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A dual-wavelength dye spectrophotometric method is reportzd for measuring zinc and manganese activities using the dves
tetramethylmurexide (TMMX) and murexide (MX) respectively. The method is applied to the measurement of the activities of
these metal ions in solutions of the polyelecirolyte dextransulfate with added sodium chloride. Polyion concentrations. C,
(expressed as moles sulfate ion/litre) of 0.001 and 0.002 are studied at total ionic strengths 0.005. 0.0075. 0.01. 0.02 and 0.03
mole/1. Divalent metal jion concentrations are varied between 0 and 1.0 C,. The results for the metal ion activities are
expressed in the form of binding isotherms, 6, versus G, /C, (82 = Cqy, /€t Cap, =bound divalent metal ion concentration) and
Scatchard plots, K, versus @, /(C; —Cy,). at different ionic strengths. The experimental data are correlated with the
“two-variable theory™ developed for these mixed counterion systems by Manning. This comparison shows that the observed
decrease in 8, and K, with ionic strength at fixed C; and G, is generally well predicted by the two-variable theory. Both Zn and
Mn bind to the same extent to dextransulfate. This observation, and the reasonable agreement of the data with the
“two-variable theory™ may be interpreted as indicating a delocalized form of binding of these metal ions to the polvmer.

1. Introduction

Divalent metal ion binding to polyelectrolytes
in mixed counterion systems, i.e. systems contain-
ing both uni—univalent and di—univalent electro-
lytes, is of considerable practical and theoretical
interest. For example, in systems of physiological
importance polyions such as DNA, RNA, pro-
teins, polysaccharides are present in solutions con-
taining Na*, K+, Mg2* and Ca?™ as major coun-
terions, and Cl™ as co-ion. The extent of divalent
metal ion binding to polyions has been qualita-
tively followed by methods such as dilatometry
[1,2), viscosity [1], ultrasonic absorption {3], index
of refraction measurements [4], and circular di-
chroism [5}. However the binding can be quanti.a-
tively monitored by determining the free divalent
metal ion activity or concentration after binding
has occurred. Techniques applied in the past for
determining this guantity are electrochemical

* Author to whom correspondence should be addressed.

methods (EMF and Donnan) [6], ESR [7] and
spectrophotometry [8—12].

In the first paper of this series, Kwak and Joshi
[13] have shown the limitations of the electrochem-
ical and ESR methods for determining divalent
ion activities in the physiological concentration
range, i.e. below 10 ~3 M. Following the principle
of Kohn et al. [8—11], these authors described a
dual-wavelength spectrophotometric method for
determining free Mg?® and Ca?™ activities in
polyelectrolyte solutions. In the second paper of
this series [14], the method was applied to the
binding of Mg?** and Ca’* to the polyelecirolyte
dextransulfate (DS), a highly sulfated polymer of
a-D-glucose.

To further study the interaction between poly-
ions and divalent ions in mixed counterion sys-
tems, we have utilized the dual-wavelength spec-
trophotometric method to examine its applicability
to the determination of activities of the transition
metal ions Zn’* and Mn2" . The binding of these
metal ions to DS, using the spectrophotometric
method, will be discussed quantitatively. It is of
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particular interest to compare the results of bind-
ing studies of Zn>" and Mn’* to similar results
for the binding of Mg2* and Ca* to the same
biopolyelectrolyte.

The binding of multivalent counterions to poly-
ions in the presence of an excess of uni—univalent
salt has been the topic of a considerable number of
theoretical efforts recently. In particular, the meth-
ods of Manning and of Iwasa [15-18] make use of
a free energy minimization procedure for a two-
phase model of polyelectrolyte solutions. In this
paper. as in the previous papers in this series
[13,14], we will compare our experimental results
to the theoretical predictions of Manning’s “two-
variable theory” [16], a theory which has proven to
be particularly successful in describing the experi-
mental results. It should perhaps be pointed out
that the name “two-variable theory” derives from
the fact that the degrees of binding of both univa-
lent and multivalent counterions are variables in
the free energy minimization procedure. Thus in
fact the two-variable theory as used in this paper
does not contain any adjustable parameters since
the so-called “condensation volume”, which is the
volume around the polyion available to bound
(condensed) ions, is fully determined by the charge
density parameter £ of the polyion and the ionic
strength [19].

