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Summary

The usefulness and validity of the Eastman
thermocell equation are demonstrated by calcu-
lations based upon thermocell e. m. f. measure-
ments and conductance measurements which are
reported for the first time. Entropies of transfer
for Lit, Nat, K+, NHy*, Br—, OH— and a series
of the first five symmetrical tetraalkylammo-
nium ions are presented. The absolute partial
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molal entropy of hydrogen ion is calculated from
the data and given as —2.1 = 0.4 e. u., based upon
the absolute partial molal entropy of Br—~ deter-
inined by the Eastman equation with the assump-
tion of zero entropy of transfer for large tetraal-
kylammonium ions. The tabulated ionic entro-
pies of transfer are shown to be valid on a relative
basis regardless of this assumption.
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A Study of the Diffusion of Potassium Chloride in Water at 25° with the Gouy
Interference Method

By Louis J, GostiNg?

Introduction.—The object of this research was
the determination, with the aid of the Gouy
interference method, of the diffusion coefficients
of potassium chloride for comparison with the
results of Harned and Nuttall who used a con-
ductance method. With the diffusion cells now
available this optical procedure cannot be used
with sufficiently dilute solutions to obtain a
direct comparison with the Ousager-Fuoss theory.
Fortunately, however, Harned and Nuttall have
extended their initial measurements at low con-
centrations,? which are in excellent agreement
with the theory, up to 0.5 N,? thereby making
possible a direct comparison of the two experi-
mental procedures. In this manner it is hoped
to establish the validity of a precise optical pro-
cedure that, in contrast with the conductance
method, is also applicable to the study of the
diffusion of proteins and related substances.

In addition to the comparison with the con-
ductometric results the measurements have been
extended to concentrated solutions and the wave-
length term in the theory of the Gouy method
confirmed experimentally. Some improveinents
in experimental procedure are also reported.

Experimental.—The apparatus used in the present re-
search is a modification of the electrophoresis equipment
developed in this laboratory? in which the optical ““lever
arm,”’ b, is 191.043 cm. The modifications are based on
the experience gained in the construction of the diffusion
equipment at the University of Wisconsin®® and are us
follows:

(1) In order to avoid excessive heating of the illumi-
nated slit in the object plane of the schlieren lens and the
resulting vertical movement of this slit as its ambient tem-
perature rises during an experiment the H4 mercury vapor
lamp was mounted separately and the arc focussed on the
slit with the aid of a pair of condensing lenses of 40 mm.

diameter and 85 mm. focal length. Heating of the slit
was further reduced and possible distortion of the Gouy
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fringes from imperfections in the Wratten 77A filter was
avoided by placing this filter between the condensing lens
and the slit.

(2) Asin the earlier work® a Tiselius cell, with the height
of the top section increased to extend out of the thermo-
stat liquid, was used as the diffusion cell, the technique of
Kahn and Polson’ being employed to sharpen the boundary
after its displacement to the center of the channel. The
support for this cell was provided with a masking ar-
rangement that will be described below in connection with
the photographic procedure. It was suspended in the
water-bath with the aid of 4 steel frame bolted directly to
the concrete block supporting this bath. Moreover, the
optical bench was anchored to this block so that the posi-
tion of the diffusion cell was fixed with respect to the other
elements of the optical system.

(3) In order to minimize the movement of one optical
clement with respect to another the vertical steel plates
carrying, respectively, the schlieren lens and bath window,
the second thermostat window assembly, and the plate
holder were braced with angle iron to the optical bench.

{4) The schlieren camera described in a previous com-
munication* was replaced by the plate holder shown in
perspective in Fig. 1. In this figure the hinged back, B, of
the plate holder, P, is swung open and the dark slide, S,
partially removed in order to show the gate, G, in the fixed
plate, A, through which light reaches the emulsion. As is
indicated at C the upper edge of A is bevelled and the plate
P provided with a matching bevel so that gravity insures
light-tight contact between the two plates as P is moved
to each of the eight positions at which photographs can be
made on a 6 X 9 cm. plate without overlapping of the im-
ages. Although not shown in the figure the rectangular
box, E, that carries the plate A is carried, in turn, by a
vertical plate from the optical bench. A flap shutter in
this box is operated by the knob, K, while that, D, with
the removable stop-pin, F, connects with a shaft in the box
to which are attached, at 90° intervals, four masking
vanes.  Any one of these vanes may thus be swung into
place in front of the gate G in bracketing, as will now be
described, the diffusion channel fringes with those from a
reference opening.

