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I. Introduction

A considerable number of contribution on the electrical conductance of poly-
electrolyte solutions have been made by different authors during the past several
years. However, so far there has been no satisfactory agreement concerning ab-
normal behavior of polyelectrolyte solutions within the range of lower concen-
trations.’®*4%  Such difference seems to have its origin in the fact that extrapo-
lations of observed equivalent conductance to infinite dilution were obliged to be
based on assumptions, each one different in every paper, because there is no theory
predicting the concentration dependency of the electric conductance of polyelec-
trolyte solutions:

In the present experiment, without the extrapolation which would lead to an
ambiguous conclusion, the ionic conductances of counter ion and polyion were ob-
tained by measuring both the transport number of each ion and the equivalent
conductance of polyelectrolyte in solutions of the same concentration. The trans-
port number was calculated from the data of diffusion potential appearing between
two solutions of polyelectrolyte having different concentrations.

In general, diffusion potential is given by the following Nernst equation:

- dE = RT/F3(#/Z) din a; (1)

where E denotes diffusion potential, R gas constant, 7' absolute temperature, F
Faraday constant, #; transport number of ion of i-specy, Z; its ionic valency, and
a; its ionic activity. If transport number # indicates no remarkable variation with
the variation of concentration, Eq. (1) can be integrated under the condition that
t; is constant and becomes

E=RT/F§/_;—‘(t,‘/Z,') In (@in/aix) (2)

Eq. (2) is generally used for calculating transport numbers of simple electrolyte.
However, in the polyelectrolyte solutions where #; varies remarkably with its
concentration, Eq. (2) cannot be used without some sacrifice of accuracy of concen-
tration dependency of #;. Therefore, in the present paper the transport number
of each ion in polyelectrolyte solutions at a certain concentration was calculated
on the basis of Eq. (1) by graphically determining the value of dE/dIn @i from the
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relationship between concentration and diffusion potential. From Eq. (1) the trans-
port number for NaCl and Na,SO, are respectively

_1f dnge- _ F dE
txat (NaCl) = _2__[ dIn @:ixea RT dIn asnaci ] (3)

_ 2 _1_ din asoc— F dE ’
INat (NazSOD — '?7[ 2 din @ 2 Nas50s RT din a;{:Na;S(uJ (4)

where a. denotes mean activity of salt. As the values of dinagy-/a- etc. can be
calculated from the data already given in previous literature, only dE/dlna- is
necessary to obtain the value of #y.+.

Moreover, for the polyelectrolyte (Na;P~%) Eq. (1) is expressed as follows :

—dE= BFL[tNa"' din anat — tr"Z-‘Z din ap—ZJ (5)

As Z is a very large value for polyion, the second term of Eq. (5) is neglected
when compared with the first term, except when fy.+ is much less than #p-z.
Therefore, Eq. (5) becomes

F dE

txt (Na-PVS) = — 5o =

(6)
Making use of Eq. (6), the transport number of Na* in polyelectrolyte solutions
can be easily obtained from the relationship between E and In axa+.

As the transport number of Na™(#y.+) means Iyu+/lx.+ + Ip-z and the equivalent
conductance of polyelectrolyte (Axa-pvs) means Iy,++ Ip-z, the ionic conductance
of counter ion and polyion (Zy.+, lp-z) can easily be calculated from the values
of tNu"‘ and ANa—PVS-

II. Experimental

Samples: The polyelectrolyte samples used in the present experiment are of
three different kinds of sodium polyvinyl sulphate each of which is prepared by
esterifying polyvinyl alcohol in pyridine using chlorsulfonic acid, and purified by
alcohol coagulation.

The degrees of esterification and degrees of polymerisation of these samples
are shown in Table 1. These samples were selected because they have almost
the same degree of esterification but have different degree of polymerisation.

TABLE 1. Degree of polymerisation
and degree of esterification of each
sample in present experiment

Degree of

No. | Degree of
* | polymerisation | esterification
1 ; 1440 | 0.71
2 | 470 l 0.74
3 | 1200 075 F1G. 1. Cell used for measuring

diffusion potential.
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Measurement of diffusion potential: The cell® used for measurement of dif-
fusion potential is designed as shown in Fig. 1.

