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the normal states for the two extremes have the same number of unpaired
electrons), and not in others. A method of treatment of bond type based
on electronic energy curves is developed. Its application shows the nor-
mal alkali halide molecules to be essentially ionic. HF is largely ionic,
while HCl, HBr and HI contain electron-pair bonds. The normal state
of CO corresponds to both structures :C::0: and :C:::0:, with the
latter predominant. Some general statements based on observed mag-
netic moments are made relative to the types of bonds formed by metals
of the transition groups.
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1. Previous Work.—The dissociation of the colorless gas nitrogen
tetroxide to form the highly colored red nitrogen dioxide has long been
of interest to chemists. The equilibrium between the two gases provided
one of the earliest examples for the application of thermodynamics to the
calculation of the effect of temperature on chemical equilibrium;! and
the very high rate of attainment of the equilibrium has been the subject
of much speculation and experiment.

Previous to the quite different mode of attack to be described in the
present article, a number of attempts have been made to determine the
rate of the dissociation and recombination by measuring the velocity of
sound through an equilibrium mixture of the two gases. Using high
enough frequencies, one should obtain the velocity corresponding to the
passage of the sound wave through the mixture of the two gases without
reaction, but at low enough frequencies one should expect the equilibrium
to adjust itself by reaction to the periodic compression and rarefaction,
and hence should expect a decrease in the velocity of sound, which amounts
theoretically to about 3.8, with gas at 25° and atmospheric pressure.?
At intermediate frequencies one should expect a ‘“critical region’ with
intermediate velocities. A theory of the effect of frequency on the velocity

1 Gibbs, Trans. Connecticut Acad., 3, 108, 343 (1875-6-7-8); Am. J. Sci., Ser. 3,
18 (1879).

2 See Table VII in article by Griineisen and Goens® Their calculation was made
in accordance with the theory of Einstein,® correcting for an obvious slip as to sign in

Einstein’s work. Kistiakowsky and Richards,!° apparently not correcting for the wrong
sign, give a larger theoretical lowering of about 5.19,.
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of sound in such a gas, assuming that the absorption coefficient is suf-
ficlently small, has been developed by Einstein.?

Using frequencies in the audible range, measurements of the velocity
of sound through the mixture have been made by E. and L. Natanson,*
Keutel,’ Argo,® Selle’ and Griineisen and Goens.®? E. and L. Natanson
measured the velocity for only a single frequency, and hence could make
no estimate as to the position of the critical range of frequencies where
the velocity would be affected by the reaction. Keutel and also Selle
came to the conclusion that the critical range lay within the audible.
However, the experiments of Argo and the very thorough and careful
investigation of Griineisen and Goens make it appear certain that the
critical range lies above the audible range of frequency, say 15,000 cycles
per second, and that the specific reaction rate for the dissociation of nitro-
gen tetroxide at 760 mm. pressure and 25°, assuming first order decompo-
sition, is at least as high as 10* seconds—!.

Using frequencies in the ultrasonic range, measurements have been
made by Olson and Teeter® and by Kistiakowsky and Richards.”® Olson
and Teeter concluded that the critical range had actually been passed at
a frequency of 51,570 cycles per second in gas at 565 mm. pressure and
25°. The more extensive work of Kistiakowsky and Richards, however,
now makes it appear reasonably certain that the critical range lies above
80,000 cycles per second at pressures from 300 to 760 mm. at 25°, and
that the specific rate for the reaction is at least as highas 5 X 10* seconds—.

2. Criticism of the Acoustic Method.—There are a number of serious
difficulties inherent in the acoustic method, owing primarily to the very
small change in velocity that would be expected theoretically under the
two assumptions of no reaction and a complete adjustment of the equi-
librium to the periodic changes in pressure.

The apparatus for making the measurements is complicated, and the
possible effect of the walls of the tube containing the gas must be allowed
for. Small traces of impurities are known to have a large effect on the
velocity; thus with the most careful purification Kistiakowsky and Rich-
ards were not able to duplicate results with successive fillings to better
than about one-half a per cent.

A particularly serious difficulty also lies in the fact that the velocity
of sound appears to vary with the frequency, when this is pushed high

3 Einstein, Berlin. Ber., 380 (1920).

4+ E. and L. Natanson, Wied. Ann., 24, 454 (1883); 27, 606 (1886).
5 F. Keutel, Inaug.-Diss., Berlin, 1910.

6 W. L. Argo, J. Phys. Chem., 18, 438 (1914).

" H. Selle, Z. physik. Chem., 104, 1 (1923).

¢ E. Griineisen and E. Goens, 4nn. Physik, 72, 193 (1923).

? A. R. Olson and C. E. Teeter, Jr., Nature, 124, 444 (1929).
10 . B. Kistiakowsky and W. T. Richards, THIs JOURNAL, 52, 4661 (1930).
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enough, even in a pure non-reacting gas,'* although much work must still
be done in this field.

The absorption of sound by the gas, which increases greatly with de-
creased pressure,’? and would probably increase with frequency at high
enough frequencies,* is also serious, since it would otherwise be advan-
tageous to work at lower pressures and temperatures in order to slow down
the rate of the reaction, and at higher frequencies in order to get up into the
critical region. With increased absorption the accuracy of the measurements
is decreased, and the validity of the Einstein theory brought into question.

