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oil in the presence of nickel. The results are considerably complicated by
the fact that the partial pressure of carbon monoxide in the reaction vessel
is constantly increasing. It is clear, however, that the poison is relatively
more efficient in the smaller quantities. Its efficiency does not approach
that found in the work just reported, the difference being perhaps partly
traceable to the much higher temperature (180°) of the catalyst in Max-
ted’s experiments. Later work? has been directed at the correlation of
decreases in adsorption and catalytic activity of platinum and palladium
catalysts due to addition of such permanent poisons as sulfur (as hydro-
gen sulfide), arsenic, lead and the like. It has been found that for small
additions of poisons a linear relation exists between amount of poison and
both adsorption (or occlusion) and activity. However, the poison is much
more effective against catalytic activity than against adsorption, a result
which is in harmony with the work of the authors.

Summary

In a quantitative study of the influence of carbon monoxide on the ac-
tivity of a copper catalyst toward an ethylene-hydrogen mixture at 0°,
it was found that the catalyst (which was a very active one) was excessively
sensitive to this poison, less than 0.05 cc. of carbon monoxide being suffi-
cient to reduce the catalytic activity by nearly 909,. This value is com-
pared with the results of adsorption measurements and it is concluded that
adsorptions at pressures even as low as one mm. are in all probability not a
trustworthy index of catalytic activity for hydrogenation catalysts of this
type.
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Introduction

The decomposition of nitrogen pentoxide is a reaction peculiarly well
adapted for study in connection with theories as to reaction velocities and
their temperature coefficients. It is perhaps the only known unimolecular
gas reaction which is not appreciably catalyzed by the walls of the con-
taining vessel, and it proceeds at moderate temperature at a rate convenient
for measurement, the chief disadvantage being the corrosive action of the
substance on mercury, rubber and other materials ordinarily used in hand-
ling gases.

¢ Maxted, J. Chem. Soc., 119, 1280 (1921).
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Daniels and Johnston! have already demonstrated the true unimolec-
ular character of the reaction over the temperature range from 0° to 65°;
and they further? found that the decomposition was accelerated by blue
light, but only in the presence of nitrogen dioxide. In later work by
Daniels, Wulf and Karrer® on the oxidation of nitrogen tetra-oxide, a phe-
nomenon was observed which raised some question as to the behavior of
the pentoxide when entirely free from its decomposition products. After
a quantity of nitrogen dioxide had been oxidized by a quantity of ozone
just sufficient to give a colorless mixture, it was expected that the brown
color of the nitrogen dioxide would reappear in a very short time owing
to the decomposition of the nitrogen pentoxide thus formed; but for a still
unknown cause the mixture remained colorless for a great length of time,
even after being raised to temperatures where the ordinary decomposition
is extremely rapid. Attempts to explain this curious fact brought forth
the suggestion that the decomposition was retarded by the complete ab-
sence of nitrogen dioxide, which might be a catalyst whose presence was
necessary. No evidence to support this hypothesis was, however, af-
forded by the previous measurements of the reaction velocity; for in every
case the rate appeared to be independent of the concentration of the diox-
ide. Nevertheless, the photochemical acceleration, already mentioned, and
also some results obtained by Lueck* in a study of the reaction in carbon
tetrachloride solution offered support to the argument for autocatalysis.

The present investigation was undertaken for the purpose of testing the
possibility that nitrogen dioxide may act as a catalyst in the initial stages of
the gaseous reaction N2O5 —> N3O, + 1/20p 722 2NO; + 1/,0,.

The authors wish to acknowledge the kindness of Mr. O. R. Wulf in
furnishing details of his experience with the gases under investigation, and
also to express their indebtedness to the Carnegie Institution of Wash-
ington for financial assistance.

Apparatus and Methods of Procedure

Although the glass manometer used in the previous investigations by
Daniels and Johnston® is capable of measuring moderate pressures with con-
siderable accuyracy, it was necessary for the purpose of this experiment to
devise a more sensitive method which would give a measure of the nitro-
gen dioxide independently of the total pressure. The colorimetric prin-
ciple offered a very simple means of estimating concentrations of this
reddish-brown gas, and accordingly there was constructed an apparatus
which was essentially a gas colorimeter.

t Daniels and Johnston, ‘I'HIs JOURNAL, 43, 53 (1921).
? Daniels and Johnston, 4bid., 43, 72 (1921).