2. The dye spectrophotometric method

In this study, Zn’* and Mn’" activities are
determined by using as an “activity probe” a dye
which binds relatively weakly to these ions. Con-
sider a typical dye H,_, D™~ which releases n H™
ions when binding a metal ion M~ (n will depend
on the dye and the pH range, in some cases n may
equal 0):

M +H, D™ — MD{"+7=3" L+ (1)
It can be shown [13] that at constant pH, i.e.
constant ay, and constant ionic strength, i.e. con-

stant activity coefficient ratio vy, /Yy p, the ac-
tivity of the metal ion is given by

log ay; =log Cyp, /Cy,p + constant. )

Thus the sensitivity of the method depends on
having a dye for which the apparent binding con-
stant K, = Cpp /CpCry p Is not too large, typi-
cally between 500 and 10000. Under these condi-
tions, with dye concentrations around 107°M
and metal ion concentrations between 10 ~> M and
10 ~3 M only a small fraction of the metal ions are
bound by the dye, and thus addition of the dye
does not influence the metal-polyion equilibrium.
By employing a two-wavelength method problems
of dye instability are largely overcome and sensi-
tivity is enhanced. The use of reference solutions
of identical ionic strength and a calibration curve
procedure allows for the direct determination of
the fraction of free metal ions [13,14].

In this work, Zn activities are determined using
the dye tetramethylmurexide (TMMX), and Mn
activities are determined using the dye murexide
(MX). TMMX was used by Kohn et al. [8-11},
Ohnishi {20], Kwak and Joshi [13,14] for calcium
activity determinations. MX was used by Ohnishi
[20] for other divalent metal ions. Other conditions
to be satisfied by the dye, i.e. large extinction
coefficients and adequate separation of the ab-
sorbance maxima of complexed and uncomplexed
forms, were previously discussed [13]. For TMMX,
n in eq. (1) equals zero, and the solutions do not
need to be buffered at a given pH. For MX, the

pH can be used as a variable to optimize K.

3. Experimental

Sodium dextransulfate, average molecular
weight 500000, was obtained from Pharmacia Up-
psala, Sweden. Its purification, concentration and
analysis have been described elsewhere [21]. Zn*>™*
and Mn?" concentrations were determined by
complexometric titration with EDTA, using
Eriochrome Black T (EBT) as indicator. These
determinations were accurate to =0.1%. Purified
tetramethylmurexide (TMMX) was a gift from Dr.
R. Kohn [8]. Murexide (MX) (Fisher Scientific)
was used without further purification. Reagent
grade tris (hydroxymethyl) aminoethane neutral-
ized with HCl to a pH of 8.00 = 0.02 was used as
buffer (buffer concentration 2X 1073M) in the
manganese activity determinations with MX. All
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solutions were made up by weight using deionized
water, all concentrations as shown are in
moles /litre (M).

The two-wavelength dye spectrophotometric
method as applied to Zn®~ and Mn?>™ activity
determinations was used throughout. The TMMX
concentration used for Zn’™ activity determina-
tions was 2.4 X 10> M, and the MX concentra-
tion for Mn®™ activity determinations was 4.0 X
10 ~5 M. Experimental procedures and instrumen-
tation were described previously [13].

Activity coefficients of the metal ions in refer-
ence solutions were calculated with the Maclnnes
convention:

vaz- (1) = v (MCl,) /v (KCD),

where y_. (MC1,) and v .. (KCl) are the mean activ-
ity coefficients of MCI, and KCl in pure salt
solutions at the same ionic strength. Mean activity
coefficient data for ZnCl, and MnCl, are scarce
at low ionic strength. We have elected to use the
values for CaCl, provided in Robinson and Stokes
[22]. Because ratios of activity coefficients are used
in the calculation of the final results [14], these
results are not affected by slight variations in the
choice of v_ (MCI,).

