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Counterion Binding by Polyelectrolytes. 1V. Membrane Equilibrium Studies of the
Binding of Univalent Cations by Long-chain Polyphosphates!

By ULricH P. STraUss AND PHILIP D. Ross
RECEIVED APRIL 23, 1959

The binding of Lit, Na*, K+ and Cs* by loing-cliain polyphosphates was determined by membrane equilibrium in aqueous
solutions maintained at constant jonic strength with (CH3);NBr. Analysis for the alkali metal concentrations after comple-
tion of the dialysis was carried out by means of flame photometry. The binding results obtained at 0.2 ionic strength for
Li+and Na*agreed with those previously determined by electroplioresis, but in the case of K*and Cs™, the membrane equi-
librium method yielded much higher values for the degree of binding than did the electrophoresis technique. The difference
between the methods was attributed to an excess of K* and Cs* in the ionic atmosphere surrounding the polyphosphate
chain, caused by the fact that these cations have smaller hydrated sizes than has the (CH;3)yN * jon. Except at very low
concentrations of Lit and Nat where the extent of binding increased slightly with rising temperature, the results were

identical at 5° and at 25°,

However, the degree of binding increased strongly with decreasing total ionic strength. This

increase was ascribed to a decrease in the shielding effect of the ionic atmosphere, causing an increasing number of neighbor-
ing PO,~-groups to become effective in strengthening the binding of a cation by a given PO;~-group.

In the work described in the preceding paper of
this series? the binding of four of the alkali metal
ions by polyphosphates was determined by electro-
phoresis measurements. In this paper, we shall
present results involving the determination of
such binding by membrane equilibrium experi-
ments. The purpose of these studies was three-
fold, namely, (1) to show by an independent method
that the alkali metal ions are, in fact, bound by
polyphosphates; (2) to compare the results of
the electrophoresis and membrane equilibrium
methods quantitatively, and thereby test the
validity of both methods; and (3) to investigate
the effects of total ionic strength and of temperature
on the extent of binding.

It has been shown elsewhere that, with only one
counterion present, the membrane equilibrium
results are not suitable for a determination of the
counterion binding.? However, in the presence of
a large excess of another counterion, which is not
bound very strongly, the Donnan Effect is sup-
pressed and the difference in the concentrations of
the alkali metal ion on the two sides of the mem-
brane becomes a measure of the number of counter-
ions bound. The results reported in this paper
were all obtained with the alkali metal bromide
contained in a large excess of tetramethylam-
monium (TMAT) bromide. The TMA T normality
was such that the total ionic strength ranged from
0.02 to 0.5 with the bulk of the data at 0.2, The
temperatures used were 5 and 25°,

Experimental

The potassium polyphosphate used was the same Kurrol’s
salt (our sample No. H-2170-W, degree of polymerization =
9,400) described in the previous paper.? The preparation
of our conductivity water, employed throughout this work,
also was described there.

The dialysis procedure for the solutions of total ionic
strength 0.2 N was carried out as follows. A weighed quantity
of the Kurrol’s salt and a known volume of 0.2 N TMABr
were introduced into a cellulose casing bag (Visking Cor-
poration No. 18/32 or No. 24/32), a Pyrex glass bead was
added to aid mixing, and the bag was sealed and placed

(1) The contents of this paper are contained in a thesis to be sub-
mitted by P. D. Ross to the Graduate School of Rutgers, The
State University, in partial fulfillment of the requirements for the
degree of Doctor of Philosophy. This investigation was supported
by a grant from the United States Atomic Energy Commission under
Contract AT(30-1)1018,

(2) U. P, Strauss and P. D. Ross, THIS JOURNAL, 81, 5295 (1959).