Finally it may be remarked that the method is in any case an indirect
one, and that, up to the present time at least, no actual reaction velocity
has ever been measured by this method, nor indeed any effect of reaction
on the velocity of sound experimentally demonstrated.

3. General Nature of the Present Experiments.—The above well-
known difficulties with the acoustic method make it desirable to investi-
gate the possibility of other methods. In the present article we shall
describe an entirely different mode of attack which, in spite of its own
serious difficulties and uncertainties, nevertheless appears to give some
idea as to the rate of dissociation of nitrogen tetroxide.

The general nature of the method was to cause an equilibrium mixture
of the two gases to flow with a sudden drop in pressure through a perforated
diaphragm, and take measurements of the temperature of the gas both
before passage through the diaphragm and at successive positions in the
path of flow beyond. The sudden drop in pressure and concentration on
passage through the diaphragm should be followed by an increase in the
degree of dissociation of the tetroxide and, since the reaction is endothermal,
this should be accompanied by a drop in the temperature of the gas.
Hence, knowing the velocity of flow and the temperature at different
distances beyond the diaphragm, it was hoped that conclusions as to the
rate of dissociation could be drawn.

The interpretation of the results obtained by the method is affected by
two serious sources of uncertainty which must now be mentioned. They
will be considered in more detail later.

The first uncertainty arises because of lack of knowledge as to the
behavior of the jets which issue from the fine holes in the diaphragm.
We purposely used a large number of fine holes set close together to try
to break up the persistence of any jet structure, and we shall make our
calculations on the assumption that we had a flow of homogeneous gas.
We cannot be certain, however, how well this was actually achieved.

1 G. W. Pierce, Proc. Am. Acad., 60, 271 (1925); C. D. Reid, Phys. Rev., 35, 814
(1930).

12 See Ref. 10, Table VII.
12 See Ref. 11, first article, section 26.
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The second uncertainty arises because of difficulties in determining
the temperature of the flowing gas. The measurements were made with
the help of copper—constantan thermocouples inserted in the path of the
gas flow, as will be described later in detail. The exact interpretation of
the readings is made difficult, (a) because the metal of the thermocouples
might exert a catalytic influence on the dissociation, (b) because the ac-
tual readings obtained presumably correspond to a combined effect partly
coming from the walls and only partly from the gas, and (c) because the
rapidly flowing stream of gas in impinging on the thermocouples will tend
to heat up by friction and compression. With regard to the possibility
of catalytic influence, we have no evidence. With regard to the second
difficulty of conduction of heat from the walls to the thermocouple junc-
tions, however, it should be noted that the walls tend to some extent to
drop to the same temperature as the adjacent gas, and that the difference
in temperature between successive thermocouples, which is the thing of
prime interest, is presumably more correctly given by the readings than
the absolute temperatures. With regard to the possible heating of the
thermocouples by the friction and compression of the impinging gas, it
may be noted that this would also tend to some extent to balance out in
the case of the temperature differences between successive couples, and
in addition it may be remarked that the kinetic energy of the gas would
not be high enough to produce an important effect of this kind, if the
conditions of homogeneous flow assumed for our calculations are really
correct. Finally, considerable insight into the significance of the ob-
served temperature readings was obtained by carrying out blank runs
with a non-dissociating gas, ethy! chloride, and comparing the readings
with those obtained in the regular runs with the nitrogen tetroxide.

In spite of the above uncertainties the results obtained with the method
are of considerable interest, especially in view of the negative results ob-
tained with the acoustic method, and we may now proceed to a detailed
description of the apparatus.

4. Description of the Apparatus.—The apparatus consisted essentially of a boiler
B, containing liquid tetroxide and delivering gas through the diaphragm D, which then
passed down the flow tube T and was finally condensed at C with the help of liquid air
in a Dewar tube, as shown in Fig. 1.

The boiler B, which was about 9 cm. in diameter and 22 cm. in length, was made of
Pyrex glass and arranged to accommodate the electrical heater H as shown in the figure.
This was found to assure smooth boiling. The side tube M; led to a manometer for
measuring the high pressure before passage through the diaphragm, and also provided
connection for filling the apparatus, pumping, and attaching phosphorus peptoxide
tubes when desired.

The boiler was connected with a barrel, ground to receive a plug carrying the dia-
phragm, as shown in detail in Fig. 2. The plug P was made of lead glass in order that

the platinum diaphragm could be sealed to it. It was provided with a thermocouple T
for measuring the temperature of the gas before passage through the diaphragm.
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The diaphragm D was a platinum disk 0.127 mm. thick with a turned-over lip
which fitted inside the plug for sealing. It was provided with 96 holes so distributed
that equal areas of the disk contained approximately equal numbers of holes. They
were made by forcing the point of a needle a set distance through the disk in the direction
opposite to that of the flow, and had a diameter varying from 0.08 to 0.12 mm. with an
average of 0.10 mm.
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Fig. 1.—General view of apparatus. Crosses indicate position of
thermocouples.

The barrel B was connected to the flow tube by a square shoulder, arranged so that
the holes in the diaphragm were approximately uniformly distributed over the open area
provided. The ground glass joint between the plug and barrel was made tight by paint-

ing on the outside with "’ Duco.”
z L

=

Fig. 2.—Detail of plug and diaphragm.

