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ultraviolet spectra. Such results should provide
further useful data for confronting acid-base theo-
ries. Also it will be of interest to compare the
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structures of the neutralization products for bases of
different basic strength and steric requirements.
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Diffusion coefficients, molal refractive increments and supplementar\' deusities and relative viscosities are reported for

calcium chloride solutions from ¢ = 0.03 to ¢

= 6, and for cesium chloride solutions from ¢ = 0.06 to ¢ = 6.

In agreement

with results available from the conductance method diffusion coefficients for cesium chloride approach the values predicted

by the Onsager—Fuoss relation at low concentration.

At hlgher concentrations the deviation from theory is positive.

Data

reported for calcium chloride solutions supplement existing data indicating a negative deviation from the Onsager-Fuoss

theory but the values presented are not consistent with the conductometric results which are at present available.

‘Evidence

is presented which suggests that Gouy diffusiometry, as currently employed, yields data for very dilute electrolyte solutions
which are inaccurate and define an upper bound to the correct values.

Introduction

Diffusion coefficients for dilute aqueous calcium
chloride solutions have been of considerable interest
because of the large negative deviations from theory
which have been observed for this system. These
data! were obtained using the conductometric
method of Harned. It has been shown that under
certain conditions the conductance technique and
Gouy diffusiometry yield the same values®? within
the experimental errors involved. The work here re-
ported supplements existing data*—® with which the
conductance data can be compared. Results pre-
sented for aqueous cesium chloride solutions pro-
vide a reasonable confirmation of the conductomet-
ric work for this system.”

The investigation was extended into regions of
high concentrations for several reasons: first, to
permit a comparison of concentration diffusion
data with existing ionic self-diffusion values®;
secondly, to provide data for 1-1 and 2-1 salts at
high concentrations which should be suitable for
the calibration of other diffusion devices for electro-
lytes in these regiouns.

Experimental

Preparation of Solutions.—Following the procedure of
Shedlovsky and Brown? stock solutions of calcium chloride
were prepared from C.p. calcium chloride which had been
recrystallized three times. These stock solutions were
analyzed and used for the preparation of the solutions of low
concentration. The more concentrated solutions were pre-
pared by addition of water to the recrystallized salt. Direct
analysis of the latter solutions provided the concentration
data which are reported.

Cestum chloride solutions were prepared by transferring
weighed amounts of dried cesium chloride into calibrated
volumetric flasks. The cesium chloride used was, spectro-
chemically, the purest sample available. The same sample
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had been used to establish the limiting equivalent conduct-
ance for this salt!® and also for the conductometric deter-
mination of diffusion coefficients at very low concentrations.”
The salt was recrystallized several times from water and
vacuum dried first at room temperature and finally at 50°.
Diffusion Procedure.—Equipment similar to that used
for this work has previously been described.®!12  One
modification has been made in the design of a cell holder
for use with a large Tiselius cell (92 X 5 X 50 mm. chan-
nel).!’* Measurements were made with this cell at low con-
centrations. In the new cell holder appropriate masking
devices were inserted into slots immediately in front of the
Tiselius cell which placed the cell and masks much closer
than was the case for the conventional arrangement.
Boundary formation, movement of the boundary to the
optic axis, and sharpening of the boundary by siphoning
were accomplished in the usual fashion. During sharpen-
ing the positions of fringe minima in the focal plane were
observed visually with the aid of a calibrated eye-piece.
Following the suggestion of Longsworth!t these readings
were used to estimate a time correction which compensates
for a finite boundary thickness at the start of the experi-
ment. If the siphoning operation is interrupted temporarily
the Gouy pattern which appears can also be observed visually
in the same manner. During the period of interruption
the following experiment was performed several times using
the large cell holder. After the withdrawal of the siphoning
needle and the appearance of the pattern, a fine wire cross-
hair which was the optic axis reference for this unit was
moved slightly with respect to the boundary. By careful
positioning, the cross-hair could be arranged so as to just
blur the lowest fringe in the pattern while the boundary was
still thin. At any other position of the cross-hair a blurring
of fringes at hlgher values of j was observed. If the position
of the maximum in the index of refraction gradient were in-
variant as would be required for ideal diffusion the lowest
fringe should remain blurred. If the maximum in the gra-
dient moved with respect to the optic axis during diffusion
the blurring of fringes should be noticed at higher values of j.
The fractional values of j,, were determined in the usual
wayls by using the equipment as a modified Rayleigh inter-
ferometer. With a good cell and careful alignment the 8-
values (correctlons for displacement of the Rayleigh bundle
by the cell in the absence of the gradient of refractive index
produced by the boundary) can be made quite small, and
equal, for both the open and closed cell positions. A
preliminary set of data for calcium chloride assuming that
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these corrections were the same, exhibited a systematic
error. This was found to be due to the fact that accidental
rotation of the achromatic lens about the optic axis between
the time of alignment and the time of measurements had
caused these two correction values to differ by about 15 pu.
All the values of j,, here reported were obtained by applying
to the fractional values determined in each position the
corrections measured with the cell in the same position.
The corrected fractional values from the open and closed
positions agreed within several hundredths of a fringe.