3 Daniels, Wulf and Karrer, 1bid., 44, 2402 (1922)
¢ Lueck, ibid., 44, 757 (1922).
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Fig. 1 shows the plan and three vertical cross sections of the colorimeter.
The reaction chamber consisted of the tubes a¢ and b, 888 and 88.8 mm.
long, respectively, connected by the side arm ¢. Their ends were formed of
plane microscope slide glass about 1 mm. thick, fused on by a special proc-
ess. These tubes were jacketed as shown and kept at constant tempera-
ture by circulation of water from and to the thermostat d; which was pro-
vided with a screw pump e and the conventional apparatus for automatic
temperature regulation (not shown in the diagram).

The tubes 1, 2, 3, 4, 5, 6, 7 will be referred to as the “‘one-phase stand-
ards.” Fach had plane glass ends and a side arm connected to the mani-
fold f, thus forming a single gas chamber with seven branches, whose in-
side lengths ranged from 37 mm. to 259 mm. by successive multiples of 37.

Cross-sections A B
Fig. 1.

This system was evacuated, then charged with a measured quantity of
nitrogen dioxide and sealed off. It was securely fastened to a cradle-shaped
metal frame capable of being rotated about the axis g by means of the lever
)i and arrested in the desired position by means of a spring-latch. Thus
each of the tnbes could be brought into the horizontal plane of the reaction
tubes and parallel to them. The open-ended tubes 7, 7 and k were of the
same diameter (15 mm.) as the standard and the reaction tubes, and served
to equalize reflections along the paths of the three light beams, which en-
tered through the circular apertures I, m, n, after diffusing through the opal-
glass plate p, the source being a filament lamp. The shutter o excluded
the light during intervals between readings. After passing through the
tubes the light beams entered the mirror-box g through glass-windowed
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apertures 6 mm. square and were reflected at right angles by the sharp-
edged speculum metal mirrors 7, s, §, adjusted in such positions that the
images of the square apertures were contiguous when viewed through
the eye-piece # and the lens v focused upon them. Green or blue color
screens were sometimes introduced to aid the eye in obtaining a sensitive
match.

Cross section B, Fig. 1, illustrates the ‘‘two-phase standard,” consisting
of a short, plane-ended tube w connected by a narrow tube to the bulb x
containing liquid nitrogen tetra-oxide. This system was evacuated at a
low temperature before being sealed, so as to remove all foreign gases.
The pressure of dioxide in the compartment w could be varied between
wide limits, being calculable from the temperature of the liquid and that of
the vapor, with the aid of the experimental vapor-pressure curve and Schre-
ber’s equation for the equilibrium between dioxide and tetra-oxide. ‘This
‘“two-phase standard’ could be inserted in the middle, as illustrated in the
drawing, or at the left. In the former position it was used for compari-
son with tube a or tube b, and in the latter position for comparison with
the “‘one-phase standards” in order to check their titer, in which case it
was necessary to remove the tube b or to compensate its absorption of
light by interposing extra glass slides in the middle path.

Cross sections A and C need little further explanation. They show the
inlet y and the outlet 2 of the reaction chamber, and more clearly illustrate
the arrangement of the ‘‘one-phase standards,” the water circulating sys-
tem, and the light-tight cabinet with removable lid.

