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400 and 57 mumn., nevertheless, the decrease in the
energy is in the correct direction. As for the fre-
quency factors, we can only conclude that they
are reasonable, since a rather limited temperature
range was used in their evaluation.

The constant kiks/k2 is found to be independent
of the total pressure within the precision of our
measurements. This result is in complete agree-
ment with the proposed mechanism. From this
value one could estimate the equilibrium constant
for the dissociation of N;O; into NO; and NQj if
one knew the value for &g, or vice versa.

It is interesting to note that the temperature co-
efficient for ks/ks is small and negative. This of
course means that the activation energy E, asso-
ciated with %, is slightly less than E; associated
with k. Our accuracy is such that we can with
confidence say only that (E; — Eg) is small, and
that if we regard E, as probably small because the
reaction is merely a recombination, then E¢ must
also be small. It is however interesting to note
that the trend of activation energies with pressure,
like that found for %, by Johnston, et al.,* is consist-
ent with the prediction of unimolecular rate
theory® that the activation energy of a unimolec-
ular decomposition should fall off at low pressures,
and that a bimolecular association with no activa-

(8) L. 8. Kassel, “Kinetics of Homogeneous Gas Reactions,” New
York, N. Y., 1832, pp. 95~-100; A. F. Trotman-Dickenson, ‘“‘Gas
Kinetics,” New York, N, Y., 1953, pp. 62-64.
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tion energy at high pressures will have a negative
“activation energy’’ at low pressures. Thus if we
assume that the high pressure limit of E, is zero,
we may interpret the data to mean that the high
pressure limit of E;, 21.0 kcal./mole, represents
the dissociation energy of N:O;; that Eg is also
nearly zero; and that the negative quantity (E; —
E;) essentially measures the predicted ‘‘negative
activation energy’’ of the association of NO, and
NO; at low pressures.

Conclusion.—We have investigated the uni-
molecular decomposition reaction of N:Os in the
presence of NO with our fast-scanning infrared
spectrometer. The results obtained from this
method were found to be comsistent with those
obtained from other methods. In addition, we
have been able to obtain for the first time a quanti-
tative estimate of the inhibition constant ka/ke.
Finally, we can reasonably conclude that this
spectroscopic method can be applied equally well
to other relatively fast gas-phase reactions.
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VI. Diffusion in N-Methylacetamide'?
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Solvents Having High Dielectric Constants.

The self-diffusion coefficients of N-incthylacetamide over the temperature range 35 to 60°, and the sodium ion in sodiun
chloride solutions in N-methylacetamide at 40°, have been determined. Concentrations of the salt varied from 2.5 X 1073
to 0.25 molar, The capillary method was employed with stirring accomplished by rotating the capillary holder. For the
pure solvent the diffusion coefficient increases from 4.11 X 107¢t0 7.33 X 1078 ¢m.2/sec. as the temperature is raised. The
value for the sodium ion decreases from 2.58 X 107% to 1.97 X 10~% cm.2/sec. as the salt concentration is increased one hun-
dred fold. The activation energy for self-diffusion in the amide is equal to that for viscous flow. Also it is equal to the

activation energy for the self-diffusion of water.

Interest in N-methylacetamide as a solvent to
be used in diffusion studies arises from its unusual
properties. It dissolves readily both organic and
inorganic solutes. At 40° its dielectric constant is
165.5 and its viscosity is 0.03019 poise.? Sodium
chloride was chosen as the solute for this study be-
cause the literature contains diffusion data for this
salt in water* and its conductance and transference
numbers in N-methylacetamide have been cal-
culated from measurements in this Laboratory.?

Wang® has discussed the theory and described
the procedure for measuring diffusion coefficients
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by the capillary method. Mills and Kennedy’
and Mills and Adamson?® reported studies of prob-
able experimental errors in this method and have
described some improvements in techniques.
These procedures together with a technique modi-
fied for viscous media have been used in the pres-
ent work.

Experimental

Materials.—Reagent grade sodium chloride was re-
crystallized and fused. .

Sodium-22 chloride was obtained from the Isotopes Divi-
sion, U.S.A.E.C., Oak Ridge, Tennessee.

N-Methyvlacetamide was prepared by the method de-
scribed in an earlier paper from this Laboratory.®? The
solvent which was used froze above 29° and had a specific
conductance of 2 X 1078 ohm ! cm.tat 40°.