4. Results and discussion

The determination of Zn?™ activities using
TMMX is an excellent example of the sensitivity
and the precision possible with the dual-wavelength
dye spectrophotometric method, due to the partic-
ularly favourable experimental parameters of the
Zn-TMMX system (no pH dependence. stable
dye, high extinction coefficients, good peak sep-
arations, favourable X__ value). Fig. 1 shows the
spectra of free TMMX (A4), the Zn-TMMX com-
plex (B), and a typical Zn—polyelectrolyte-TMMX
mixture where the TMMX is partly free and partly
Zn-TMMX (C). The Zn-TMMX complex ab-
sorbance maximum is at 460 nm, the free TMMX
absorbance maximum is at 530 nm. If we call ¢
the absorbance ratio 4” /A4’ at wavelengths A" and
A7, 1t follows from eq. (2) [13]:

o= (e} p +eipKay)/ (€up +eupKay). (3)

1.0

08

Q.6 <

0.4t

ABSORBANCE

0.2

00

650 550 450 350
WAVELENGTH (nm)

Fig. 1. Absorption spectra of (A) TMMX (3.023 > 10 7% M) (B)
Zn—-TMMX complex (excess Zn) and () mixture of TMMX
(3.023 10 "3 M). Zn (3.428X%10°*M) and dextransulfate
{0.001 mole/1).

where € and € are extinction coefficients of free
dye H,D and metal-dye complex MD at A" and
A" respectively. and K is the constant in eq. (2)-
For Zn-TMMX. the H,D and MD absorbance
peaks are well enough separated to make ¢ linear
in the Zn activity range 0--3 X 10 ™% (fig. 2). This
linear response occurs over a much larger activity
range for Zn with TMMX than for Mg with EBT
[13]. Ca?* with TMMX [8]. or Mn®~ with MX (see
below). The calibration curve is independent of the
ionic strength of the solution. i.e. the absorbance
at a given concentration of Zn®" is determined
only by the Zn®>™ activity coefficient. This is as
expected since Zn forms a similar complex with
TMMX as Ca, and Kohn [8] has shown that ¢ is
independent of ionic strength for Ca-TMMX.
The X, value for the Zn-TMMX complex.
determined by the method of Diehi and Lindstrom
[23]. was found to be 8500. This is approximately
the upper limit for a “good dye”. This large K,
value and the large extincticn coefficients lead to a
jarge increase in the absorbance of the complex
and a corresponding large decrease in the dye
absorbance as the zinc activity increases. ¢ will
change rapidly for even small changes in activity,
and the calibration curve suggests that zinc activi-
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Fig. 2. Calibration curve for Zn activity determinations (ab-
sorbance ratio ¢ versus Zn activity in moles/1) at 7=0.005.
0.0075, 0.01. 0.02 and 0.03. All individual points. regardless of
ionic strength. coincide with the curve shown within the accu-
racy of the graph.

ties can be determined quite accurately in the
activity range (0.5 X 10 7% — 5 X 10 "4 M).
Manganese cannot be determined with the dye
TMMX because its K, value has been found to
be 180 [20] at pH 7.00. This would make ¢ (Mn>¥)
insensitive to small changes in Mn?* activity.
However, murexide (MX) is known to behave sim-
ilarly to TMMX [8], but unlike TMMX, MX is
sensitive to pH changes. K, values of MX with
divalent metal ions are known 1o increase with pH
[24]. At pH = 8.00, using the method of Diehl and
Lindstrom [23] we found K,,p for the Mn2* -MX
complex to be 2400. At pH 8.0, the Mn’™" activity
can therefore be determined by the dual-
wavelength spectrophotomelric method, but with
less accuracy than the Zn>* activity determina-
tion.
ALax of MX was found to be at 530 nm, in
agreement with Kohn [8], while A . of the
- Mn’* —-MM complex occurred at 480 nm. The
separation of the peaks here is not as good as for
the Zn-TMMX system. However, it was found
that by varying A’ and A”, using wavelengths larger
than A, of free MX, and smaller than A, of
Mn-MX complex increases the sensitivity of the
method. In this work, we have selected Ay at a

¢ ol _
/

value of 540 nm instead of 530 nm. Fig 3 shows
that the ¢ values increased by =~ 20%.