Interruption of sharpening!® was used for all determinations
on concentrated solutions. This technique, besides being
particularly useful for solutions in limited supply, seemed
to result in somewhat sharper boundaries, as evidenced
by lower time corrections and the agreement between the
observed! and computed!® corrections.

When they were unavailable, relative viscosities and deu-
sities of calcium chloride and cesium chloride solutions of the
appropriate concentrations were measured. Relative vis-
cosities were determined in Ostwald-Fenske viscometers,
the reported values having been corrected for small kinetic
energy losses. The supplementary densities were measured
in a twin-armed pycnometer of 20-ml. capacity. Densities,
viscosities and diffusion coefficients are reported for 25 =+
0.01°.

Results

Diffusion coefficients, molar refractive incre-
ments and relative drift in C, are tabulated for
calcium chloride solutions in Table I and for ce-
sium chloride solutions in Table II. The reported
diffusion coefficients were computed from C. values
obtained by using the Airy integral approxima-
tion.’® (, values for the lowest seven minima, ex-
cluding the zeroth minimum, were averaged for the
actual computation of the reported diffusion coef-
ficients.

TaBLE I
CaClg
(An/ -

e Ach Jm¢® D X 10%¢ Ac)108e  C¥#y/Cy/
0.02813 0.03720 90.60 1.153 26.54 0.996
0547 .0904 108.52 1.136 26.40 0.998
.1020 .0999 118.38 1.122 26.07 1.001
.1930 L1042 122,03  1.123 25.76  1.000
.3142 L1062 122.81  1.132 25.44 1.001
.4694 L1055 119.81  1.152 24,98 0.999
.6706 .1024  114.41  1.177 24.58 1.001
1.000 .1039  133.33  1.220 23.99 1.001
1.442 L1096 117.32 1.271 23.54 1.001
1.462 .1266  135.11 1.271 23.47  1.000
2.046 121 132.97 1.310 1.000
2.570 .1023 99.98 1.311 21.50 1.001
3.250 .0961 90.28 1.248 20.44 0.999
4.001 .105 92.46 1.078 1.000
4.486 .058 81.22 0.919 1.000
5.012 .106 52.568 0.7163 0.998
5.424 .079 81.69 0.5715 1.001
6.004 64.24 0.402p 0.999

@ ¢, average concentration, moles/liter of solution. ? Ac,

difference in concentration across boundary. °¢jm, total

number of fringes in Gouy pattern. ¢ D, diffusion coeffi-
cient at Z in cm.?/sec. ¢ (An/Ac) = (ju/Ac)(M/a) where ¢ =
2.482 cm. or 5.0114 cm. and A = 5460.74 A. ¢ C*/C,

ratio of Cy at j = /5 ju to C,, where Cy is the average of
Cyforj = 1toj = 6.

Table III lists values for the densities and rela-
tive viscosities of calcium chloride solutions which
were needed for this work and in Table IV are listed
similar data for the cesium chloride solutions.

(16) L. G. Longsworth, Turs JourRNAL, T4, 4155 (1952).
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TaBLE II
CsCl1
CHy/
[ Ac Jm D X 105 (An/Ac)108 Ct
0.0625 0.1050 63.29 1.887 13.26 0.996
0900 .1401 84.02 1.874 13.19 1.000
1600 .2100 125.18 1.859 13.11 0.999
2500 .2100 124 .37 1.855 13.03 0.998
3600 .2401 141.12 1.855 12.93 0.999
.6400 .2002 115.64 1.868 12.71 1.001
1.000 .2401 136.84 1.902 12.54 1.003
1.960 .2218 121.86 2.023 12.08 1.002
3.060 .2249 120.10 2.183 11.75 1.000
4.000 .2300 120.28 2.291 11.50 1.000
5.000 .234 117.21 2.364 1.000
5.750 .240 118.32 2.354 1.000
6.000 .244 122.56 2.335 1.002
TaBLE IIT
CaClz
c n/ne® bd n/m0 ad
0.0953 1.081 2.518 2.263 1.2072
L1918 1.062 3.202 3.035
.3724 1.119 3.298 3.179
.6373 1.208 3.949 4.461 1.3166
L7520 1.247 4.054 4.734 1.3239
L7798 1.259 4.467 6.039 1.3531
.8797 1.297 4.536 6.314 1.3582
1.0824 1.877 4.984 8.475 1.3891
1.1155 1.391 5.042 8.905 1.3934
1.398 1.523 5.371 11.01 1.4139
1.525 1.584 5.477 11.91 1.4213
1.917 1.812 5.964 17.01 1.4518
2.016 1.873 6.043 18.27 1.4577