(3) U. P. Strauss and P. Ander, sbid., 80, 6494 (1958).

into a large test-tube containing 200 ml. of 0.2 N TMABr.
The tube was stoppered and gently tumbled in a water-bath
thermostated at 25°. The 0.2 N TMABr outside the bag
(“*outside solution’’) was changed several times to obtain
quick dissolution of the Kurrol’s salt and removal of K+
from the solution inside the bag (“‘inside solution’’), Then
solutions having the desired normality (0.5, 1.0, 2.5, 10
and 30 X 10~3 N) of the alkali metal ion (Li*, Nat, K+ and
Cs™*) with the total normality brought to 0.2 with TMA*t
were employed as outside solutions in subsequent exchanges.
The outside solution was changed intermittently four times,
with at least 36 hours allowed for the last outside solution.
In the case of the lower temperature work, after the first
exchange at 25°, the tubes were tumbled in a cold room
maintained at 5 = 0.5°, with subsequent changes of the
outside solution being made there. At the end of the tum-
bling period, the inside and outside solutions were transferred
to polyethylene bottles and prepared for analysis as de-
scribed below.

A similar procedure was employed for the solutions of
total ionic strength different from 0.2 N.

In all cases, the pH was maintained between 6.2 and 7.5 so
as to render the extent of H* binding negligible and to mini-
mize hydrolytic degradation of the polyphosphate.4 Total
phosphate analysis of the outside solution indicated dif-
fusion of any phosphate species through the membrane to
be negligible. Blank runs without polyelectrolyte showed
no effect of the membrane on the counterion concentration
or distribution.

The attainment of equilibrium by the above procedure
was confirmed by means of several experiments in which
equilibrium was approached from the opposite direction,
i.e., by beginning with an excess of alkali metal ion in the
inside solution so that the alkali metal ion would diffuse,
from the inside to the outside solution,

The analyses for the alkali metal ion concentrations both
in the inside and in the outside solutions were carried out
with a Perkin-Elmer Model 146 flame photometer, using the
internal standard procedure.® Lithium ion was used as the
comparison element for the analyses of Na*, K* and Cs*.
The method was calibrated with known solutions containing
Lit* (0.010 to 0.015 N) and the alkali metal jon to be deter-
mined over the concentration range 0.0005 to 0.01 N. The
total ionic strength was brought up to the desired quantity
(usually 0.2 N) with TMABr, so as to be similar to the un-
knowns, although it was found that the presence of TMA-
Br (between 0.02 and 0.5 N) had no effect on the alkali metal
analysis. Where necessary, the samples from the dialysis
experiments were brought into the desired concentration
range for analysis by dilution with TMABr solution. Then
an amount of the same LiBr master solution as used in the
preparation of the standard solutions was added to the un-
knowns so as to make the Lit concentration of standards
and unknowns identical. It was also found necessary to de-
grade the polyphosphate in the inside solutions with a few

(4} U, P, Strauss, D. Woodside and P. Wineman, J, Phys, Chem.,
61, 1353 (1957).

(56) L. L. Merritt, H, H, Willard and J. A. Dean, “Instrumental
Methods of Analysis,” D, Van Nostrand Co., New York, N, Y., 1951,
pp. 79-83.
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drops of concentrated HBr in order to decrease the viscosity.
If this was done, there was no effect of the phosphate on the
analytical results.

The analyses of Li* were performed in a similar manner,
with Na* serving as the comparison element. However, in
order to avoid realignment of the light-directing slit, the us-
ual procedure was modified. The lithium spectral line was,
as before, directed toward the ‘‘internal standard’’ photo-
tube, and the sodium line toward the ‘““unknown’’ phototube.
In this way, the scale reading was calibrated to be an essen-
tially reciprocal measure of the lithium concentration.

Constant reference was made to the standard solutions
throughout the analysis, and the average of four analyses
was taken as the final resuit.

Results and Discussion

Calculation of Binding Results.—In this dis-
cussion the following symbols are used: (M),
(TMAT) and (PO;™) are the normalities of the
alkali metal ion M*, of TMA* and of the poly-
phosphate, respectively; the subscripts o, i, b and
f refer to the outside solution, to the inside solution
(which contains the polyphosphate) and to the
bound and free species, respectively; the simul-
taneous absence of both of the latter subscripts
implies the total concentration of the species.