On comparing figs. 2 and 3, it can be seen that
over an identical acrtivity range, ¢ changes by
=~ 4.0 units for Zn—-TMMZX, while the change for
Mn-MX is only = 0.70 units. The small change in
¢ for Mn—MX is attributed to peak overlap of the
dye and complex and also a relatively low K,
value. The calibration curve for Mn-MX, fig. 3
which is also ionic strength independent, is seen to
be non-linear, as opposed to the Zn—TMMX sys-
tem (fig. 2). In principle, both Zn and Mn activi-
ties can be determined in the range (0.5-5.0) X
10 ~* M. However, because of the smaller rate of
change of ¢ with MnZ™* activity, the uncertainty in
the latter determination, particularly in the lower
activity range, is greater than that for Zn. Table 1
summarizes the important parameters for Zn and
Mn activity determinations.

For both Zn and Mn, ¢ was found to be
independent of dye concentration indicating that
the fraction of dye taking part in the metal-dye
equilibrium was constant. In addition, in all sys-
tems studied the activity of the metal ion was
found to be independent of dye concentration,
indicating that the dye does not affect the poly-
ion—metal ion equilibrium.

It should be noted that MX is known to be
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Fig. 3. Calibration curve of Mn activity determinations (ab-

sorbance ratio ¢ versus Mn activity in moles/1) at 7=001. O:
P Asso/As30); O ¢(Aszo/Asao)-
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Table 1

Important parameters for Zn and Mn activity determination

Metal Dye Dye concentration A’ (nm) A7 (nm) Kapp Changes in ¢

ion (moles /1) (free dye) (complex) ayn: 0—3%107°*M
Zo*t TMMX 24%10°5 530 460 8500 0.200-4.50

Mn>* MX 40%x103 540 480 2400 0.600-1.36

unstable in solution [20] and the absorbances of
free dye and of the metal-dye complex decrease
with time. However, one of the advantages of the
ratio method, as opposed to the extrapolation
method [12], for divalent metal ion activity
determinations is its insensitivity to dye or dye-
metal complex decomposition. With the unknowns
“sandwiched” between reference solutions, ¢ was
found to be approximately constant in the 1.5h
required for a measurement series.

Using the two-wavelength dye spectrophoto-
metric method, and the experimental parameters
as given above, activities of Zn’* and Mn>* were
determined in solutions containing the polyanion
dextransulfate (DS) and NaCl. Experimental data
for the system NaDS-ZnCl, -NaCl (which we will
call Zn/Na), and for the corresponding system

Fig. 4. 6, versus G, /G, for the system ZnCl;, NaCl. dextran-
sulfate. ¢, =0.001 mole/l. O: I=0.005; A: I=0.0075: @:
I=0010: A: I=0.020: V: I=0.030. Error bars indicate esti-
mated errors. Upper line condensation model, lower curves:
two-variable theory. Arrows indicate the theoretical curves
calculated for the ionic strength of a given series of data.

Mn/Na are presented in figs. 4-7. The data are
expressed as “binding isotherms”™ showing a quan-
tity 6,,

0, =Gy, /C,, (4)

as a function of G, /C,. C,, is the concentration of
bound divalent metal ions, C, the total divalent
metal ion concentration, and C, the polyion con-
centration in moles of suilfate groups per litre. As
described in ref. [14], the free divalent metal ion
concentration, C,; = C, — C,,, simply equals the
divalent metal ion concentration in a reference
solution of e.g. NaCl+ ZnCl, or NaCl+ MnCl,
of identical iomnic strength as the polyelectrolyte
solution, which has the same metal ion activity as
the Zn®>* or Mn>* containing polyelectrolyte solu-

0 .2 -4 -6 -8 1.0
CZn /Cp

Fig. 5. 6, versus C, /C, for the system ZnCl,. NaCl. dextran-
sulfate. (,=0.002 mole/l. O: F=0.005: &: I=0.0075; @:
7=0.010: A: 1=0.020: v: 7=0.030. Estimated errors and
theoretical curves as in fig. 4.