Initially, several variations were tried in the method of preparing the
nitrogen pentoxide free from dioxide, and of introducing it into the re-
action chamber. As all of these gave similar results, it was decided to
adopt the most convenient procedure, which will be described here with
the aid of Fig. 2. 'This final method as described was used in all work
later than Run No. 4. ‘ , ‘

Oxygen from a commercial cylinder was dried in contact with phos-
phorus pentoxide and passed into the train at the left of the figure. Itsflow
was regulated by a blow-off immersed in liquid petrolatum and was regis-
tered by a capillary flowmeter employing the same liquid. A Siemens
ozonizer yielded a mixture of about 4%, of ozone by volume when operated
steadily on 20,000 volts at room temperature and a flow of 150 cc. per
minute. This oxygen-ozone mixture passed thence through a device for
analyzing it by the pressure change attending the subsequent decompo-
sition of the ozone on heating, the pressure being measured with concd.
sulfuric acid in a capillary manometer, an arm of which was sealed to a
closed buffer tube containing dry air at a known pressure and equal in
volume to the analysis chamber, namely, that portion of the train between
the two constrictions ¢ and &. ‘The analytical procedure consisted simply
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in fusing at the constrictions and taking readings of temperature and of
pressure before and after heating for about four hours at 150° in the oil-
bath, which was heated electrically and stirred by bubbling air from a tube
not shown in the sketch. This analysis was not performed, of course, un-
til after the desired mixture of gases had been introduced into the colori-
meter.

The nitrogen pentoxide was produced by forcing dioxide and tetra-oxide
into the gas stream under their own vapor pressure from the liquid in the
jacketed bulb, as illustrated in the figure. By carefully controlling the
temperature of the water circulating through the jacket, the liquid oxides
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Fig. 2.

could be vaporized at a steady rate, which could be varied in different
runs so as to give relatively high or low concentrations of the pentoxide
that formed upon contact with the stream of ozone. Driers containing
phosphorus pentoxide were used as shown, and the resulting mixture of
nitrogen pentoxide, oxygen and ozone passed thence into a mixing device,
where stirring was accomplished by means of a glass propeller, with hollow
blades filled with iron filings, driven by rotating a horseshoe magnet.
After leaving this chamber the gases passed through a tube having
a constriction and a glass check-valve ¢, beyond which a capillary led to
the reaction chamber of the colorimeter. The valve and the capillary
served to retard diffusion into the colorimeter of the slight quantity of
gas decomposed in the process of fusing off the constricted tube. The
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volume of the entire train was approximately a liter, and usually the gas
flow was maintained steadily at about 150 cc. per minute for half an hour,
by which time the reaction chamber contained a fairly homogeneous mix-
ture entirely free from dioxide and of a distinctly bluish color probably
due to a complex which is known to be formed by the pentoxide with ex-
cess of ozone.? The partial pressure of the pentoxide was determined from
subsequent colorimetric analysis of the dioxide present after the complete
decomposition, as will be described in a later section. In all except the
first four runs the partial pressure of the ozone was also estimated from the
combined data. ‘The temperature of the water-bath having been adjusted
to the desired point and kept constant within about 0.02°, the system was
now ready for the main experiment and the reaction chamber was quickly
sealed off by fusion of the inlet and outlet tubes. The exact time of this
operation was recorded, but in the calculations five minutes was allowed
for the interval during which the gas had been traversing the mixing bulb.

In the later runs the procedure from the time of sealing off the reaction
chamber was to take brief observations of the color in the main tube a
(Fig. 1), by comparison with a colorless blank at frequent intervals. As
the excess ozone was being converted to oxygen by the simultaneous re-
actions N3Oy = N3O; 4 1/20; and N3Oy 4 Os = N20; 4 Oq, the blue color
gradually faded. The first appearance of yellow, therefore, marked the ex-
haustion of the ozone and the beginning of the unretarded decomposition
of the pentoxide. Since a pressure of nitrogen dioxide as low as 0.01 mm.
could be detected easily, an effort was made to get a precise observation of
the time at this point of ‘‘zero” concentration. Next the “‘one-phase
standard” tube No. 1 was brought into position and rapid observations
were taken at intervals of increasing frequency until the intensity of its
color was matched by that of the reaction mixture. After the intensity
had exceeded that of standard No. 1, the latter was replaced by No. 2
and similar observations were taken until this was matched, and so on
until all, or as many as desired, of the standards had been matched and
the times noted. Due to the limited sensitivity of the eye, there was
usually a period of from one to ten or more minutes—depending mainly
on the rate at which the dioxide was being formed-—during which no differ-
ence could be distinguished between the intensities of the two fields. The
middle point of such a period was selected as.the “time” of equal intensity,
and was probably correct to within a fifth of the length of the period,
corresponding usually to about 59, of the interval between the match of
one standard and that of the next higher. In many of the runs a later
point on the time-pressure curve was obtained by matching against the
“two-phase’” tube. Finally the temperature of the reaction mixture was
raised to about 40°, where the decomposition is 999, completed in five