The flow tube was made from a uniform piece of Pyrex tubing having an inside
diameter of about 4 cm. and a total length of 120 cm., with a smooth right-angle bend
75 cm. from the diaphragm. It was provided with manometer connections at M, as
close as possible to the diaphragm and at M, 60 cm. further down the tube. The tube
was also provided with thermocouples as will be described below. There were three
manometers: manometer no. 1, for measuring the high pressure before passage through
the diaphragm, was an ordinary U-tube filled with mercury open at one end to the
atmosphere, and connected at the other end either directly to the boiler at M, in the case
of the blank rumns, or through another U-tube filled with concentrated sulfuric acid for
protection against the nitrogen oxides in the case of regular runs. Even with this pro-
tection the mercury was attacked in a short time and the tube had to be cleaned
frequently. Manometer No. 2, for measuring the pressure drop in the flow tube, was
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merely a U-tube filled with mercury in the case of the blank runs and sulfuric acid in the
case of the regular runs, and connected between M; and M;. Manometer No. 3, for
measuring the absolute value of the pressure on the low side of the diaphragm, was simi-
lar to No. 1 in the blank runs, and consisted of a closed-end U filled with sulfuric acid
in the case of the regular runs. It was connected to the tube at M.

Thermocouples were placed, in the high pressure gas as already shown in Figs, 1
and 2, at successive positions along the flow tube as approximately shown by the crosses
in Fig. 1, and also in a water-bath contained in a Dewar tube to give a base-point for the
temperature measurements.

The thermocouples were led into the flow tube through insets as shown in Fig. 3.
The leads were sealed through lead glass plugs which were ground to fit into Pyrex
sockets sealed to the flow tube. ‘“Duco’’ was used on the outside
to prevent leaks around the lead wires and the ground-glass joints.
The wires were prevented from coming in contact, by insulating
one of them with a fine glass tube, not shown in the figure, running
from the seal to a point between the end of the plug and the
entrance to the flow tube. Care was taken to minimize the contact
between the wires and the glass walls, and the wires were run two-
thirds to three-quarters of the way across the tube at right angles
to the flow, so as to give the best conditions for indicating the
temperature of the gas at the particular distance down the flow
tube involved.

The thermocouples were constructed of copper and constantan
joined together with soft solder. They were attacked only slowly
by the nitrogen oxides, were inexpensive, had high sensitivity, and
since one of the metals was copper made it possible to have no
junctions between unlike metals except at the points whose tem-
perature difference was desired.

The electrical connections were made as follows. All the con-
| stantan wires were soldered together outside the tube, and each
Fig. 3.—Detail of copper wire went to a switchboard so arranged that any desired

thermocouples. ~ Pair of thermocouples could be thrown in opposition on to the

galvanometer. No attempt was made to balance the e. m. f.,

owing to the necessity for rapidity in making the measurements, but direct readings of

the galvanometer deflections were taken. Two galvanometers of different sensitivities
were provided for measuring large and small temperature differences.

For some of the experiments the flow tube from the diaphragm to the bend was
enclosed in a metal tank which could be used as an air or water thermostat for controlling
the external temperature.

5. Experimental Method.—The nitrogen tetroxide used in the regular runs was
either prepared by heating lead nitrate or taken from a cylinder furnished through the
courtesy of the Fixed Nitrogen Research Laboratory. The latter material contained
some nitric oxide which was removed by treating with oxygen. It should be especially
noted that material of extreme purity is not necessary for these experiments as in the
case of the acoustic method. The material used was always dried by standing over phos-
phorus pentoxide and in some cases a drying tube was sealed on to the apparatus in
which the material was condensed when not in use. No special correlation between the
results and the extent of drying was apparent,

The ethyl chloride used in the blank runs was of U.S. P. grade as sold to physicians
for local anesthesia. It was chosen as a comparison substance since its boiling point
(12.5°) is nearer to that of nitrogen tetroxide (21.6°) than any other common, non-
poisonous, stable liquid. ‘
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The apparatus was filled by condensing the desired material at C, Fig. 1, with the
help of liquid air, and was then pumped off, the residual air being flushed out by warming
up the tetroxide. It was necessary to remove the residual air thoroughly in order to
obtain low pressures in the flow tube when running.

Four operators were needed to carry out a run. One man adjusted the heating of
the boiler to maintain a prearranged pressure of gas on the high side of the diaphragm,
and took readings of the three manometers at thirty-second intervals and thermostat
temperatures when the bath surrounding the flow tube was used. A second man main-
tained the liquid air level in the Dewar so as to obtain the maximum rate of condensation.
A third man took galvanometer readings corresponding to different pairs of thermo-
couples in a prearranged order. These readings were taken at ten-second intervals.
The fourth man called the time for the readings and recorded results. The total time
for a run was from 450 to 900 seconds according to conditions.

6. Experimental Results.—Using the apparatus and method described
above, eighteen regular runs were made using nitrogen tetroxide and
nineteen blank runs using ethyl chloride. In nine of the regular runs
the flow tube was either in the open air at room temperature or surrounded
by an air thermostat at room temperature, and in the remaining nine
the flow tube was surrounded by water at room temperature. In seven
of the blank runs the flow tube was surrounded by air at approximately
room temperature, in four runs by air at an elevated temperature, and
in eight runs by water at an elevated temperature.