We have then

(M™) = (M*); — (M*) (1)

We shall next make the assumption that the free M+
is distributed across the membrane in the same way
as the free TMA*, This assumption is embodied
in the equation

(M*)ie _ (TMA™*)i¢

(M%), (TMA™),
Eluminating (M™)ir between equations 1 and 2,
rearranging terms and dividing by (PO;™), we ob-
tain

(2)

(M) _ (M%) = (M%),
B = 55,7) = (Pos—)

(TMAt)i: — (TMA™), .

(TMA+ [ (PO:") ] )

where B 1s the fraction of PO;~-groups neutralized

by bound M. The expression in brackets can

be brought into a more convenient form with the
help of the relation

(TMA)ie _ (TMAY);

(PO;™) — (POs™)

and two further equations expressing the condi-

tions of electroneutrality on each side of the mem-

brane. Equation 3 then leads to the relation

(M) — (M%),

(PO;s™)

— Brma (4)

Bu = (TMA+ [I—A—

i — (M%) :l R
Brva — "W— (5
where 4 = [(Br—), — (Br~);]/(POs;~) which
can be determined by analyses for Br=. In two
instances where Stuma was available from electro-
phoresis results® the requisite bromide analyses
were carried out and the second part on the right-
hand side of eq.5 was found to be smaller than the
experimental error in the first part, so that only
the latter need be retained. We obtain then the
working relation
(M*); — (M%),
(PO;™)
which is used in this work.

Bu = (6)
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The results obtained at 0.2 ionic strength and at
the temperatures 5 and 25° are given in Table I.
Each value of Bm represents an average of results
obtained at three or more polyphosphate concentra-
tions. There was no effect of polyphosphate con-
centration in the range used in these experiments
(0.01-0.15 V). Several experiments with a potas-
sium polyphosphate (our sample No. KPP-12)
of degree of polymerization equal to 5000 yielded
identical values of Bum as the main sample whose
degree of polymerization was 9400.

TaBLE I

BINDING OF ALKALI METAL IoNS BY POLYPHOSPHATE AT 0.2
IoNIC STRENGTH FROM DIALYSIS MEASUREMENTS

= 5° ¢ = 25°
(M*)a (M *)o

Mt X 103 8™ X 103 M

Li*  0.47 0.038 = 0.002 0.46 0.051 = 0.002
0.95 .066 = .005 1.00 .081 = .005
2.42 .12 = .01  2.40 .13 = .01
508 .20 £ .01  5.01 .23 = .02
9.72 .31 = .03  9.93 .30 = .02
31.81 44 = .03 29.12 .42 = .04

Na*  0.52 0.018 = 0.0006 0.51 0.021 = 0.0005
0.99 .034=+ .001 1.01 .039 = 001
3.00 104+ .002 3.16 .115= .003
498 147 £ 004 4.98 158 = .005
1018 .23 = .01 9.8 .25 % .01
30.19 .43 = .02 80.07 .43 = .02

K*  1.47 0.047 =0.003 1.54 0.052 = 0.003
3.11 .095 =+ .003 3.04 098 = .003
500 141+ .003 5.05 .139 % .004
10.24 23 = 01 10.32 .24 = .01
28.93 .40 £ .02 28.49 41 = .02

Cs* 1.00 0.036 = 0.0005 1.02 0.036 = 0.0005
2.46 087 = .004 2.46 081 = .001
4.1 188+ .008 4.91 .138= .007
9.86 .22 = .02 9.8 .216= .007
30.44 .40 = .01 31.08 .40 = .03

Comparison with Electrophoresis Results.—It is
of interest to compare these results, which indicate
binding of alkali metal ions by polyphosphate,
with those obtained by electrophoresis. The com-
parison is made in Fig. 1 where, for the sake of
convenience in presentation, the values of the bind-
ing constants Kum have been used. These binding
constants were calculated by eq. 8 of the previous
paper of this series,? employing the values of the
potential ¥ and the degree of ionization 7 as ob-
tained from electrophoresis. Therefore, the cal-
culations of the dialysis K and of the electro-
phoresis Km differed only in the values of Am
employed.® Several striking comnclusions can be
drawn from the results in Fig. 1. In the case of
both Li* and Na*, the values of K obtained by
dialysis are quite constant” and agree, within the
limits of experimental error, remarkably well with
those obtained by electrophoresis. This agree-
ment does much toward establishing the validity
of both methods for determining the degree of

(6) In view of the small or negligible temperature dependence of
8M (¢f. Table I), the fact that the electrophoresis results were obtained
at 0° and the dialysis results at 5° should not affect the validity of the
comparison.