The standard solution and the sample solution come in contact with each other
at the cell outlet. The potential difference appearing between the standard solution
and the sample solution is conducted through saturated KCl agar bridges and calo-
mel electrodes, and measured by ordinary potentiometer.

The reproducibility of measurements for simple electrolyte solutions was within
+0.1 mV, but unexpected deviations of potential differences sometimes appeared
when dilute solution of polyelectrolyte was used as the standard solution.

Measurements of electric conductivity: The electric conductivity was deter-
mined by means of a well adjusted Kohlrausch bridge. We checked the accuracy
and found it to be about 0.01% by measuring a solid resistance having a definite
value and the conductivity of NaCl solution. Considering that in polyelectrolyte
solutions the observed electric conductivity varies with time because of adsorption
of polyion on the surface of platinized Pt plate, the observed curve of electric con-
ductance against time was extrapolated to the origin of time to obtain the true
value without adsorption of polyion.

III. Results

Results obtained for NaCl and Na,SO; are shown in Fig. 2 to illustrate the ac-
curacy of the diffusion potential method. The variation of transport number of
these simple salts with concentration is so slight that the results calculated from
Eq. (2) shows the concentration dependency of transport number of simple salt more
clearly than do the results-calculated-from Egs. (3) and (4). The discrepancy of
about 2% between the values obtained by diffusion potential method and those
found in published articles® is not very important considering the fact that the
latter values are results of different procedures.

FIG. 2. Transport number of NaCl.

(1) By moving boundary method®

(2) Calculated from Eq. (2); standard
solution=1.00x10"* N NaCl

(3) ibid.; standard solution=9.32x1072
N NaCl

(4) ibid.; standard solution=3.47x1072
N NaCl

(5) Calculated from Eq. (3) using the
same experimental results as those of Exps.
(2), (3) and (4).

FIG. 3. Transport number of Na:SOu.

(1) By Hittorf's method®

(2) Calculated from Eq. (2); standard
solution=1.00x10"1 N Na2SOy

(3) Calculated from Eq. (3) using the
same experimental results as those of Exp.
(2).

The diffusion potentials for Na-PVS are given in Fig. 4. The concentration of
standard solution differed in each series of experiments. An inspection of Fig. 4
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shows that all of these curves possess quite similar features so that they can be
superimposed on each other by vertical shifting. Fig. 5 illustrate the best fitting
of all plots found in the entire series of experiments conveniently based on the
scale of Exp. (1). It is worthy of special attention that the values of dE/dIn Cx.
are independent of both concentration of standard solutions and degree of poly-
merisation of samples.

However, transport numbers should be calculated from the relationship between
diffusion potential and ionic activity. Therefore, we converted the concentration
in Fig. 5 into the activity as shown in Fig. 6. The values of Na* activity coef-
ficient employed for calculation were determined by using sodium amalgam elec-
trode and ion exchange membrane; for lack of space here the details concerning
determination of sodium ion activity will appear in a seperate paper. The! transport
number of Na* (#y,+) was calculated from the slope of tangential lines of curves
in Fig. 6 using Eq. (6) as shown in Fig. 7. In Fig. 7 the values of transport

E(m‘V)
40
F1G. 4. Diffusion potentials of Na-
20 ) PVS. (plotted against sample concen-
trations).
0 Standard solutions are as follows:
(1) Sample No. 1 1.725x 1072 N
-20 (2) ibid. 1.409 %1072 N
(3) ibid. 3.710x 1072 N
(4) 1bid. 21571078 N
4o (5) Sample No. 2 1.153%1072 N
(6) ibid. 1.343x107* N
=50 (7) Sample No. 3 1.292x10"% N
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F1G. 5. Diffusion potentials of Na-PVS FiG. 6. Diffusion potentials of Na-PVS

Coordinates of curves in Fig. 4 were shifted (plotted against sample activities).
vertically).
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FIG. 7. Transport numbers of Na* in FIG. 8. Equivalent conductance of Na-
Na-PVS solutions. PVS.