The nine regular runs in which the flow tube was surrounded by water
gave very irreproducible results, and the eight blank runs in which the
flow tube was surrounded by water at an elevated temperature showed
that the thermocouple readings were much more affected by the tem-
perature of the surroundings with water in the thermostat than with air.
Owing to this irreproducibility and to the fact that our interest lies in
the temperatures which would be obtained under adiabatic conditions,
we shall consider in detail only the data obtained when the flow tube was
surrounded by air.

These results are summarized in Tables I, IT and III, arranged accord-
ing to the material used and the approximate temperature ranges for the
air surrounding the flow tube. The first column of the tables gives the
number of the run in chronological order. The second and third col-
umns give the pressures of the gas before and after passage through the
diaphragm. The remaining columns give the calculated temperature
intervals between successive thermocouples in the line of flow.

The nature of the results is also shown in Fig. 4, where the calculated
temperatures of the thermocouples are plotted against position for runs
1 and 2, illustrating the behavior of nitrogen tetroxide expanded into the
flow tube surrounded by air at room temperature, and for runs 9 and 15,
illustrating the behavior of ethy! chloride expanded from about the same
pressure, in one case into the flow tube surrounded by air at room tem-
perature, and in the other case into the flow tube surrounded by air at
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TABLE ]
REGULAR RUNS WITH NITROGEN TETROXIDE
Temp. of gas arriving at diaphragm....... ... .. . .. .. 23-28°
Temp. of air surrounding flow tube. ... . ... . 22-24°
High Low
press., press., Temperature differences, °C.

Run mm, mm. 1-2 2-3 3—-4 4-4a 4(4a)-5 5-6
5 720 7 —-31.0 —-2.4 —-1.6 +0.4 +7.9
6 710 9 —-31.0 —-2.0 -1.5 +0.3

14 (500) 9 —29.4 -0.3 —-1.0 —-0.1 +1.3 +6.0
1 485 6 —29.1 —-2.3 —-1.0 —-0.1 +5.2
2 485 4 —-27.9 —-2.1 -0.5 +0.2 +7.4
3 300 6 —23.6 —-1.5 0.0 +1.9 +9.7
4 300 8 —22.2 -0.6 —-0.2 +1.6 +7.8
7 300 10 —23.0 —-0.8 -0.7 +0.8 +9.5
8 (300) 8 -23.5 —1.1 —-1.2 +1.1 +8.1

TABLE 11
BrLaNk RuNs wiTH ETHYL CHLORIDE
Temp. of gas arriving at diaphragm. ... .. ... .. o ..22-28°
Temp. of air surrounding flow tube. . ... ... . o ..22-27°
High Low
press.; press., Teniperature differences, °C.
Run mm. mm. 1-2 2-3 —~4 4—4a 4(4a)-3 5-6

19 560 18 -3.2 +0.2 —-0.1 0.0 +0.1 —0.4

20 560 16 -2.5 +0.4 +0.1 0.0 +0.2 +0.4

11 490 41 -2.4 +0.2 0.0 —-0.4 +0.3

10 475 38 —3.4 +0.3 —-0.2 —-0.1 -0.2

9 470 41 —-3.2 +0.3 —-0.6 -0.6 +0.4

12 290 40 -0.2 +0.3 +0.1 +0.6 +0.8

13 290 52 —-0.5 +0.2 +0.1 +0.3 +0.6

TasLE IIT
BLaNE Ruxs wite ETHyL CHLORIDE '
Temp. of gas arriving at diaphragm. ... ... o ..27-31°
Temp. of air surrounding flow tube. .. .. .. .. .. ... .. 40-44°
High Low
press., press.. Temperature differences, °C.

Run mm. mm. 1-2 2-3 3-4 4—4a 4a-5 5-6

17 690 3 —-1.2 —-1.3 +3.3 —-0.1 +4.2 +2.4
15 560 9 +1.1 —-1.6 +2.7 +0.2 +3.9 +2.4
16 560 25 +1.6 —-1.4 +2.4 +0.2 +3.9 +2.8
18 295 10 +5.0 —-2.3 +2.7 +0.6 +5.3 +1.6

an elevated temperature. Temperatures are plotted from the tempera-
ture of the high pressure gas as a starting point, and the distances are
plotted from the position of the diaphragm as a starting point. Beyond
the last point shown on the plots the temperature rises only slightly be-
fore‘reaching the final value given by the last thermocouple at approxi-
mately 60 cm. from the diaphragm.

The runs varied in length from six to twenty-five minutes according
to the amount of material in the apparatus and the pressure of gas main-
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tained on the high side of the diaphragm. Approximately steady condi-
tions were obtained only in the middle of a run, and the data given in the
tables are average values corresponding to readings taken from three
minutes after the run started until one minute before all the material
had passed over, or until the end of fifteen minutes in the case of very
long runs.