8 See Warburg and Leithauser, 4nn. Physik, 23, 209 (190 7).
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hours, and upon cooling again the dioxide was analyzed by matching one
or the other of the reaction tubes 4 or b against the two-phase standard.
This and the other analyses will be the special subject of a later section.

Preparation of Materials

The source of the nitrogen pentoxide had no noticeable effect on the re-
sults. In the earlier runs fuming nitric acid was dehydrated by forming a
paste with phosphorus pentoxide, from which the gases were distilled in
a current of ozone and dried over powdered phosphorus pentoxide in a
long tube. Pure white crystals of nitrogen pentoxide were condensed in
a U-tube at about —50° and these were later vaporized and swept with an
excess of ozone into the mixing bulb, whence the mixture was later trans-

“ferred to the previously evacuated reaction chamber by means of a glass
connection as shown in Fig. 3. This was opened by a smart tap from be-
neath, which knocked the glass bead against the thin, file-scratched tip,
and was closed by fusing the constriction. The same device was used in
place of a stopcock in other operations as well.

In all the later runs, as described above, the source of
the nitrogen dioxide and tetra-oxide was the liquid, a sup-
ply of which was prepared by the destructive distillation

" of lead nitrate crystals (Kahlbaum), water vapor being
carefully removed by passing through three tubes of phos-
phorus pentoxide before condensing in the jacketed con-

tainer shown in Fig. 2, When not in use the container was sealed by
fusing the constricted opening at the top, and to open it the tip was
melted in a torch flame while the pressure inside was slightly above atmos-
pheric. Connection was made to the train by inserting into the beveled
tube which had been ground to fit snugly over the neck of the container.

The ozone was formed from commercial oxygen (Linde), containing no
impurities recognized as affecting the decomposition of nitrogen pentoxide,
with the possible exception of water vapor, for which drying tubes were
provided.  That the ozone was reasonably stable was proved by tests of
the slow rate at which it decomposed spontaneously at room temperature,

The conicentrations in various runs ranged from 2.5 to 5.29, by volume.

Fig. 3,

Analyses and Computations

The methods of analysis of the nitrogen dioxide were based on Beer’s
law, which states that equal amounts of light are absorbed by passage
through equal quantities of a substance, independently of the concen-
tration. Although deviations from this law are known to occur in gases,®
they are not of such a nature as to introduce serious errors in this work.

Analysis of Nitrogen Dioxide in Reaction Tube during Run.—The
gradually increasing partial pressure of nitrogen dioxide in the reaction tube

8 R, W. Wood. “Physical Optics,” Macmillan Co., second ed., 1921, p. 444,
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was analyzed by matching against the various “‘one-phase standards.”
The pressure of dioxide first introduced into this standard system was 11.88
mm. of mercury at 22.0°, so that the shortest tube, No. 1, absorbed the
same amount of light as would be absorbed by 0.495 mm. of nitrogen di-
oxide pressure in the long reaction tube at the same temperature, the ratio
of the lengths being 37:888. Similarly the pressure equivalent of No. 2
was 0.990 mm., and so on. After Run No. 7, the standard was evacuated
and refilled with a smaller quantity (6.45 mm. at 21.2°) of gas, so that the
lowest pressure measurable was reduced to 0.269 mm. at the same tem-
perature. The temperature of the ‘“‘one-phase standard” was always
that of the room, while that of the reaction tube usually differed from it;
hence, corrections were calculated and applied for the effects of variation
in temperature both on the pressure-volume product and on the equilibrium
between dioxide and tetra-oxide.

Calibration of the One-phase Standard.—The two-phase tube con-
stituted the ultimate standard, and the calibration of the one-phase stand-
ard is here illustrated by reproducing an actual example.

Observations.