a n/n0 relative viscosity. ?d measured density in g./ml.?

TABLE IV
CsCl
z n/m d < n/m d
0.5002 0.9789 1.0610 3.998 0.9827 1.4966
1.000 .9637 1.1243 5.001 1.036 1.6197
2.269 .0464 1.2829 5,998 1.129 1.7408
2,997 .9525 1.3733

In Fig. 1 are plotted the measured values of the
diffusion coefficients for calcium chloride solutions

[ I { I I

D X 105.

Fig. 1.—Diffusion coefficient of calcium chloride solutions
vs. concentration: —O—, salt diffusion; Ca**, self-diffusion
coefficient of Ca** jon; Cl-, self-diffusion coefficient of
Cl- ion.
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O-F, Onsager—-TFuoss

together with self-diffusion data for Ca*+ and Cl-
inus which have recently heen reported® The
values for the more dilute solutions are plotted i
Tig. 2 against the square root of concentration. In
this same figure the data of Harned and Levy have
been indicated. The values reported niay be com-
pared with the plot of the Onsager—Fuoss expres-
sion for this system

m Olnyx
= =437 13 (20 3
D 7.437 X 103(6)(1 +c 5 )

The Nernst limiting value for the diffusion cocf-
ficient Dy = 1.3364 X 1079, is the value calculated
from the limiting conductance data of Shedlovsky
and Brown.! The mobility term, (9/¢), for the
Omnsager—Fuoss equation was obtained in the usual
fashion.”” The thermodynamic term (1 4 ¢ 3 In
v=+/0c) was computed using Robinson's explicit
expression for the concentration dependence of the
activity coefficient of calcium chloride in aqueous
solutions®

log v = —1.764v/c/(1 + 2.704+/¢) + 0.165¢ + 0.04c* —
log (1 + 0.054m).

The same thermodynamic terin was used for de-
veloping the Gordon relation!® for this system

SHI=Y (o)

which is also plotted in Fig. 2. Relative viscositics
required for the Gordon plot were obtained by in-
terpolation of the data in Table III. The densities
which were required in connection with these meas-
urements were computed from the equation

d = 0.99707 + 0.09279¢ — 0.00597c%/

up to ¢ = 4.1 At higher concentrations direct in-
terpolation of data from Table IIT was used.

The diffusion data reported are in reasonable
agreement with measurements reported by other
workers for the parts of the concentration range

D=Do<1-|-c

(17) H. S. Harned and B. B. Owen, *Physical Chemistry of Elec-
trolytic Solutions,” 2nd ed., Reinbiold Publ. Corp., New York, N. Y.,
1950, p. 89ff.
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which have previously been covered. Insofar as
they do agree with previous data the values re-
ported here substantiate the negative deviations
from the Onsager—Fuoss theory which had been
indicated by Harned and Levy. The new aspect of
these latest optical measurements is that they indi-
cate that the conductometric values themselves
may be somewhat low. As is seen in Fig. 2, the con-
ductometric values are below the Gordon plot
whereas the optical data are above that curve.
Assuming that the Gordon relation should be a rea-
sonable interpolation function over such a small
concentration interval, the results from the two
experiments are not completely consistent.

Figure 3 indicates, as might be expected for this
1-1 salt, that the diffusion data smoothly approach
the Onsager-Fuoss theory at moderately high
concentration. The relative viscosities of aqueous
cesium chloride solutions are known to be anoma-
lous. As is indicated by the relevant data in Table
IV, n/7e decreases from its limiting value of 1, goes
tlirough a minimum at ¢ = 2.5, and then increases
slowly with increasing concentration in the more
normal fashion. In view of this apparent lowering
of frictional forces between solvent molecules which
occurs with the use of cesium chloride as a solute, it
is not too surprising that the diffusion coefficients
are higher than would be normally expected and
that the data approach the Onsager—Fuoss theory
from above.
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Fig. 3.—D of cesitun chloride 5. 4/¢: —O—, Gouy results;
O-F, Onsager-Fuoss theory; LL, limiting law.