Active N-methylacetamide was prepared from C¥-
enriched BaCO;, obtained from Oak Ridge, by first syn-
thesizing acetic acid-1-C!¢, This synthesis was accosu-

(7) R. MUls and J. W. Kennedy, sbid., T8, 5696 (1953).

(8) R. Mills and A. W. Adamson, ibid., 77, 3454 (1953).
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plished by the method of Sakami, Evansand Gurin® except
that the product was extracted with ethyl ether.

Capillary tubes were constructed from precision bore
tubing having an internal diameter of 0.05 cm. One end
was sealed with a flat plate and the other end was ground
smooth and square. The lengths were measured with a
carefully calibrated micrometer microscope. The volume
was determined by filling with mercury and weighing.
The capillary cells were held in a four-pronged glass holder
mounted on a shaft which passed through a mercury-seal
into a one-liter flask. A large oil-filled bath surrounding
the flask maintained its temperature constant to £0.02°.

Solutions.—N-Methylacetamide solutions were prepared
in a dry box under positive nitrogen pressure and handled
so as to avoid prolonged contact with the atmosphere.

Procedure.—Preliminary experiments using a paddle
stirrer while the capillaries were held stationary in N-
methylacetamide yielded Al values (as described by Wang?)
indicating insufficient stirring at speeds up to 150 r.p.m.
The calculated Al effect became zero, however, when the
capillary holder was rotated in the bath solution at 75 r.p.m.
This technique seems to be applicable to the more viscous
solvents.

Wang’s procedure for determining total activity of radio-
active sodium in a capillary cell by evaporation of the
contents and washings on a sample plate did not yield
precise results in the present work. Because of the incon-
sistencies which appeared it became desirable to use a known
amount of inert sodium chloride as a carrier and determine
the specific activity. After a diffusion run, which required
from three to five days, the contents of each cell was washed
with alcohol, followed by thorough rinsing, into a centrifuge
tube using a syringe and needle. A carefully measured
constant amount of sodium chloride solution was added and
the tube allowed to stand for several hours with intermittent
shaking. Then concentrated hydrochloric acid was added
and the precipitate was plated from an acetone slurry by a
centrifugal plating device similar to that described by Ames
and Willard.?® The activity in the capillary cell before diffu-
sion was calculated from the volume of the capillary and the
specific activity of a measured volume of active solution
which was carried through the same procedure as that used
for the capillary contents after the diffusion run.

Evaluation of the activity of pure N-methylacetamide,
both before and after diffusion, was accomplished by wet
combustion followed by precipitating the evolved CO:
as BaCO; and measuring the specific activity. The appa-
ratus consisted of a combustion flask, a scrubber and an
absorption vessel. The sample was oxidized by heating
with a Van Slyke~Folch solution and the CO, was absorbed
in a BaCly-Ba(OH), solution. Caution was exercised to
exclude contamination from the atmosphere and to ensure
complete oxidation of the sample and effective recovery of
all products. The precipitated BaCO; was plated from an
acetone slurry in the same manner as the sodium chloride
samples.

A calibrated, thin-window, methane flow proportional
counter was used for assaying. Self-absorption corrections
were made on all samples. From the results the ratio
Co/ Cav was calculated, where C, is the activity in the
capillary before diffusion and C.y is the activity in the
capillary after diffusion.

Results

With capillaries varying in length only from
1.444 to 1.755 cm. in the experiments on the self-
diffusion of sodium ion, the Al effect appeared to
be zero at 75 r.p.m. and no unusual inconsistencies
were noted. However in studying the self-diffu-
sion of N-methylacetamide with capillaries from
1.5 to 3.5 cm. long the results showed some depend-
ence upon the length of the capillary regardless
of the rate of stirring, but appeared to approach a
limit as the length of the capillary increased. By
plotting log D versus 1/I an extrapolated limiting
value was obtained. This plot was used as a cor-
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rection curve to determine the ratio of the limiting
diffusion coefficient to that at any capillary length.
It was used also as a correction curve for the so-
dium chloride diffusion data assuming that similar
conditions existed in the sodium chloride solutions.
The corrections amounted to from 3.5 to 6.9%,.

The properties of N-methylacetamide and the
self-diffusion coefficients at temperatures within
the range 30 to 60° are shown in Table I.