Photographic Procedure.—For the computation of the
diffusion coefficient, D, by the Gouy procedure the num-
ber, jm, of fringes in the pattern must be known in addition
to the movement of these fringes as the boundary spreads.
1f a is the dimension of the diffusion channel parallel to
the optic axis and Az the difference of refractive index be-
tween solution and solvent, jm = aAn/\, where \ is the
wave length of the light. In general jm is a compound
number and a count of the fringes in the Gouy pattern
gives only the integral part, I. If D is to be obtained
froin patterns having as few as fifty fringes and is to he

(7 Kabot aud Polson, J. Piays. and Colloid Chent,, 81, 816 (1947,
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Fig, 1.—The plate holder.

accurate to 0.19 the fractiona] part, F, where I 4+ F =
Jm, must be known to within a few hundredths of a fringe.
Consequently F was determined with the aid of the Ray-
leigh fringes into which the slit image degenerates when the
lens is masked by a pair of horizontal slits. These fringes
were photographed first with solution, say, in front of both
slits and again with solvent in front of the upper one, <. e.,
with the boundary between the slits. Although the posi-
tion of the image envelope remained fixed the individual
fringes in the second exposure were shifted downward with
respect to those in the first by an amount proportional to
F. As will be described below this shift was not measured
directly but from the fringe positions in each exposure
relative to reference fringes formed by light traversing the
thermostat adjacent to the diffusion channel. Reference
Rayleigh fringes were also used to locate precisely the
undeviated slit image in the Gouy fringe pattern. In
contrast with the work on sucrose the reference fringes for
use in the location of this image were obtained with the aid
of a twin double-slit whereas an ordinary double slit was
used in the evaluation of F. Consequently, it was neces-
sary to determine the vertical displacement, §, of the slit
image through the reference path with respect to that
through the diffusion channel when using the twin double-
slit and also that, 8/, when using the conventional double-
slit.  The photographic procedure was, therefore, some-
what involved and an understanding of it will probably
require careful examination, by the reader, of Figs. 2, 3
and 4, together with the following text.

With solution in the diffusion channel, and isolated from
that in the remainder of the cell by displacement of the
center section to the léft, the three consecutive exposures,
a, b and ¢ of Fig. 2, were made without shifting the photo-
graphic plate but with masking adjustments at both the
plate and the cell between each exposure. In this figure
the dashed lines at the cell represent openings in a fixed
mask that expose the diffusion channel, on the left when
in the isolated position, and on the right when aligned with
the top and bottom sections. With the cell, which is in-
dicated by the cross-hatching, in either position the other
opening in this mask exposes bath fluid adjacent to the
channel. Superimposed upon the fixed mask at the cellisa
horizontally sliding mask, indicated by the dotted lines,
and also one of four numbered masking vanes, indicated by
the full lines, that may be rotated into the position shown.
It will be noted that openings in all three masks at the cell
must overlap in order for light to be transmitted.

At the photographic plate, Fig. 2a for example, the
dashed line represents the gate, G of Fig. 1, whereas the full
lines represent one of a second set of four vanes that can
be rotated, by means of the knob D of Fig. 1, into the
position shown in avoiding superposition, on consecutive
exposure, of the fringes from the diffusion and reference
apertures.

