the literature for Zns*
with each group. At pH 6.782 the carboxyf  groups are almost compIeteIy  dis-
sociated and complexation of Zn2+ (P&,.,~ = 1.5) is Iikely; the ImH+ is also
partially dissociated and competitive complexation of the Zn2+ by the imida-
zole residue (pK+ = 2.8) is also Iikely; the oniy other sites which can be con-
sidered to be potentially competitive for interaction with Zn2+ at this pH ate
the fu-amino  group and the sulfhydryl  group because of the high pfi: value  re-
ported for the 211-e-NHs  compIex (pK = 5.5) and the Zn-SH compiex (pK
= 9.9). The remaining ionizable groups, essentially undissociated at the ex-
perimental pH, interact too weakly with Zn”+.  By using the pKtit values re-
ported for these ionizable groups and their respective Zn2* complex and by
applying the appropriate non-ideahty correction term through knowledge of
the degree of deprotonation and metal binding at each equilibrium concentra-
tion of Zn2+ through the coulemetric addition of a base or acid and Zn2+,  pre-
dictions of the quantity of Zn bound by complexation with these four sites
were made. The computation procedure is outlined below:

‘F = j3znh [Zn2*]  exp(-2wZ&,)  = PZti[Zn2’]  exp(--4w2,)

y’ = PH_\k  exp(--2wZ,Z,) = PHAk  exp(--2w2,) (61)

AT= [GA]+ [HA]+u= @-lZn2’1  exp(-4w2,)  f P&z exp(-ZtoZ,)  +l)a

162)

With the literature-based stability constants, appropriate estimates of the ex-
ponential electrostatic deviation term and the experimental concentration of
Zn2+  and H+, the concentrations of ZnA and HA in terms of CL were computed.
The experimental value  of A,, defined below by

AT = M,n, (63)
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where M, represents the concentration of the protein H,A, and nA the num-
ber of times the ionizable group A is repeated in the protein molecule, was
used in the mass balance equation (eqn. (62)) to evaluate a_ With a available,
the conce~t~~ion  of ZnA could be evaluated.

With this computation the predicted total binding of Zns*  by bovine albumin
serum is in as good agreement with experiment as the computer-based predic-
tions of &terberg.  From these computations it is also determined that Zn2+ is
bound at low concentrations predominantly to the sulfhydryl  site. As the Zn2+
concentration is increased, the binding of Zn2+ to the a-NH3 group becomes
more and more important. Eventually with greater amounts of Zn2+  present,
the binding by carboxyl.  and imidazole groups becomes significant increasing
at roughly the same rate, the sulfhydryl and aspartyl  residue sites having been
saturated.

The method of ijsterberg,  refined to correct for the deviation from ideafity
of the counter ions at the reaction site, provides a most effective approach to
a definitive study of metal-ion interaction with the multiple ionizable sites of
biopolymers. The complication due to the interaction of metal-ion on a
greater than 1 : 1 basis that arises from the use of molar concentrations based
on the solution volume is also avoided by treating the ensemble of ionizable
sites as a single unit. However, should analysis by this approach indicate that
the metal-ion is coordinated to more than one functional unit of a particular
ionizable group that is multiply distributed throughout the structure of the
molecule, a supplementary analysis of this particular equilibrium can be made
to examine the conformational property of the molecule as well. For this pur-
pose the concentration of the polymer would be multiplied by the number of
times this reactive sites is repeated in the polymer (eqn, (63)).

I. SUMMARY

Problems unique to the study of equilibria in metal-charged polymer sys-
tems have been detailed. Xf has been demonstrated that inadequate accomoda-
tion and/or neglect of these problems in the literature fead to the compilation
of seriously incorrect interpretations of ion binding data in such systems.
Methods for the correction of perturbations arising in these systems have been
fully detailed and a number of examples to demonstrate the validity of their
application have been presented. Specifically, the quantitative evaluation of
the formation of complex species in these systems is made possible by (I)
correcting for the large and variable field at the surface of the polyion, (2) ex-
pressing the concentration of polymer species in terms of the polymer domain
volume and (3) correcting for the effect on the metal ion of interionic attrac-
tion in the simple salt media employed. It has been shown that with the in-
sight gained from (2) it is possible, with the formation of multi-coordinated
species, to monitor conformational changes in the molecule as a function of
ion binding. Finally  it has been demonstrated that these methods are as appli-
cable to the quantitative thermodynamic examination of the sequence of
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equilibria encountered in the multi-functional biopolymers, such as proteins,
as they are to such exam:‘r,3tion  of the simpler polyelectrolytes.
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