60 J. Martai, J.C.T. Kwak /Binding studies of Zn”™ and Mn”~ by biopolvelecirolvies

41

0 .2 4 8 8 1.0
CMn/cp

Fig. 6. 05 versus Cy /(y, for the system MnCl, NaCl dextran-
sulfate. ¢, =0.001 mole/L. O: 7=0.005: &: /=0.0075: @:
71=0.010: A: J=0.020: v: I=0.030. Error bars indicate esti-

mated errors. Theoretical curves as in fig. 4.

tion. In other words, the measured value of é in
the polyelectrolyte solution combined with the
calibration curve of ¢ versus a,, at a given ionic
strength for ZnCl, or MnCl, + NaCl mixtures
immediately yields a value for the free metal ion
concentration in the polyelectrolyte solution. Al-
ternatively, the results can also be expressed in the
form of activity coefficients [14].
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Fig. 7. 8, versus (5 /C, for the system MnCl,, NaCl. dextran-
sulfate. C;=0.002 mole/L. O: 7=0005; A: /=0.0075: @:
F=0.010; A&: J=09520: v: I=0.030. Estimated errors and
throretical curves as in fig. 6.

Polyion concentrations of 0.001 and 0.002
moles /1 are used for both the Zn/Na and Mn/Na
systems, at total ionic strengths of 0.005, 0.0075,
0.01, 0.02 and 0.03 moles/l. G, /C, ratios were
varied between 0.02 and 1.0 for each C, and ionic
strength value. The full lines in figs. 4-7 were
calculated from a simple condensation model
(single upper line) and from the predictions of the
two-variable theory (solid lines for various ionic
strengths) following the procedure outlined before
[14]. Figs. 4 and 6 show the estimated experimental
errors in b, for respectively the Zn /Na and Mn/Na
systems; where no error bars are drawn the esti-
mated error in &, is within the size of the data
points as drawn. Estimated errors for the data
presented in figs. 5 and 7 are similar to those for
the corresponding points in figs.4 and 6. The
estimated errors for the Mn activity determination
are larger than for the Zn case. Noticeable in these
figures is the strong dependence of 6, on ionic
strength, predicted by the two-variable theory, but
not by the simple condensation equations. With a
decrease in ronic strength, 8, increases and at Jow
ionic strength, it tends to approach the condensa-
tion equation. This 6, dependence on ionic
strength, 7 can be attributed to an entropy factor.
The binding of a divalent ion M2* to the polyion
is known to lead to a release of about two M ™
ions [12]. However, the release of an M~ ion will
be dictated by the concentration difference of M ™
and M?* between the bound region, ¥, and the
bulk volume. When the concentration difference is
larger, at low I, the entropy gain is large and hence
M™ is released and mors M?* is bound. An
increase in / causes a smaliler entropy gain, less
M™ is released and hence there is a decrease in
M?** binding leading to smalier @, values. For
identical 7 values, and at double G, 6, values are
higher, figs.5 and 7. This behaviour also is as
predicted from the two-variable theory.

A close examination of the binding isotherms of
Zn/Na and Mn /Na (figs. 4 and 6, 5 and 7) shows
that the degree of binding of these two metal ions
to dextransulfate is identical, when consideration
is taken of the limits of error. The results are also
essentially identical to the data for the Mg/Na
system reported by Joshi and Kwak [14], but the
degree of binding of Ca to dextransulfate was
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found to be greater than for Mg, Kwak and Nel-
son [25] have shown that Mg2* and Zn?" interac-
tions with polystyrenesulfonate are identical and
apparently non-specific. It is therefore not surpris-
ing that the Zn>* and Mg?* binding curves 10
another sulfonated polyelectrolyte, DS, are identi-
cal. Very little information is available for Mn®™
binding to a polyion with one kind of charged
group. However, Clement et al. [5] in their inves-
tication of the binding of Mg>™ and Mn** 1o
DNA concluded that Mg?* binds to the phos-
phate group through “site-binding” while Mn*~
binds by “chelation” of Mn®* between the phos-
phate group and N, of guanine. Leroy and Gueron
[71, also found that the affinity of Mg”™ for tRNA
is about half that of Mn°™. In their interaction
with DS, there appears to be little difference be-
tween Mg?* . Zn®* and Mn2*.