The double slit in the sliding mask at the cell is 2 mm.
between centers and symmetrically spaced about the optic
axis, giving the Rayleigh pattern, Fig. 2b, for the slit image
through the diffusion channel. The reference fringe seg-
ments in Fig. 2a, obtained with the cell masked as shown
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Fig. 2.—Exposure procedure for evaluation of the un-
deviated slit image position with a twin double-slit.
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slit shown here is 10 mm. he- Fig. 4.—Expos-
tween centers and the width ure procedure for
of each slit is 1.6 mm. Gouy fringes.

in Fig. 2a’, thus bracket the fringe segments, b, from the
diffusion channel and provide a relatively long base for
orientation of the plate in the comparator that is used in
the measurement of the fringe spacing. The fringe seg-
ments at ¢ from the reference opening are recorded to test
for possible movement of the optical elements during the
three exposures and are usually colinear with those in Fig.
2a within 3 microns. Several pictures of this type are
taken in each experiment and the average displacement of
the fringes in b from the mean of those in a and c is the
value of §, taken as positive if the shift is upward. By
using closely spaced slits at the optic axis, Fig. 2b’, & is
thus determined for that part of the channel where the
center of the boundary will subsequently be located and
through which the rays will pass that form the important
lower Gouy fringes. Owing to the existence of a small
angle between the windows of the channel, § varied slightly
with the refractive index of the solution and the value
used at each mean concentration was taken from a
smoothed plot of all § values versus the concentration.
After removinf the sliding mask and forming the bound-
ary at the top of the diffusion channel, a capillary in in-
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serted to the level of the aptic axis and several sets of the
three comsecwtive cxposures shown in Fig. 3 are made,
thereby providing a value for 8”. Syphoning through the
capillary i then begun and sets of three exposures made
with the skarpened boundary centered between the slits
when these meask the diffusion channel. If §* is now the
average dowmward displacement of a diffusion channel
fringe below one through the reference opening and A the
fringe separation, F = [(§" + §')/A}] —- . Here Nisan
integer, either positive, negative or zero, that is selected to
make 0 € F < 1 and is essential since tle identity of a
fringe eanmot i carried from oue Rayletgh pattern to
another.

At zero time the siphoniug is stopped, the capillary re-
moved and the diffusion channel isolated. The Gouy
fringes are then photographed at intervals with the same
exposure sequence as in Fig. 2 except that the cnds of the
diffusion channel are now masked, as shown in Fig. 4u’,
with the horizontal V of the sliding muask that is progres-
sively shifted to the left as the boundary spreads. The
opening in vane 2 of the plate masking assembly is par-
tially covered with a four-step filter® to aid in counting the
integral number, 7, of fringes, 1. e., jm = [ + F.

The Twin Double-Slit.—In order to avoid blurring of
the Gouy fringes in the early photographs as the boundary
spreads rapidly a short exposure is essential. At this
stage, however, the boundary layer is still thin and com-
paratively little light gocs into the fringe pattern. It is
necessary, therefore, 1o increase the width of the source
slit over that used in later photographs. Such a source
is incompatible, however, with resolution of closely spaced
Rayleigh fringes in the conventional reference exposure.
In order to overconic this difficulty the twin double-slit
sliown in vane No. 5, Fig. 2a’, was developed. The theo-
rctical intensity pattern of the first order diffraction for
this slit system is shown in Fig. 5 and the fringes actually
observed correspond closcly to this pattern. With o
source slit of 0.07-0.2 mm. the fine fringes are blurred
but the minima in their ecnvelope are well defined and may
be averaged to give, with the aid of §, the position of the
undeviated slit image. As the source slit is narrowed for
the later Gouy photographs the fine fringes of Fig. 5 ar:
resolved and can then be nsed to locate the slit iinage posi-
tion with high precision.

Fig. 5,—Theoretical intensity curve for a twin double-
slit where the distance between the centers of the inner
and outer pair is 10 w and 14 w, respectively. In this
work the width, w, of each slit is 0.8 mm.

Potassium Chloride Solutions.—Following one recrys-
tallization with centrifugal drainage the reagent potassium
chloride was fused in air and a weighed quantity dissolved

in a known mass of air-saturated® distilled water. With
the aid of the following relations
d = 100/{(we/M) + (100 — w)/do] (1
e = 26.742 + 2.000¢'/s + 0.1110¢ 12)

the weight per cent. of salt in vacuum, w, was converted
to moles per liter, ¢, after one or two successive approxi-

(8) Longsworth, TrHis JourNaL, €9, 2510 (1947).
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mations for the deusity, d. Here M = T4.553, dy =
0.997074 and the limiting value of the apparent muolul

volume, ¢, at 25°% is taken frem Qwen gnd Brinkley.?
The coefficients of the concentration terms in the empirical
equation 2 are those that fit the density data of Janes and
Talley,10 Geficleen and Price'! and Kruis!? with an average
deviation of ane in the fifth decimal place up to their high-
est concentration of 3.7 V.