(7) The small rise at the highest Na+ concentration has been us.
cribed to a contraction of the polymer coil.?



Oct. 20, 1959

binding of Li* and Na*. However, in the case of
K+ and Cs*, the situation is different. The values
of Km obtained by dialysis are constant at low
(M) and decrease at higher (M¥), and they are
about three to four times as large as those obtained
by electrophoresis in the (MT)-region where
both methods were used.® This discrepancy far
exceeds the combined experimental errors. The
question now arises, as to which of the two methods,
if either, is valid for obtaining the desired binding
parameters. Somewhat of a case can be made in
favor of the dialysis method in that it gives, at
low (M), the binding constant for Li*, Na* and
K+ in the same ratio, 2:1:1, as was obtained by
Smith and Alberty® for the complexing of these
cations by the HPO,~ ion. However, with poly-
phosphates these authors obtained a difference
between the values of Km of Nat and K, and,
moreover, there is some disagreement in the litera-
ture as to whether the binding of alkali metal
ions by HPO,~ is measurable by the acid-base
titration method employed by Smith and Alberty.!

A much better case can be made for the conclu-
sion that for K+ and Cs* the dialysis values of
K are too high, The argument is based on the
fact that the effective radii of K* and Cs* in
aqueous solution are about half that of TMAT™.
It can be shown by statistical mechanical reasoning
that in a potential gradient, such as exists in the
double layer around the polyphosphate chain, which
affects two species equally—(here the TMA* and
either the K+ or the Cs*)— the concentrations
of the two species may not follow the Boltzmann
relation, cxe~E/*T  but the species with the
smaller volumme tends to be relatively more comn-
centrated in the regions of high field strength
where the total concentration is very large.!!
Simple calculations show that the concentration of
TMA®* in the double layer becomes high enough
in our experiments for this effect to be significant.
This excess of K* or Cs* in the double layer reveals
itself in the values of fn determined by membrane
equilibrium but not in those determined by electro-
phoresis since the surface of shear is close to the
polymer chain so that only the cations bound di-
rectly to the polymer chain are reflected in the
electrophoresis values of Bu.

The absence of the ‘‘double-layer binding”
effect in the case of Li* and Na* can be explained
by the fact that the radii of these hydrated ions,
which are 3.7 and 3.3 A., respectively, are very
close to that of TMA®T which is 3.5 A.1z

(8) The high values of Ky at (M *) = 0.1 N, which previously have
been ascribed as due to a contraction of the polymer coil, are not im-
portant for the discussion to follow, since corresponding dialysis values
were not determined.

(9) R. M. Smith and R. A, Alberty, J. Phys. Chem., 60, 180 (1956).

(10) S. M. Lambert and J. I. Watters, THIS JOURNAL, 79, 4262
(1957).

(11) The site binding of the ions would not be affected by this
effect since the activities do follow the Boltzmann relation. It is
the activity coefficients which increase with increasing concentration
more rapidly for the larger ion than for the smaller one and thereby
cause the concentration effect discussed in the text. Such activity
coefficient effects in solutions of mixed electrolytes also have been
found experimentally (H. S. Harned and O. E. Schupp, ibid., 62,
3892 (1930)).

(12) R. A. Robinson and R. M. Stokes, *“Electrolyte Solutions,”
Academic Press, Inc., New York, N. V., 1955, pp. 120. 121,
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Fig. 1.—Comparison of binding constants obtained from

membrane equilibrium and electrophoresis: @, Li+; O,

Nat; @ K*; and O, Cs™*, all obtained by membrane

equilibrium. The corresponding points designated by
squares were obtained by electrophoresis.?