Figs. 8--11 show alternative representations of
the binding data in terms of Scatchard plots. In

Fig. 8. Scaichard eurves, K, (1/mole) versus 8, in the system
ZnCl,. NaCl, dexwransulfate. C,=0.001 mole/l. Estimated
errors indicated by error bars. Symbols as in fig. 4. theoretical
curves {solid lines) as calculated from the two-variable theory
for each ionic strength.
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Fig. 9. Scatchard curves, Ka (1/mole) versus & in the svstom
ZnCi,. NaCl dextransuvifate. (,=0.002 mole/l. Symbols,
estimated errors and theoretical curves (solid lines) as in fig. 8.
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Fig. 10. Scatchard curves, X, (1/mole) versus #, in the svstem
MnCl,. NaCl, dextransulfate. (,=0.001 mole/l. Estimated
errors indicated by error bars. Symbols and theoretical curves
(solid lines) as in fig. &
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Fig. 11. Scatchard curves. K, (1/mole) versus 8, in the system
MnCl.. NaCl. dextransulfate. ,=0.002 mole/l. Symbols.
estimated errors and theoretical curves (solid lines) as in fig. 10.

these plots a quantity K,, defined as
Ky, =8, /Cy. (5)

is plotted versus 8,. The experimental points in
these Scatchard plots are the same as in figs. 4-7.
The theoretical curves are as calculated from the
two-variable theory [14,16]. In figs. 8-11, esti-
mated errors are indicated by error bars, where no
error bar is indicated in these figures the estimated
error is within the size of the data points as
plotted.

The Scatchard plots are curved for both Zn/Na
and Mn/Na at both polyion concentrations: ap-
parently the affinity of the polyion for the metal
ion decreases as more Zn** or Mn?™* binds to the
polyion. This is the typical anti-cooperative be-
haviour expected for polyelectrolytes where, on a
qualitative basis, one can see that binding of metal
ions decreases the electrostatic potential and makes
further binding less and less favourable. This “an-
ti-cooperativity” is more pronounced at low Na™*

concentrations, i.e. at low 7, and binding decreases
with increase in I. Both the anti-cooperative be-
haviour, and ionic strength dependence of this
anti-cocperative behaviour, are predicted by the
two-variable theory, as shown by the theoretical
curves. Increasing the polyion concentration will
increase 8,, but the theory predicts that K, is
independent of C_; comparison of figs. 8 and 9 for
Zn/Na at C, 0.001 and 0.002 shows that the two
sets of curves are identical within the limits of
experimental error; similar behaviour is seen for
the Mn/Na system, figs. 10 and 11. When com-
pared to the theoretical curves, one can see rea-
sonable agreement with the two-variable theory.
For both systems at different I and C, the experi-
mental and calculated values differ by only a
factor of two or less. This difference should not be
considered critical since the theoretical calcula-
tions were based on J and the charge density
parameter, &, alone.