Results.- ‘The results reported in Table I
permit a direct comparison of the differential
diffusion coefficient, D, of potassium chloride at
0.332 \', as obtained by the Gouy method, with
the result of Harned and Nuttall® at the same
concentration. As cant be seen in column 1 of
the table, in this series of experiments the mean
concentration, ¢ = {(¢; + ¢)/2, between solution
and ‘'solvent” was held constant at 0.332 N
but the increment, A¢ = ¢, — co across the
boundary was increased, column 2, from 0.1 to
0.4 N. Since there is no significant drift of the
observed diffusion coetficients, columa 3, with this
increment the average value of 1.841 X 1079,
weighted in proportion to the probable error,
may be taken as the differential value at 0.332
.V.  This is in excellent agreement with the value,
1.842 X 1073, given by the conductance method.
It should be emphasized that the experimental
procedures for the two methods are quite different,
with all data in the Gouy experiments heing taken
in the first stage of diffusion before the boundary
spreads to the ends of the cell, while the con-
ductance method utilizes data obtained in the
secand stage after appreciable solute has reached
the top of the cell and a state of restricted diffusion
has been attained.

In obtaining the diffusion coefhicients of Table
I, and also those of Table II, the Airv integral
refinement® of the ‘'quarter-wave approxima-
tion"* was used and ineasurements were re-
stricted to the minima numbered | to 8in each of
the Gouy fringe photographs. From ten to
twelve Gouy photographs were taken over a
period of two hours in each experiment and the
value of D was extrapolated to infinite tinie® in

TasLe 1
VALUES OF D2 AT A MEAN CONCENTRATION, ¢, OF 0.332 N
FOR DIFPERENT CONCENTRATION INCREMENTS, ac. T =
33.00°
1 o H 4 5
(An/ Ac) D x 108
. Ac T X 100 sq. cm./sec.
1). 33236 0.10073 45.40 9.802 1.8392
.3323p . 15080 67.90 9.805 1.8415
.33230 .16999 76.62 9.802 1.8389
.33232 .18999 85.68 9.807 1.8418
.3319¢ .19965 90.02 9.805 1.8400
33330 . 22400 101.02 9.808 1.8425
33230 39997 180.52 9.815 1.8413

(9) Owen and Brinkley, Ann. N. Y. Acad. Sci., 81, 753 (1949),

(10) Jones and ‘Talley, Tmis JoUrnaL, 88, 624 (1933); B85, 4124
(1933).

(11) Geficken and Price, Z. physik. Chem., B26, 81 (1934).

(12) Kruis, ibid., B84, 1 (1938).

(13) Kegeles and Gosting, ‘THis JousnaL, 69, 2516 (1047).




Oct., 1950

TaBLE II
DirrusioN COEBFFICIENT OF PotassiuMm CHLORIDE IN

WATER AS A FUNCTION OF THE CONCENTRATION, ¢. T =
25.00°
1 2 3 4 5 6 5
D X 108 D X 108
(An/ observed X 108  theory
. Ac sq. em./ H+4+ sq.cm./
¢ Ac Jm X 10t sec, N sec.
0.1000p 0.2000; 92.82, 10.092 (1.8512) 1.845 1.8460
.22500 .20000 91.18 9.914 1.8382 1.837 1.8396
.3319¢ .10965 90.02 9.805 1.840¢0 1.841 1,8443
.50001 .20000 88.82 9.658 1.8497 1.851 1,8688
1.00005 .2000¢ 85.59 9.304 1.8923 1.9206
1.50021 .20014 82.92 9.010 1.9427 2.0024
2.00034 .20017 80.69 8.766 1.9994 2.1040
2.50043 .20008 78.55 8.538 2.0569 2.2271
3.0008p 20014 76.69 8.333 2.112p 2.3727
3.50087 20022 75.08 8.153 2.1603 2.,5416
3.90080 19963 73.52 8.009 2.195¢ 2.8941

order to correct for the slight, but unaveidable,
initial mixing. In no experiment did the mean
deviation of the points from this straight line
extrapolation exceed 0.08%, and the average zero
time correction was 7.1 seconds, with a maximum
of 8.7 seconds.