Effect of Total Ionic Strength.—A few results
obtained with Li* and Nat at different ionic
strengths are given in Table II. The binding is
seen to increase with decreasing (TMA ™) for both
alkali metal ions. This result may be attributed to
a combination of several factors: (1) the activity
coefficient of the alkali metal ion in the outside
solution increases with decreasing ionic strength.
(2) The competitive binding of TMA* is reduced
as its concentration is diminished, thereby freeing
more PO;~-groups for the binding of alkali metal ion.
(3) As the binding of TMA+ is reduced the poten-
tial on the polyelectrolyte increases. (4) With
decreasing ionic strength the shielding effect of the
ionic atmosphere decreases; thus an increasing
number of neighboring PO;~-groups becomes ef-
fective in strengthening the binding of a cation by a
given PO;~-group.

TaBLE II

ErrecT OF IONIC STRENGTH ON BINDING OF Lit Axp Nat By
POLYPHOSPHATE FROM DIALYSIS MEASUREMENTS

Temp., (M %)X By
°C. M* (TMA*%), 108 Bye (M *)o
5 Li* 0.02 0.46 0.106 = 0.001 231

.85 .202 = .001 238

.053 .54 070 = .003 130

.85 L1338 = .002 156

.5 .85 .044 = .002 52

Nat .02 .53 .08 = .003 155

.99 .139 = 002 140

.053 .48 045 = .003 94

.99 082 = .001 83

.3 1.01 019 £ .001 19

25 ] 1.01 019 = 001 19

¢ Calculated by eq. 3.

Of these four factors, the first probably is not
very significant; the second and third are also
not very important because the electrophoretic
mobility increases onlv little with decreasing
TMAT concentration®; we believe, therefore, that
the large effect of ionic strength is due mainly to
the fourth factor,

The importance of the shielding factor is sub-
stantiated further by the observation that if the
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ionic strength is brought to 0.2 N with tetra-
ethylammonium (TEA*) bromide, the binding
of Na™ is about twice as large as it is with TMABr
at the same ionic strength.!* Because of their
larger size the TEA T ions cannot shield the PO;~-
groups as effectively from each other as can the
TMA *ions.

Effect of Temperature,—If the data obtained at
5 and 25° in Table I are compared, one finds that

(13) P. D. Ross and U. P. Strauss, unpublished results.
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the values of Bm are somewhat larger at 25 than
at 5° at the few lowest concentrations of both
Li* and Na*. The effect seems to disappear at
higher (M ™)y and also is not observable with K+
and Cs*. The results suggest that the change of
enthalpy on binding is slightly positive at low
(Lit) and (Na*) and very close to zero in the
other cases. Since values of equilibrium constants
were not obtained at 25°, no quantitative calcula-
tion of AH and AS can be made.

NEw BRUNSWICK, NEW JERSEY
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The Lactone-Acid—Salt Equilibria for D-Glucono-s-lactone and the Hydrolysis Kinetics
for this Lactone

By DonNawp T. SAWYER AND JOHN B. BAGGER
RECEIVED APRIL 20, 1959

Polarimetric and coulometric methods have been used for the study of the hydrolysis rate for p-glucono-é-lactone at

various solution conditions.
»H 3 to pH 5.

The activation energy for the lactone hydrolysis reaction is 15 keal. per mole for the temperature range from 20 to 25°.

The hydrolysis reaction is first order in lactone concentration and independent of pH from
The rate constant k at 25° is: by optical rotation, 2.26 X 10~*sec.~!; by coulometry, 1.31 X 10~*¢sec.~ L

To

carry out the polar.imetric studies it was necessary to redetermine the specific optical rotations for p-glucono-é-lactone, glu-
conic acid and sodium gluconate; the values of [«]%D for the three species are, respectively +66.0, +5.40 and +12.0°.
The constants for several of the lactone—acid—salt equilibria have been determined at 25° by pH and optical rotation measure-

ments (L, HGH, and GH,~ represent p-glucono-é-lactone, gluconic acid and gluconate ion, respectively): K = (

HY)-

(GH,™)/I(HGH,) + (L)] = 1.76 £ 0.05 X 1074 K, = (H*)(GH,™)/(HGH,) = 1.99 = 0.07 X 1074, and K. = (HGH,)/

(L) =7.7.