The manometer readings for determining the pressures given in the
second and third columns of the tables were taken every thirty seconds,
but owing to difficulties with the manometers, which included the action
of the oxides on the mercury even though it was protected by sulfuric acid,
and the diffusion of the oxides through the sulfuric acid into the upper
end of the closed manometer No. 3, the pressures recorded cannot be
regarded as accurate. The pressures attained on the low side appeared
to be very dependent on small amounts of residual permanent gas, which
may have had a cushioning effect at the end of the flow tube where con-
densation took place. The actual rate of flow appeared mainly dependent
on the pressure on the high side.

Galvanometer readings were taken every ten seconds, in general two
stceessive readings on a given thermocouple in the case of the less sensi-
tive galvanometer, and three to allow the more sensitive galvanometer
to reach its final deflection. Only the final readings were used in mak-
ing the averages, and this together with the large number of combina-
tions read makes the number of readings included in the average for a
given thermocouple small, varying from one to five. The temperature
intervals given in the tables are calculated from the galvanometer read-
ings from calibrations of copper-constantan couples.

Thermocouple No. 1 was located in the gas just before its passage through
the diaphragm. The remaining thermocouples Nos. 2 to 6 were located
at the approximate distances from the diaphragm of 4.5, 9.5, 35.5, 90 and
593 mm. in Runs Nos. 1 to 13, and 2, 7, 22, 30, 89 and 587 mm. in Runs
Nos. 14 to 20. In these latter runs the thermocouples were made with
heavier constantan wire than in the earlier and this was doubled to give.
additional stiffness.

7. The Qualitative Nature of the Results.—The general nature of the
results is evident from the figures given in the tables.

From the similarity in the results obtained under similar conditions
and the progressive changes with changed conditions, it is evident that
the experimental findings show sufficient reproducibility to warrant con-
sideration. The run showing the least satisfactory agreement with the
others is No. 14 in Table I, which is the only one in that table obtained
with the second set of heavier thermocouples. This may mean that these
thermocouples were irregularly affected to a greater extent by external
conditions than the finer ones. (The very irreproducible runs made with
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the flow tube immersed in water mentioned above were also made with
these thermocouples.)

The regular runs made with nitrogen tetroxide as shown in Table I
are characterized by a large drop in the computed temperature on passing
through the diaphragm, followed by a small continued drop in the first
few centimeters of the flow tube, and a gradual rise further down the tube.
The initial drop is presumably to be correlated partly with an ordinary
Joule-Thomson effect but mainly with the heat used up by the dissocia-
tion of tetroxide, the small continued drop to be correlated with a con-
tinuation of the dissociation toward completion, and the final small rise
with the heating effect of the walls of the tube. The runs show a smaller
temperature drop the lower the initial pressure, and this is perhaps to be
explained partly by the decreased change in degree of dissociation, and
partly by the increased effect of the walls when a smaller amount of gas
is flowing through the apparatus.

9
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Fig. 4—Plot of typical runs.

The blank runs made with ethyl chloride with the flow tube surrounded
by air at nearly the same temperature as the ethyl chloride show a small
initial drop in temperature in passing through the diaphragm, followed
by small oscillations which have been neglected in drawing the curve in
Fig. 4, and may be due to spurious causes. The small initial drop is per-
haps to be correlated with the Joule-Thomson effect which amounts!? to
—4.51° per atmosphere drop in pressure at 20°. The initial drop is smaller
the lower the initial pressure, and this is perhaps to be explained partly

14 “International Critical Tables,” Vol. V, p. 146.
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by the decreased Joule-Thomson effect and partly by the increased effect
of the walls when a smaller amount of gas is flowing through the apparatus.

The blank runs made with ethyl chloride with the flow tube surrounded
by air af an elevated temperature show the effect of the walls in leading to
higher temperature readings, with a gradual rise in passing down the
tube and only the highest pressure run showing the initial drop which we
have correlated above with the Joule-Thomson effect. The small oscilla-
tions in the readings may be due to spurious causes and have again been
neglected in drawing the curve in Fig. 4.

The combined effect obtained by comparing the results obtained in
the two kinds of blank runs with those obtained in the regular runs rein-
forces the impression that the temperature drops experienced by the
nitrogen tetroxide in passing through the diaphragm and flowing down
the tube are mainly to be correlated with the dissociation of the tetroxide
which results from the decrease in its concentration.

8. Quantitative Discussion of the Results.—Although the results ob-
tained are certainly not very accurate, and their interpretation is not unam-
biguous, nevertheless it seems desirable to use them for a preliminary
calculation of the rate of dissociation of nitrogen tetroxide, since a knowl!-
edge of this very fast rate would be of importance for the theory of chemi-
cal kinetics, and the elaborate acoustic method has so far furnished no
figure at all. The result which we calculate must, however, be regarded as
subject to very great uncertainty, perhaps even as to order of magnitude.

(a) Data for the Calculation.—As data for the calculation we shall
take the average of the results obtained in runs 1 and 2, which appeared
to be typical and reasonably clean cut runs, made under nearly the same
conditions and both of them taking the same total time for the material
to pass over. The averaged data for the two runs are summarized in
Table IV.