Also included in Table I are the total number of
fringes, jm (column 3), and the refractive incre-
ment per mole, An/Ac {column 4), where An =
Mm/a@ and is referred to air as unity. Measure-
ments with a bar and microscope* gave 2.511(
cm. for the cell dimension, @, while 5460.7 X
10~* cm. was taken as the wave length, A, of the
mercury green line.

In the series of experiments reported in Table
II, D was measured as a function of the concen-
tration of potassium chloride. Since the data of
Table I indicate very little variation of D with
Ac at a given mean concentration, ¢, these meas-
urements were made with Ac = 0.2 in order to
utilize the greater precision that is possible when a
moderately large concentration increment is used.
The results should approximate closely to differ-
ential values except, possibly, at the lowest con-
centration where D changes rapidly with c.
In Table II the column headings have the same
significance as in Table I, two additional columns,
6 and 7, being included. Column 6 gives the
values of D that may be interpolated from the
conductometric results® whereas those of column
7 have been computed, as will be described below,
from the Onsager-Fuoss theory.

Values of D for the experiments below 1 N
are plotted in Fig. 6 together with the results of
Harned and Nuttall.2? From this figure and the
data of Table II it may be seen that the conduct-
ance and optical methods agree to within 0.19,
except for my point at 0.1000 NV which seems high
by at least one part in 500. This may be ex-
plained by the large variation of D over the con-
centration range from zero to 0.2 V.

Comparison with the Theory.—As a limiting
law the Onsager—Fuoss theory!* cannot be ex-

(14) Omnsager and Fuoss, J. Phys. Chem., 86, 2689 (1932).
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Fig. 6.—The diffusion coefficients of potassium chloride
at 25°: [, this research; O, Harned and Nuttall;
——OQOnsager—Fuoss theory.

pected to agree quantitatively with experiment
at the concentrations of this research. It is of
interest, nevertheless, to make the comparison in
order to indicate the direction in which further
progress in the elaboration of the theory can be
expected. For a salt such as potassium chloride
their relation is

D= 2000RT<%[) (1 + cd(‘;f) @)

where f is the mean ion activity coefficient on a
volume concentration scale, ¢, and the diffusion
mobility is

M 1010 Mz

T PN+ N
()\1 - )\2)"‘ 105 ¢ 20¢ +
M+ N/ 69 (1 4+ A'+/C) VaRDT
108 N2et

3y (RDT) Co (4d've) (4)

Here the customary symbols have been used for
the universal constants to which the following
values!’® have been assigned: F = 96496, N =
6.0235 X 10%, ¢ = 4.8024 X 107¥ and R =
8.3144 X 107. At 25° 4. e, T = 298.16, the
equivalent ion conductances, Ax and Ac, are 73.52
and 76.34, respectively,!® whereas the viscosity,
7, of water is 8.929 X 102 and its dielectric con-

stant, D, is 78.54. Since the function (4’ V4 c)
may be computed from the table given by Harned
and Owen' and
, _ Ne \[207 4
4" =% Nror*® ®)

there remains only the assignment of a value to
the ion size parameter, a°, in order to compute the
mobility as a function of c.

This parameter also enters into the expression
for the activity coefficient and in fitting the various
empirical extensions of the Debye—Hiickel theory
to the experimental data the value obtained de-

(15) DuMond and Cohen, Rey. Modern Phys., 20, 82 (1948).

(16) MaclInnes, "The Principles of Electrochemistry,” Reinhold
Publishing Corp,, New York, N. Y., 1939, p. 342.