(1) Calculated from Fig. 5.
(2) Calculated from Fig. 6.

numbers calculated from the curves in Fig. 5 are also shown for reference.
The equivalent conductances obtained for the Na-PVS solutions are shown in
Fig. 8, where there can be observed a slight difference between the equivalent

conductance of each sample. This
slight difference seems to be based

*/-: e

on the difference of degree of es- Bt e
terification between samples rather ond Bt t
than on the difference of degree 20 | o font %4
of polymerisation.

Ry combining the values of elec- 103
trical conductivity and the values of ¥
transport number, we can easily ob- L Tt 402
tain the values of ionic conductance T g
of the counter ion Ix.+ and le-z as JSt 10t
shown in Fig. 9. The slight differ- Covms (1)
ence of electrical conductance be- o 5305 X
tween two samples, shown in Fig. 8, FIG. 9. lonic conductances of Na-PVS.

does not produce the observable dif-
ference in the curves of Iya*, Ip-%.

IV. Discussion

The accuracy of the experimental results we describe in the present paper
depends upon the accuracy of the method of determining the slope of tangential
line of the curves in Figs. 5 and 7. It is difficult to draw the exact tangential line
of these curves and for that reason we cannot conclusively decide whether or not
there is a difference in the transport numbers of the three samples used in the
present experiment. However, considering the fact that sample No. 1 has a degree
of polymerisation three times greater than sample No. 2, it is reasonable to con-
clude that transport numbers of polyelectrolyte do not depend upon degree of poly-
merisation. If it were possible to calculate the transport number of polyelectrolyte
from Eq. (2) as is usually done for simple electrolyte, the relationship between
transport number and degree of polymerisation could be more precisely determined.
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However, Eq. (2) cannot be used to calculate transport numbers which vary remark-
ably with concentration variations for the following reason, briefly stated in the
Introduction: Because the transport numbers (#) obtained by using Eq. (2) are
related to the values (#;) calculated from Eq. (1) as in

_ 11
ti = -“1 t: din a;

we can say that 7, is a kind of average value. Therefore the remarkable varia-
tions of transport numbers (#) of polyelectrolyte with concentrations are not found
when using Eq. (2), and also #; varies with concentrations of standard solutions.

The decreasing tendency of Iy,+ with the decrease of the concentration of poly-
electrolyte solution cannot be explained by any theory of polyelectrolyte so far
published. Nevertheless this abnormal behavior of Iy.+ as shown in Fig. 9 is doubt-
less a remarkable feature of counter ion in polyelectrolyte solution, since the de-
creasing tendency of other characters (i.e. activity coefficient and osmotic pressure
coefficient) of counter ion with dilution of the solution can be independently ob-
served in the same sample solution. The observed values of activity coefficient
(rvat) and osmotic pressure coefficient (g), as will be described in a paper to be
published, are shown in Fig. 9 along with the curves of Ixo+ and Ip-z. There T a Nat
is the conductivity coefficient of counter ion, i.e., the ratio of the observed ionic
conductance /y.+ to the limiting value R.+ in simple electrolyte solution. Fig. 9
shows that there is a relationship between Ja, nat, Tnet and g, as follows :

fA' Nat = 'Na+ > &g

On the contrary, it is well known that the relationship observed in simple elec-
trolyte solution is as follows :

g&>r>r

It seems to us that one of the most important problems in the study of polyelec-
trolyte solution is to make clear the origin of this feature of polyelectrolyte.
Because of the impossibility of neglecting the second term of Eq. (5) in the
very dilute solution where fy,+ is very small, it is extremely difficult to predict the
behavior of /s.+ and e~z in a more dilute solution than used in the present experi-
ment. Naturally, the prediction of their limiting values extrapolated to the infinite
dilution is also impossible despite their importance to the progress of the theory.
Experiments on the influence of different kinds of counter ion or charge density
of polymer ion upon the transport number of polyelectrolyte are now being planned.

V. Summary

The ionic conductances of polymer ion and counter ion in sodium polyvinyl
sulphate solutions were determined by combining the equivalent conductance and
the transport number of the polyelectrolyte measured by the diffusion potential
method. It was observed that the ionic conductance of the counter ion decreased
with dilution of the polyelectrolyte solution, in absolute contrast to the behavior
of simple electrolyte,
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