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Isotope effect in liquids as shown by tracer diffusion at 25'C of several labeled benxenes
in benzene, chlorobenxene, n-octane, and cyclohexane, and the relationship to the isotope

effect in solids
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Mutual and tracer diffusion coefficients at 25 C are reported for the liquid systems

perdeuterobenzene(C6D6)-chlorobenzene, benzene(C6H6)-chlorobenzene, C6D6-n-octane, C6H6-n-octane,
C6D6-cyclohexane, and C6H6-cyclohexane. These data are compared with similar data previously

obtained in this laboratory. All the data indicate a very slight isotope effect for tracer diffusion of
benzene in benzene, in chlorobenzene, in n-octane, and in cyclohexane. Application to the above data
of the equation usually used to describe the "isotope effect" in solids, indicates that diffusion in these

systems may be governed to a large extent by the viscosity of the solvent.

In two previous papers" we have reported
tracer diffusion coefficients' D~ for '4C-substitut-
ed benzenes diffusing in benzene, n-heptane,
n-octane, and cyclohexane. The data indicated
that these coefficients were very slight linear
functions of the molecular weight of the tracer
species and not, as has sometimes been suggested
for liquid systems, 4 inversely proportional to the
square root of the molecula, r weight of the tracer
or to the square root of the reduced mass of the
system. The purpose of this paper is (a) to report
binary diffusion coefficients' Dfor the liquid
systems C,D, -chlorobenzene, C,D, -n-octane,
C,D, -cyclohexane, C,H, -chlorobenzene, C,H, -n-
octane, and C,H6-cyclohexane which may be extra-
polated to yield limiting tracer and mutual dif-
fusion coefficients, (b) to report tracer diffusion
coefficients D~ for "C-substituted benzenes dif-
fusing in chlorobenzene, (c) to compare all these
coefficients with simil. ar values recently obtained
in this laboratory with "C-substituted benzenes of
varying molecular weight, ' and (d) to indicate an
interesting conclusion concerning transport in
l.iquids that follows from the application to the
above data of an equation usually used to describe
the isotope effect in solids. "

The labeled and unlabeled compounds used in
this study were chosen for the following reasons:
(a) because all the species are essentially un-
associated in the liquid state and therefore any
isotope effects are unlikely to be masked, (b)
because the diffusion data could be obtained by both
optical and radio-isotope techniques, (c) because
of the six carbon a.toms in benzene it was quite
easy to vary its moleeul. ar weight over a, large

range, and (d) because of the extremely long half-
life of '4C.

EXPERIMENTAL

The mutual diffusion coefficients for the six
systems were measured with a Gouy diffusiometer'
and a special. diffusion. cell both of which have
been previously described, "as have also the
experimental techniques and computations which
were used to obtain the results. The cell. was
constructed with a Tiselius-type design, but did
not have moving surfaces which required lubrica-
tion. It is believed that the data are accurate to
(0.1-0.2)%. Using ' C-substituted benzenes of
varying molecular weight, tracer-diffusion co-
efficients were measured for the system C,H, —

chlorobenzene by means of a diaphragm-cell.
which has been previously described. ' ' Both
sets of data are summarized in Table I. All. sol.-
vents were analyzed by gas phase chromatography
and, except for C,D„were found to contain less
than 0.01% impurity; the latter solvent was found
to contain less than 0.4olo impurity.

The mutual. data for the systems C,D, -chloro-
benzene and C,H, -chlorobenzene are shown in
Fig. 1 as function of the mol. e fraction x~ of the
heavy component. In the absence of an "isotope
effect, " the two sets of data shoul. d extrapolate
to give the same intercept at x, = i. . In Fig. 2 are
plotted as a, function of molecular weight all the
tracer diffusion coefficients measured in this
study, together with those measured previously. ""
The limiting va, lues Do were obtained by extra-
polating to x, = 1 mutual coefficients measured
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with the Gouy diffusiometer (see Table II). These
values differ slightly from those previously re-
ported, 2' but are more reliable because of the
improved performance of the diffusion cell used
in this work. The tracer diffusion coefficients
for the perdeuterobenzene were obtained by extra. -
polating the mutual data. Inspection of Fig. 2

indicates that there is a very slight isotope effect
and that, within an assumed average error for
all experiments of +0.2/g, the tracer diffusion
coefficients are a linear function of molecular
weight (see Discussion). It is pleasing to note
that the tracer coefficients obtained with C,D, and
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TABLE I. Mutual diffusion coefficients at 25'C.