TaBLE I

PHYSICAL PROPERTIES AND SELF-DIFFUSION COEFFICIENTS
OF N-METHYLACETAMIDE

chlist-y D X 10¢

Temp. Density (poise Dielectric (em./sec. Dn/T
°C. (g./ml.) X 10%) constant cor.) (X 1019)
30 0.9503 3.888 178.9
35 3.440 4.11 4.58
40 .9420 3.021 165.5 4.58 4.42
45 2.704 5.10 4.34
50 .9335 2.413 151.8 5.93 4.43
60 1.966 7.33 4.33

Table II contains corrected values for the self-
diffusion coefficients of sodium ion determined by
using tracer amounts of radioactive sodium at
several concentrations of sodium chloride. These

TasLE II

SELF-DIFFUSION COEFFICIENTS oF Na T IN Sopium CHLORIDE
SoLuTIONS IN N-METHYLACETAMIDE AT 40°

X 108 D X 108

Conen, of NaCl (em.2/sec.; Conen. of NaCl (cm.2/sec.;
(mole/1.) cor.) (mole/1.) cor.)
0.0025 2.58 0.1000 2.17
.010 2.48 .1500 2.15
.0256 2.40 .2000 2.04
.0500 2.29 .2500 1.97

.0750 2.23

values were calculated from the measured ratios
of Cy/Cay by the equation®

Dt 4 8 C
Foan(Gxe)
Each coefficient reported represents the mean of
from four to eight measurements with standard
derivations ranging from 0.5 to 2%,.
Although the results reported in Tables I and II
cannot be considered to be very accurate, it is be-
lieved that the over-allerror is not greater than 5%.

Discussion

As a test of the accuracy of our experimental
methods the self-diffusion of sodium ion in 0.30
M aqueous sodium chloride was determined using
the procedure (including stirring by rotating the
cell holder) which has been described above. The
mean value from six of our determinations was
(1.359 £ 0.031) X 10-5 cm.2 sec.™!, which is in ex-
cellent agreement with the value (1.35 = 0.038)
X 1075 cm.? sec.~! obtained by Wang and Miller,*
using capillaries in a bath agitated rapidly by a
mechanical stirrer.

Using conductance data reported in an earlier
paper from this Laboratory® and transference num-
bers determined here recently (based upon the con-
ductance of trimethyloctadecylammonium octa-
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decylsulfate in N-methylacetamide) in conjunction
with the Nernst equation, the modified Onsager!'.4

NZF b
- gy, (2604 X 10%) \/:R-T [1 -

\/m] VECH

limiting diffusion equation for the sodium chloride
solution becomes

Dxs+ X 105 = 2.3 — 0.142 V/C

Experimental values were not determined at low
enough concentration to permit reliable extrapola-

tion of a plot of D versus \fC; however the slope of
such a plot is much greater in the experimental
range than the theoretical limiting value. If the
theoretical value of the slope is approached at infi-
nite dilution, our values at the lower concentra-
tions indicate that it is approached from above and
that there is a maximum in the curve, similar to the
maximum found with aqueous sodium chloride solu-
tions.

The self-diffusion coefficient of the solvent is
nearly twice that of the sodium ion in the salt solu-
tions. A similar relationship has been found in
water.* Constancy of the Dn/T values suggests
that the diffusing unit remains unchanged as the
temperature is varied from 30 to 60°. If the dif-
fusing unit in the solvent is the single molecule and
if as a first approximation the rates of diffusion of
two species may be considered to be inversely pro-
portional to the square roots of their molecular
weights, the sodium ion must be solvated with

(11) L. Onsager, Ann. N. Y. Acad. Sci., 46, 241 (1945).
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three or four molecules of N-methylacetamide.
Since it is difficult to believe that the sodium ion
holds firmly attached so many molecules of solvent
as it moves through a highly polymerized liquid,
the data may be interpreted as inferring that dis-
tortion in the solvent about the ion produces inter-
ference to its motion equivalent to the displace-
ment of three or more solvent molecules. This
distortion in the solvent about the sodium ion may
be the ‘‘solvation’ effect which causes its mobility
to be approximately equal to the mobility of the
tetra-n-butylammonium ion in N-methylacetamide
as reported earlier from this Laboratory.? The
calculated value of the Arrhenius activation energy
for the self-diffusion of N-methylacetamide is 4.64
kecal./mole. This is in good agreement with an ac-
tivation energy for viscous flow of 4.6 kcal./mole
obtained from data reported earlier.® Obviously
the rate-controlling step is the same in the two proc-
esses.

It is of interest to note that this value is the same
as the activation energy for the self-diffusion of
water between 10 and 50° (4.58 kcal./mole) re-
ported by Wang.'* Probably in each case the
breaking of a hydrogen bond is involved. This
fact lends credence to the “liquid polymer” con-
cept of the structure of N-methylacetamide.
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