TaBLE IV
AVERAGED DATA FOR RuUNs 1-2
Weight of N;O, in apparatus, g. 107
Inside diameter of flow tube, cm. 3.64
Total time of flow, sec. 690
Pressure of gas at diaphragm, mm. 485
Pressure of gas leaving diaphragm, mm. 5
Temperature of gas arriving at diaphragm, °C. 26.8
Temperature at 0.45 cm. from diaphragm, °C. -1.7
Temperature at 0.95 cm. from diaphragm, °C. -3.9
Temperature at 3.55 cm. from diaphragm, °C. —4.7
Temperature at 9.0 cm. from diaphragm, °C. —4.7
Temperature at 59.3 cm. from diaphragm, °C. +1.6

(b) Corrected Temperatures.—Before using the data given in Table
IV, we must first consider two probable sources of error in the tempera-
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ture measurements. The first of these lies in the fact that the gas is
colder than the walls of the flow tube and hence presumably receives heat
from them on its passage down the tube. The second lies in the fact that
the thermocouple wires presumably conduct heat from the point where
they pass through the walls down to the thermal junctions, which hence
register a higher temperature than that of the gas itself,

To obtain an approximate correction for the first error we note that
the measured temperature, after falling sharply in the first few centi-
meters of the flow tube, then rises a moderate amount from —4.7 to 1.6°
in the relatively long distance of 50.3 cm. between the last two thermo-
couples, If we correlate this rise of 0.125° per cm. with the actual heat-
ing up of the gas, we can then obtain an approximate correction to the
preceding thermocouple readings with the help of this ratio. Doing so
we then obtain the corrected temperature readings given in Table V,
with a roughly estimated lower limit at —6.0°.

TABLE 'V
CorrecTED TEMPERATURES FOR RUNS 1-2
Temperature of gas arriving at diaphragm, °C. 26.8
Temperature at 0,45 cm. from diaphragm, °C. -1.8
Temperature at 0.95 cm. from diaphragm, °C. —4.0
Temperature at 3.55 cm. from diaphragm, °C. -5.1
Temperature at 9.0 cm. from diaphragm, °C. -5.8
Estimated lower limit, °C. —-6.0

To obtain a direct correction for the fact that all the thermocouples
in the flow tube are probably reading too high, owing to the conduction
of heat down through the wires from the walls, is not made possible by any
data that we have obtained. If the method were further developed,
this error could presumably be decreased by going to very fine thermo-
couple wire, and a direct experimental determination of the proper correc-
tion be made. :

In the absence of a direct method of correcting for this error, we may
proceed instead by calculating the drop in temperature that might theoreti-
cally be expected on expanding the tetroxide and comparing the result
with the measured drop from 26.8 to —6.0°. To make such a calcula-
tion, which at best can only be rough, we shall assume that the heat of
reaction Q, absorbed when one mole of tetroxide dissociates is a constant
independent of pressure and temperature, and that the heat capacity
C, of one mole of tetroxide is also a constant independent of pressure,
temperature and the degree of dissociation of the tetroxide. For the drop
in temperature we can then write the following expression, derivable from
the first law of thermodynamics

(T = To) = (a0 — a)Q—: )
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where T and « are the original temperature and degree of dissociation of
the tetroxide before passage through the diaphragm and T, and «p are
the final values of these quantities. Furthermore, for the values of «
and a, we may use Schreber’s®® expression for Natanson’s empirical de-
termination of the equilibrium constant, which gives us the two further
equations

4a?p 28662

log ———L; = 7 1 log T + 9.13242 )
and
2 2
log 2o’ Po _ _ 28062 0 T + 013242 (3)
1 — [+ 1)} To

where p and p, are the initial and final pressures in millimeters and the
logarithms are to the base 10.

We thus have three equations for determining the three unknowns
Ty, « and a. For the known quantities we take the initial and final
pressures and the initial temperatures from Table IV, and we take the
ratio Q, over C, to be 1000, corresponding to the heat of reaction 13,600
cal. per mole'® and an assumed constant heat capacity for a mole of par-
tially dissociated tetroxide of 13.6 cal. per degree,'” the calculated value
of the final temperature T, being very insensitive to the value used for
this ratio. Solving the equations by a method of approximation, we
then obtain for the initial and final degrees of dissociation o = 0.2344 and
ay = 0.2812, and for the final temperature —19.5°.

Since the result obtained is very dependent on the accuracy of Schreber’s
equation, and no allowance has been made for the true Joule~Thomson
effect, the value —19.5° cannot be regarded as very certain. It is never-
theless gratifying to find that the calculated drop from 26.8 to —19.5°
is not so very much greater than the measured drop from 26.8 to —6.0°,
and the result confirms our interpretation of the drop as mainly due to
the increased dissociation which occurs.

Since the actual final temperature is certainly less than the measured
value of —6.0°, we shall make our further calculations of the rate of dis-
sociation not only on the assumption that the final temperature is —6°,
but also assuming —13 and —20° for this quantity.

(¢) Theory of Reaction Rate Calculation.—We must now consider
the theory on which we shall base our calculation of the reaction rate
from the rate at which the temperature is falling as the material is pass-
ing down the flow tube. At a given point in the flow tube let v be the

16 Schreber, Z. physik. Chem., 24, 651 (1897).
18 Lewis and Randall, ‘“Thermodynamics,” The McGraw-Hill Book Co., Inc.,
New York, 1923, p. 561.