Figure 3 includes a plot of the Onsager-Iuoss
equation for this system
D = 4958 X 10 (‘i“l><1 4o 2n yi)
c ¢

The Nernst limiting value for the diffusion coef-
ficient, Dy = 2.046, X 1075, is the value calculated
using the limiting equivalent conductance value,
A% = 153.60, of Voisenet and Owen.” The compu-
tation of the thermodynamic term for cesium chlo-
ride was performed by appropriate differentiation
of an empirical fit of Robinson’s isopiestic data.®
Densities were estimated {rom the expression®

d = 0.99707 4- 0.12933¢ — 0.002166¢%/

(20) R. A. Robinson THIs Journal, T4, G035 (1952).
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The additional density data listed in Table IV
show that the above expression is valid to ¢ = 6.
Viscosities were obtained by direct interpolation
of the data from Table IV.

As has been shown for other electrolyte sys-
tems®?! including calcium chloride, at sufficiently
high concentrations the diffusion coefficients for
aqueous cesium chloride solutions go through a
maximum,.

For electrolyte solutions the interpretation of
diffusion results is complicated by a number of fac-
tors, one of which is the ambiguity of the thermody-
namic term which is to be used.?? Robinson® and
Stokes® have properly drawn attention to this
point with particular emphasis on the fact that the
mobile solute is hydrated. They have pointed out
that if the frictional coefficient for the mobile spe-
cies is assumed to be known as a function of concen-
tration the value of the hydration number can be
estimated, if the driving force for the diffusion
process is identified with the gradient of the chemi-
cal potential of the hydrated solute. In this way,
as an example, assuming the validity of a modifica-
tion of the Hartley—Crank diffusion equation

Oln v
om

D = D, (1 +m ) (1 — 0.018nm)

(1 -+ 0.0lSm(v %; - n))

Stokes® has computed the most appropriate value
for the hydration number of calcium chloride to be
four. Using the same equation the most accept-
able value for cesium chloride is 0.6.

It is agreed that values obtained in this way for
the hydration parameter are at best approximate.
Some of the reasons why this must be so are well
known. First, the assumption that the frictional
coefficient is directly proportional to the macro-
scopic relative viscosity is only approximate. Even
for simple nom-electrolyte systems the use of the
macroscopic relative viscosity is usually in error by
an amount roughly proportional to the difference
between solution and solvent viscosity. Secondly,
for complex electrolyte systems the frictional coef-
ficients of the individual ionic species in the same
solutions are not influenced in the same way by
changing the relative viscosity. The self-diffusion
data for Ca** and Cl- in aqueous calcium chloride
solutions are plotted in Fig. 1. The curves illus-
trate the point under consideration. As has been
stressed by Wang,? “‘the ratio of the self-diffusion
coefficient at infinite dilution to that in 5.36 form-
ula wt. per liter calcium chloride solution is approx-
imately 13 for Cl— and 8 for Ca++. The ratio of
viscosity of 5.36 formula wt. per liter calcium chlo-
ride solution to that of pure water at 25° is about
11.” If the mobility for salt diffusion is computed
by dividing the diffusion coefficient by the thermo-
dynamic term it will be found that the ratio of dif-
fusion coefficient at infinite dilution to the corrected
quantity at ¢ = 5.36 is 15.

Despite the limitations of the above technique
as a method of directly measuring the hydration
number, the experimental evidence®® leaves little
doubt that the correction of the chemical potential

(21) J. H. Wang, THrs JoUrNAL, T4, 1182 (19852); T4, 1611 (1952),
(22) O. Lamm, J. Phys. Colloid Chem., 61, 1063 (1947).
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of the solute for solvation effects is in the right di-
rection. If » is considered simply as an arbitrary
parameter it takes on values of from about —1 to
+0.7 to fit the observed diffusion data for cesium
chloride over the entire concentration range. Iden-
tifying the most satisfactory value of #, +0.6, with
an approximate estimate of the hydration number
for cesium chloride is not unreasonable in the light
of the known properties of this solute.

An untreated sample of cesium chloride from the
A. D. McKay Co. was used for one unreported dif-
fusion experiment and gave a value only 0.1%
higher than the datum obtained with the purer
sample. This represents agreement within the esti-
mated experimental error.