FIG. 1. Mutual diffusion coefficients at 25'. 0, ben-
zene-chlorobenzene (O~, duplicate points); , perdeutero-
benz ene-chlorobenzene.
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with '4C-substituted benzenes are perfectly con-
sistent.

DISCUSSION

Like self-diffusion in liquid benzene the tracer
diffusion coefficients of '4G-substituted and per-
deuterated benzenes in chlorobenzene, n-octane,
and cyclohexane may be represented by an equation
of the form

0.01659
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0.1346p
0.0610,
0.0465)
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D, = Do a(m, -m-, ), .

where D is the limiting tracer diffusion coeffi-
cient, M~ is the molecular weight of the tracer
species, Mo is the molecular weight of the solvent,

CSH6-cyclohexane
'
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TABLE II. Values of extraPolated mutual diffusion co-
efficients, and experimental tracer diffusion coefficients
D~.

Mutual coefficients ~
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C6D6-cyc lohexane
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98.72
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C6H6-n -octane

0.037 90 114.16
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C6H6-chlorobenzene
C6D6-chlorobenzene
C6H6-n -octane
C6D6-n -octane
C6H6-cyc lohexane
C6D(;-cyclohexane

10 D'
1.860
1.854
3.156
3.145
1.874
1.863

105 Error
+ 0.003
~ 0.003
+ 0.004
+ 0.004
+ 0.003
+ 0,003

CGD6-n -octane

0.984g
0.9038

0.030 15
0 ~ 024 33

88.93
101.84

3.119
2.978

x& and Ax& are the mean mole fraction and the differ-
ence in mole fraction, respectively, used in each exper-
iment.

J is the total. number of interference fringes obtained
in each Gouy experiment.

These points agree well with the data of L. Hodwin,

J. A. Harpst, and P. A. Lyons, J. Phys. Chem. 69, 2783
(1965).

C6H6-chio rob enzene

Tracer coefficients

10'D~
1,855
1 ~ 854
1.853
1.848

10 error M. W.
+ 0.002 80
+ 0,003 80
+ 0.003 88
+ 0,002 88

For these systems the limiting mutual diffusion co-
efficients are also tracer coefficients.

"The molecular weights of the tracer species were cal-
culated from details of the preparations supplied by the

manufacturer.
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fry, K~ 0.2 indicates that the tracer coefficients
are almost independent of mass, a prediction
which is in reasonable agreement with fact. The
values of fry K in Table III seem to indicate that
the type of diffusion process reported in this work
is governed to a. large extent by the viscosity of
the solvents (benzene, chlorobenzene, cyclohexane.
and n-octane). It is interesting to note (see Fig. 1)
that the ratio of the limiting diffusion coefficients
of chlorobenzene in benzene and in perdeutero-
benzene agrees to within 0.1 fp with the viscosity
of C,D, relative to C,H„"a fact which suggests
that the t aces diffusion coefficients are inversely
proportional to the first power of the viscosity of
the solvent.

LeClaire' has indicated that the discussion above,
which assumes that only one molecule is relocated
during decomposition at the saddle point, can be
extended for the case when two or more molecules
are relocated. When two molecules are relocated,
as in the case for the interstitialcy mechanism
for diffusion in solids, it would appear that the
arguments in the above discussion still apply
since the &K values, although increasing by 100%%,

still remain much smaller than unity.
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APPENDIX

Conventionally isotope effects in diffusion in
solids have been studied by simultaneously dif-
fusing two suitable isotopes, a and P, of the host
and applying Schoen's equation"

(A1}

AD/D =f "(b,u/ur), (A2)

and, if ~ is assumed proportional to (M} '~2, then

DD/D = —(f hK/2M)b M. (A3)

Hence, using the notation D~ for the tracer dif-
fusion coefficient, D for the limiting tracer dif-
fusion coefficient, and M~ and M, for the mol. ec-
ular weights of the tracer and solvent species,
respectively,

In this equation f is the correlation factor and
&K is the fraction of the total kinetic energy,
associated with the decomposition of the saddle
point configuration, which resides on the migrating
isotope. For self-diffusion in many solids, where
only one atom is relocated &E= 1.

If Schoen's equation is written
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