17 Compare with the measurements of McCollum, THIS JOURNAL, 49, 28 (1927).
and the estimates of Kistiakowsky and Richards, Ref. 10.
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volume containing one mole of the partially dissociated tetroxide, and «
be the actual degree of dissociation which it has attained, so that

G=(00-a) (4)
is the actual concentration of nitrogen tetroxide and
Cz = 2(1,/ v (5)

is the actual concentration of nitrogen dioxide at that point. Substituting
into the familiar expression for rate of reaction

C
=& = b6 = bC )
we then obtain
d 4a?
-d_? = k;(l - d) —- kz —‘: (7)

for the rate at which the degree of dissociation is increasing in terms of
the specific reaction rates k; and k;, for the forward and reverse reactions.
On the other hand, if we let K_ be the equilibrium constant for the reac-
tion and v, and «, be the volume and degree of dissociation which would
obtain under equilibrium conditions with the pressure and temperature
at the point in question, we may write from the well-known relation con-
necting the specific rates for the forward and reverse reactions
ks da?

Kc = k_z = (1 - de)ve (8)
and in addition
ve _ 14+ a
v 1+a ®

as a relation connecting the actual volume v and the equilibrium volume
v, at the given pressure and temperature. Combining (7), (8) and (9)
and solving for %, we then easily obtain

b (1 + a) da/dt
YT = al/ ot

(10)

or substituting

dl/dt = u (11)
where # is the velocity of flow down the tube, we can write as our equa-
tion for determining the specific rate of decomposition
#(l + o) de/d!
S a2)
where de/d! is the change in degree of dissociation with distance down
the tube.

To use this equation we must determine o and «, from the thermocouple
temperatures as functions of the distance from the diaphragm. And
we must have a value for the velocity of flow «.

To determine the value of the actual degree of dissociation, we may
use our previous equation (1), which gives

(a — a;) = (T; —_ T) ‘g—z (13)

b=
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where «; and T are the known degree of dissociation and temperature
of the gas before passage through the diaphragm, and T is the tempera-
ture of the gas at the point of interest.

To obtain a value for the theoretical equilibrium degree of dissociation
a., it would not be safe to use any empirical formula for the equilibrium
constant such as Schreber’s, owing to the uncertainty in the formulas
when extrapolated to the low temperatures involved, and even more ow-
ing to the uncertainty in the absolute magnitude of the lower tempera-
ture T which we have discussed in section 8b above. We may, however,
proceed satisfactorily as follows.

Using an equation similar to (13)

(a — a) = (Ty — To) gﬂ (14)

we may obtain a value for the final degree of dissociation ap ultimately
attained by the gas at its final temperature T;. The desired degree of
dissociation «, will then differ only moderately from ag. To calculate g,
from ap, we may then write in accordance with well-known relations

dad p

Ky = T (15)
and
_ 4ot p
K, = T— (16)

where p is the pressure, and K¢ and K, are the values of the equilibrium
constant K, at the temperature T of interest and the final lowest tempera-

ture T, and by combination easily obtain

2 Krp

- poc’ + log %, (17)
Moreover, the difference between the temperature of interest 7" and the
final temperature Ty will be so small that we can now safely apply the
integrated van’t Hoff equation in its simplest form to determine the last

term in (17) and write

lo o = lo il
El— a2 8TC

2 —_—
log 7= e 1081 foaoz + g%(é; RT:?FDZ
as the desired equation for calculating «, in terms of ay.
Finally, to calculate the velocity of flow « at the point of interest, we
may evidently write

(18)

RT 1
p mrit
where m is the mass of gas passing down the tube in time £, 3/ the molecu-
lar weight of the tetroxide, 7 the inside radius of the flow tube and the
other quantities have their previous significance.

The expressions (12), (13), (14), (17) and (19) now provide all the
theoretical apparatus that is necessary for a calculation of the specific
rate of decomposition k; of the tetroxide.

w="T0+a (19)



1018 PHILIP D. BRASS AND RICHARD C. TOLMAN Vol. 54

(d) Calculated Values of the Reaction Rate,—Collecting the equa-
tions which are necessary for a calculation of the specific reaction rate,
we can write with some simple modifications

w1 + o) da/d!

kx = 1 — az/agz (12)
p D
@ = o+ (Ty — To) %’ (14)
P
al e’ Qu(T = T)
log 7——5 =l y— 5 + 3503 ®TT, (18)
m RT 1

To obtain a satisfactory calculation of &, from these equations, it is
evident that we must first determine the slope d7/d} at a point on the
curve of descending temperatures sufficiently above the final temperature
T, so that o and o, will not be too nearly equal, and at a point where
the data are such as to give a reliable value for the slope. With these
considerations in mind we have plotted the temperatures given in Table
V as a function of the distance from the diaphragm, and chosen as a basis
for the calculations a point on the curve at —2.9° half-way between the
temperatures of the first two thermocouples in the flow tube, taking the
slope at this point as —4.4° per cm., which is the average drop per cm.
between the two thermocouples. It may be noted that the glass sockets
for these two thermocouples were sealed to the flow-tube at the same
distance from the diaphragm, and the thermocouples then bent to the
desired positions. )

With the value thus obtained for the slope we have then calculated
ki from the data in Tables IV and V, together with o = 0.2344, which is
the value given by Schreber’s equation at 26.8° and 485 mm., and using
Q, = 13,600 and Q,/C, = 1000 as in section 8b. The result obtained
is given in the first line in Table VI.