Since it might not be immediately apparent why
this optical work was not carried to lower concen-
trations a brief comment will be made on the nature
of the results obtained by the Gouy method for
electrolytes at low concentrations. Using the nor.
mal averaging methods for the Gouy experiment
which assume the validity of Fick’s second law in
the form (0c/df) = D(d%/dx?), and that the re-
fractive index is a linear function of concentra-
tion, values for the diffusion coefficient at low con-
centrations are obtained which are apparently
higher than the correct values. Although the evi-
dence for this statement is not overwhelming it is
still fairly convincing.

In the first place it is generally agreed that for
electrolyte solutions, the values of D obtained are
not absolutely correct since D is not a constant, the
flow of solute is not governed by the gradient of
concentration, and Az is not directly proportional
to Ac, It is well known that these assumptions
which are made in the usual application of the
Gouy method are particularly inappropriate for
dilute aqueous electrolyte solutions.

Gosting? has pointed out that the Gouy value for
the diffusion coefficient of potassium chloride at ¢ =
0.1 is about 0.2%, high. In this present work it
was found that for concentrations lower than those
for which data are reported higher values of D were
obtained than would be predicted by appropriate
extrapolation of the more reliable data. For just
these rejected data the drift in C; was greater than
was acceptable. Typical values of the ratio C¢*/
C: are plotted in Fig. 4. C.* is the value of C, at
j = '/2jm and C; is the average value of C. for the
lower fringes (j = 1toj = 6). At high concentra-
tions this ratio is negligibly greater than unity.
At progressively lower concentrations this ratio de-
creases alarmingly. Consequently the values of D
which were inconsistently high for very dilute solu-
tions would be even higher if C; for these determi-
nations had been computed using data from a larger
range of values of j.

In a recent publication Gosting and Omnsager??
have provided a method for the computation of
diffusion coefficients from Gouy experiments in-
volving only a small total number of fringes. Us-
ing their method the value of the diffusion coeffi-
cient for cesium chloride was estimated from an
eleven fringe experiment at ¢ = 0.00466. The
value of D obtained was 2.02 X 10~* which is

(23) L. J. Gosting and L. Onsager, THis JourNaL, T4, 6066 (1952).
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about 1.89, above the Onsager-Fuoss prediction.
At this concentration the results from the Harned
experiment’ and the extrapolation of the optical
data would indicate that agreement with the the-
ory is required. The best estimate of experimental
error in the trial, which was large because of the
small value of ju, was about £0.69,. Once again
the method as used appears to be giving high re-
sults.

Reference has been made earlier to experi-
ments performed with a marker placed on the optic
axis in such a way as to initially blur the lowest
fringe. If the diffusion were normal and the
maximum in the gradient of refractive index did
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not change with respect to the optic axis the lowest
fringe should remain blurred. This was found to
be the case for Gouy experiments using aqueous
sucrose solutions. This observation is compatible
with other information for this system.® For
potassium chloride solutions at moderately high
concentrations the movement was not too marked.
However, at low concentrations of both potassium
chloride and calcium chloride in water, the blurring
of fringes was observed to move rapidly to higher
values of j indicating a skewing of the gradient with
time.

In summary both theory and experiment sug-
gest that the Gouy technique employing the usual
methods of computation will give incorrect results
at low concentrations of electrolyte solutions. Ex-
periments indicate that if the data so obtained have
any utility they serve merely as an upper bound to
the correct values.

The data which have been reported should be
satisfactory for the calibration of other equipment
to be used for diffusion measurements in concen-
trated solutions of 1-1 and 2-1 electrolytes. The
values of An/Ac available from this work are fairly
reliable for calcium chloride up to ¢ = 3.25 and for
cesium chloride up to ¢ = 4.0. At higher concen-
trations, the values are quite approximate since for
these data Ac was obtained by subtraction of two
large values of ¢ which were determined by direct
analysis.

Acknowledgments.—The authors are grateful to
Prof. H. 8. Harned for suggesting this investigation
and for evaluating objectively many aspects of the
problems which arose during the work. They also
appreciate conversations with Dr. J. H. Wang and
correspondence with Dr. R. H. Stokes in reference
to this study.

This work was supported in part by the Atomic
Energy Commission (Contract AT(30-1)-1375) and
equipment for the experiments was provided by
grants from the George Sheffield Scientific Fund
of Yale University.

NEw HAVEN, CONNECTICUT