For 8, less than 0.30. one can use eq. (29) of ref.
[16] to obtain K, values. This equation was ob-
tained by the “one-variable approach” for low
binding levels, i.e. small ,. Substitution of ¥V, =
1200 c® as determined from eq. (7), and £=2.80
for DS, into eq. (29) of ref. [16] gives for dextran-
sulfate:

log K, = —0.035+21log(1 —3.18,) —2log C,.
(6)

By extrapolating to 8, =0, one can determine
“intrinsic binding constants” K. Values of these
theoretical intrinsic binding constants at different
ionic strengths can be used for further correlation
with the experimental data. Table2 shows a com-
parison of the theoretical and experimental values
of log K2 at ionic strengths 0.005, 0.0075, 0.01,
0.02 and 0.03 for Zn/Na and Mn/Na systems at
€, 0.001 and 0.002. In all cases, the experimental
values are somewhat lower than the theoretical
values, but the agreement is quite good. Included
in the table are log Ky, values for the system
Mg/Na at C,=0.001 and at identical ionic
strengths as Zn/Na and Mn/Na systems, ob-
tained from Joshi and Kwak [14]. Within the limits
of experimental error, one can see that the log K%
values at a particular ionic strength are identical
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Table 2

Comparison of theoretical and experimental values of K%

C, log K&, log K2, (exp.) log K2, (exp.) log K%, (exp.) log K3, (exp.) log l\’,?,g (exp) @
(theor.) (mp=0.001) (mp=0.002) (m_,=0.001) (m,=0.002) (m;,=0.001)

0.03 3.01 2.78=0.05 2.73=0.05 2.8020.05 2.72=0.05 2.64=0.05

0.02 3.36 3.09+0.05 3.12=0.05 2.99=005 3.05=0.05 3.05=0.05

0.G1 3.97 3.65=0.05 3.70=0.05 3.62=0.05 3.68=0.05 3.61=0.05

0.0075 4.21 3.93=0.05 3.92=0.05 4.01=0.05 3.90=0.05 3.83=0.05

0.005 4.75 4.32=0.04 4.23+=0.04 4.34=0.05 4.37=0.05 4.29=0.04

2 Calculated from data in ref. [14].

for Zn, Mn and Mg. This further supports the idea
of non-specific electrostatic binding for these diva-
lent ions to the sulfate groups of DS.

The variation of K, with ionic strength can be
expressed in the form of the dependence of din
K, /dln C, on 8,; at low 8,, §, becomes constant
and independent of C,, and hence din K, /din C;
at low 8, (and thus low G, /C,) should be equal to
—2. At higher 6,, this value is predicted to de-
crease slightly. Fig. 12 shows a plot of —dlog
K, /dlog C, versus 8, for the systems Zn/Na and
Mn/Na at C, =0.001 and 0.002. The size of the
data points represents the limits of error. In all the
systems studied, the experimental points follow
the trend of the theoretical curve, i.e. values are
close to 2 for low 8,. A similar behaviour was
observed for Krakauer’s data [12,16].

In conclusion we note that Kwak and Joshi [13]
have indicated a number of uncertainties associ-
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Fig. 12. Dependence of —dlog K, /dlog C; on 8,. Data points
obtained from the systems: O: Zn/Na. C, =0.001 mole/1; A:
Zn/Na, C,=0.002 mole/l: @®: Mn/Na. C,=0.001 mole/k
A: Mn/Na, C,=0.002 mole/1. Solid line: two-variable theory.

ated with the dual-wavelength dye spectrophoto-
metric method for activity determinations. Despite
these limitations, they have shown the method to
be an excellent tool to study metal binding. often
superior to classical techniques like Donnan equi-
librium or EMF methods.

We have shown the method to be further appli-
cable to activity determinations of Zn and Mn. We
have found the experimental binding data in the
systems Zn/Na and Mn/Na with dextransulfate
1o be in good agreement with predictions of the
two-variable theory of Manning [16]. Without the
use of adjustable parameters the two-variable the-
ory is able to predict the shape of binding iso-
therms, Scatchard plots and their ionic strength
dependence. Clearly, the two-variable theory gives
a surprisingly accurate description of the degree of
divalent metal ion binding to the polyion in the
systems studied. Identical results found for the
systems Zn/Na, Mn/Na, and Mg, /Na [14] pre-
sent a strong case for delocalized binding of these
metal ions to the polyelectrolyte dextransulfate.
Additional work is necessary with polyions with
other charged groups. e.g. carboxylate and phos-
phate, and with different charged groups on the
same polymer backbone, for further correlation
with available theories.
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