Since the correct value for C, is not known, we have then repeated the
calculation, assuming Q,/C, = 800, which corresponds to a value of C,
= 17 cal. per degree instead of 13.6. The result is given in the second
line of the table.

Since the final temperature —6.0° depends on an uncertain extrapola-
tion and from our plot of temperature against position seems possibly
too high, the calculations have again been repeated, using —5.5° as the
final temperature. The result is given in the third line of the table.

Finally, since all the temperatures in the flow tube are presumably lower
than what is given by the thermocouple readings, as already discussed
in section 8b, the calculations have further been repeated, lowering all
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the flow tube temperatures first 7° below the values in Table V and then
14° below these values. This last would make T, equal to —20°, which
is close to the theoretical final temperature calculated in section 8b from
Schreber’s equation. The results are given in the last two lines of Table
VI

TABLE VI
CALCULATED VALUES FOR SPECIFIC RATE oF DECOMPOSITION &,
Assumptions for calculation k1, sec, ™1
Temperatures as in Table V 0»/C» = 1000 15.1
Temperatures as in Table V 0,/C, = 800 18.9
Final temperature —5.5 0»/Cp = 1000 17.6
Temperatures in flow tube lowered 7° Qp/Cp = 1000 14.4
Temperatures in flow tube lowered 14° Q,/Cp = 1000 13.6

It is evident from the table that the calculated result is not greatly
affected by moderate changes in the assumptions, and we may take %
= 15 sec.”! as a reasonable figure for the order of magnitude of the calcu-
lated specific rate of decomposition.

9. Conclusion.—We have thus obtained a quite definite figure, %
= 15 sec.™}, for the specific rate of decomposition of nitrogen tetroxide
at the low pressure and temperature in our flow tube. At higher pres-
sures and temperatures, the specific rate would presumably be much
greater. Assuming the reaction rate actually second order, as is perhaps
probable, and taking the heat of activation the same as the heat of reac-
tion at constant volume, 13,000 cal., we calculate at 1 atm. and 25°, k, =
2.2 X 104 assuming the final temperature to have been —6° as given in
Table V, &y = 4.2 X 104 assuming a final temperature of —13°, and
by = 8.2 X 104 assuming a final temperature of —20°. The last of these
figures is perhaps the most justifiable estimate, and is not far from the
lower limits set by Griineisen and Goens and Kistiakowsky and Richards
using the acoustic method.

Nevertheless, in spite of the reasonably definite result which we have
thus obtained for the rate of decomposition of nitrogen tetroxide, it must
be strongly emphasized that our considerations have completely neglected
disturbing effects which might arise from a persistence of jets in the flow
back of the diaphragm. Study of this question would be very important
for the further development of the method, and in the absence of this study
it would be unwise to make any undue claims for the reliability of the
figures which we have presented. If jets do persist in the flow behind the
diaphragm, it is possible that the actual rate might be considerably higher
than we have calculated, both because the velocity in the jets would be
higher than we have assumed, and because the gradual expansion of the
jets as they pass down the tube would delay the attainment of final equilib-
rium.
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In addition to a study and possible improvement in the conditions of
flow back of the diaphragm, the further development of the method would
also demand more reliable temperature measurements in the flowing gas.
This could perhaps be achieved by using much finer thermocouple wire,
sealed across the tube to provide the stiffness necessary to withstand the
flow of gas.

In conclusion it may be remarked that the experiments which we have
described are in any case of considerable interest, since they at least ex-
hibit qualitatively a definite positive effect which can only be explained
by a high rate of dissociation of nitrogen tetroxide, in contrast to the
acoustic experiments which so far have led only to negative effects from
which a high rate can be inferred.

PASADENA, CALIFORNIA

NOTES

A Simply Constructed Absolute Manometer.—This note describes a
manometer developed in this Laboratory which we believe is unique if not
superior to the usual types. It possesses the following features: (1) it
may be constructed in almost any chemical laboratory; (2) it is easily
emptied and cleaned; (3) the readings are absolute; (4) at least fair
accuracy may be obtained without ‘‘boiling out” with mercury.

The construction is obvious from the drawing. If a cathetometer is not
used, a scale is to be fixed between or in back of the second and third tubes
which comprise the manometer proper. With the system open there will
be about 29 inches between the upper and lower levels, so enough extra
length is necessary to care for oscillations of the column after opening the
system. The short arm at the left should be slanted considerably for
reasons discussed later. Fairly large tubing is preferable to the usual
barometer tubing since the error due to differences in capillarity when the
walls become slightly dirty is practically eliminated. Six millimeter tubing
is not too large. The tubes accessory to the manometer may be smaller to
conserve mercury.

Mounting.—A board serves well to hold the tubes, which may be
secured by fine wires. The greater the distance between the manometer
tubes the greater the error if they are not perpendicular. This is not true,
of course, if a cathetometer is used.

Filling.—The instrument is ready for use when the levels are conven-
iently adjusted and the space T is void of air. Use the best mercury
obtainable, place the mounted instrument horizontally with the left side
downward, immerse tube A in the mercury and apply a gentle, easily con-
trolled vacuum to the other end. By proper manipulation of the instru-