The existence of strong metal-gluconate com-
plexes, which are formed by the salts of p-glucono-
¢-lactone, has brought about renewed interest in
the aqueous solution chemistry of this lactone.l—3
Because the equilibrium constants for the lactone-
acid-salt equilibria are frequently necessary for the
calculation of the metal-gluconate stability con-
stants, accurate evaluation of the equilibrium
constants 1s desirable. Previous workers:—® have
reported various values for the dissociation con-
stant of gluconic acid, but they have not taken into
account the lactone-acid equilibria and, in some
cases, details of temperature and of the purity
or preparation of the acid were not reported.

Although empirical data have been reported for
the hydrolysis of p-glucono-é-lactone,” quantitative
relations were not developed and the effect of the
competing equilibria was neglected. Furthermore,
the specific rotations which were used for some of
the hydrolysis rates do not agree with our values
or those reported in the literature® and the rotation
due to sodium gluconate was not included in the
calculations of data reported. The salts of D-

(1) R. L. Pecsok and R. S. Juvet, Jr, THIS JourNnaL, 77, 202
(1953); R. L, Pecsok and J. Sandera, ibid., 77, 1489 (1955); R. L.
Pecsok and R. 8. Juvet, Jr., tbid., 78, 3867 (1956); R. L. Pecsok and
J. Sandera, ibid., 79, 4089 (1957).

(2) C. L. Mebhltretter, B, H. Alexander and C. E, Rist, Ind. Eng.
Chem., 48, 2782 (1953).

(3) Chas. Pfizer and Co., ““Gluconic Acid and Derivatives,” Tech-
nical Bulletin No. 33, Brooklyn, N. Y., 1855.

(4} R. K. Cannan and A. Kibrick, THIS JOURNAL, 60, 2314 (1938).

(5) J. Boeseken, J. Weisfelt, J. V. D. Spek, C. V. Loon and M.
Goeltsch, Rec. frav. chim., 37, 165 (1918).

(6) E. Heing. Biockem. 2., 321, 314 (1951).

(7) Chas. Pfizer and Co., "Glucono-Delta-Lactone in I'vod Prod-
ucts,” Technical Bulletin No. 93, Brooklyn, N. Y., 1957,

(8) O. F. Heydenberg, THis JourNaL, 37, 345 (1915).

glucono-§-lactone are being used widely as chelat-
ing agents and a more fundamental understanding
of the hydrolysis kinetics for this lactone is of value.
Also, kinetic data may be helpful in establishing
the mechanism for chelation and in determining
the structure of various metal-gluconate chelates.

The results of a systematic study of the lactone-
acid-salt equilibria for D-glucono-s-lactone are
presented as well as a detailed study of the hydroly-
sis kinetics for the lactone by coulometric and
polarimetric techniques. The constants for the
equilibria have been evaluated by combining pH
measurements with optical rotation data. The
specific rotations for gluconic acid, sodium gluco-
nate and the é§-lactone have been determined in
order to evaluate the equilibrium constants and the
rate constants.

Experimental

The coulometric generator and cell which were used for
the kinetic studies have been described previously.! The
generator provides a continuously variable constant current
for the range from 1 to 150 milliamperes which is regulated to
one-quarter of one per cent. Details for the cell system, the
electrolyte solution and the procedure for making a rate
constant determination are identical to those used in the
previous kinetic studies of water-soluble esters.? Approx
imately 28 ml. of electrolyte solution (0.1 F K;SO,and 0.03 F
KBr) is introduced into the cell (the cell solution is degassed
with purified nitrogen) and the pH is adjusted to the de-
sired value (pH 3.4 to pH 4.6) coulometrically. The weighed
sample is introduced as pure solid p-glucono-g-lactone. The
generation of hydroxide is started immediately and the cur-
rent is adjusted until the desired pH is obtained.

All pH measurements were made with a Beckman Model
GS pH meter, which was standardized with N.B.S. buffers.
Unlessootherwise noted all measurements were made at 25.0
= 0.1°.

(9) P. S. Farrington and D. T. Sawyer, tbid., 78, 5536 (1956).