(17) Harned and Owen, “The Physical Chemistry of Electrolytic
Solutions,”” Reinhold Publishing Corp., New York, N, Y., 1950, p.
130.


file:///vKDT

4422

pends somewhat upon the function that is used.
Preliminary computations showed that equation
3 would fit the diffusion data up to a concentra-
tion of about 0.3 Nif a®was 3.5 A. Consequently,
this value was also used in obtaining the following
expression for

_ —0.50891+/¢
logf = 71150+
0.00577c — log | (d/de) — 0.038634¢)] (6)

that reproduces the activity data of Shedlovsky!®
for 0 < ¢ < 0.2 V with a maximum deviation of
0.0005 and that of Robinson and Stokes for
0.1 < ¢ < 4 N with a maximum deviation of
0.002. The values of D in column 7 of Table II
and the curve of Fig. 6 were then obtained with
the aid of equations 1 to 6 and 2° = 3.5.

The theory predicts not only the form of the
concentration dependence of the diffusion co-
efficient but also the approximate position of
the minimum in the curve. Above 0.3 N the
computed values increase more rapidly with the
concentration than the observed ones, suggesting,
as others have noted,®!* the possible influence of
the increasing viscosity of the solution. Aqueous
potassium chloride at 25° is not, however, a good
system with which to study the possible effects
of viscosity since this property does not differ,
except at high concentrations, by more than a few
tenths of a per cent. from that of water.

It will be noted that the ¢’ value used here is
lower than the 3.8 employed by Harned and
Nuttall? and the 4.6 found by Shedlovsky.””
If a value of 4.6, say, is used the theoretical curve
then sags below the experimental points in the
neighborhood of the minimum before rising too
rapidly with ¢ at the higher concentrations. An
independent and reliable method for the evalua-
tion of this ion size parameter would, therefore, be
desirable.

Measurements at Other Wave Lengths.—In
addition to obtaining the data of Tables I and II
with the green line, the blue triplet and the yel-
low doublet of the AH4 mercury lamp were
studied as sources in the experiments with
¢ = 0.22500 and € = 1.00005. A combination
of Wratten 2A and 35 filters was used to isolate
the blue triplet, while a Wratten 22 filter served
to isolate the vellow doublet. Since no informa-

(18) Shedlovsky, THis Jourrav, 72, 3680 {1950).
(19) Robinson and Stokes, Trons. Faraday Soc., 48, 612 (1949).

— 0.0240¢ log ¢ 4 0.0272¢ +
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tion was found describing the intensity distribu-
tion of the doublet, and the intensity ratios given
by Rank and McCartney?® for the triplet probably
do not apply to the AH4 lamp, weighted mean
values for the wave lengths could not be assigned.
Therefore, the usual procedure was reversed and
diffusion coefficients obtained from measurements
with the 5460.7 line for the two experiments were
used to calculate the effective mean wave lengths
for the doublet and the triplét. Values of 5776
X 1078 cm. and 4357 X 10~ cm., respectively, were
obtained. In the case of the blue triplet the com-
puted wvalue agrees well with the wave length,
4358.3 X 1073 cin,, of the principal line. In the
case of the yellow doublet the computed value
corresponds to 709, of the total doublet intensity
being in the line of shorter wave length. In either
case, the agreemeunt is such as to provide a fair con-
firmation of the wave length term in the Gouy
theory.

As might be expected, the Rayleigh fringes were
somewhat blurred with the doublet and triplet
sources, but measurable fringes were obtained
by carefully controlling the exposures. When
using large concentration increments, Ac, the
Rayleigh pictures with the 5460.7 line are also
slightly blurred. This is probably due either to
pressure broadening of the line or to the back-
ground light inherent in the AH4 lamp.
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Summary

With the aid of the Gouy interference method
the concentration dependence of the diffusion
coefficient of potassium chloride in water has been
measured from 0.1 to 3.9 N. In the concentra-
tion range from 0.1 to 0.5 N, where these data
overlap those obtained by Harned and Nuttall
with a conductance method, the results of the
two procedures are in agreement within 0.1%.
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(20} Rank and McCartney, J. Opt. Soc. America, 38, 279 (1948).