Date: May 8; 1924,
Tube No. 7 (length, 259 mm.) matched two-phase tube (length, 28.5 mm.)

Temperature of liquid in two-phase tube: —16°
Temperature of vapor in two-phase tube: +20.7°
Temperature of one-phase system: 21.2°

Derived Data.
Total pressure in two-phase tube: pxo, -+ pw,0, = 108 mm.?
Partial pressure of N3Os: p,0, = 0.01448 p’xo,8
Computations.
From the above equations.
Partial pressure of NO; in two-phase tube:

=1+ /1 + (4 X 0.01448 X 108) _

Proy, = 3 % 0.01448 = 58.5 mm.
Pressure NO, in one-phagse system:
, _ 585 X285 X (273 +21.2) 6.45
P'NO = TToEg T @73 + 20.7) oo mm.

Determination of Final Pressure in Reaction Tube.—The analysis
of the final pressure of nitrogen dioxide after the completion of a run was
usually obtained in a similar manner by matching the color in the reaction
tube against the two-phase standard. For the higher pressures, the shorter
tube b was matched against this standard. It was sometimes found con-
venient to make use of the one-phase standard also in these analyses.

7108 mm. is the vapor pressure at —16°, obtained by interpolation from the data
given in ‘“T'ables Annuelles Internationales,” 2, 113 (1911).
8 0.01448 is the value of K, (equal to py,0,/p’~0,) obtained from Schrebet’s equa-

tion: log Kp = -2—%?—6 — log T — 9.1324 [Z. physik. Chem., 24, 651 (1897)].
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Accuracy of the Analyses.—It is somewhat difficult to make an exact
estimate of the accuracy of the various analyses.

In the case of the comparison between the reaction tube and the various
one-phase standard tubes during the run, it was found that the apparent
match persisted throughout a period in which the partial pressure of ni-
trogen dioxide must have changed by about 89,. Since the time of the
match was taken as the middle of this period, it is believed that the
“observational” error in these concentrations was less than 29,

In the use of the two-phase standard, the comparison was made by
adjusting the temperature of the liquid or of the vapor in the two-phase
tube until a match was secured. It was generally found that a change of
about 1° in either temperature was sufficient to destroy the match. Cal-
culation showed that an error of 1° in either of these temperatures would
correspond to an error of about 3%, in the result. Since the temperatures
were probably known within considerably less than 1°, it is thought that
the ‘“‘observational” error in the concentrations thus measured was cer-
tainly less than 59,

In addition to the above “‘observational’’ errors, ‘‘systematic’’ errors were
also undoubtedly present, owing to deviations from Beer’s law, and to in-
correctness in the figures taken for the degree of association of the nitrogen
dioxide and for the vapor pressure of the dioxide in the two-phase standard.

Effect on Computations.—It is evident from the foregoing that the
relative values of the partial pressure of dioxide obtained in the early stages
of the run are fairly accurate, while the absolute values of these pressures
and the values of the final pressure are more uncertain. Fortunately, a
greater degree of accuracy in these latter figures was not necessary for the
main purpose of the experiment, which was to compare the rates in suc-
cessive stages of the early part of the reaction as represented by the fa-
miliar equation

12'3—_(_)3—;5 log ]}% =k (1)
where P; and P, are the pressures of the disappearing constituent nitrogen
pentoxide at times # and #, respectively, and % is constant for a given
temperature. If substitutions in this equation gave a constant value of
k for every stage of the reaction, its unimolecular character would be
substantiated. In this reaction we obviously may set

P, Y pe —1//2P1=Poe — N @)

7

P, ipe — bt P —
where pi, P2 and p, are the pressures of the appearing product nitrogen
dioxide, provided we take into account the equilibrium 2NO, T—= NyO,
and include the tetra-oxide as equivalent dioxide in the p terms. Thus,
if the pressure of dioxide were 0.552 mm., as indicated by matching against
the one-phase standard No. 2, the corresponding value of p in a 20° run
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would be (taking 0.01523 as the value?® of K, at 20°), p = pno, + 2Pn0: =
Pno. + 2(0.01523 pigp,) = 0.561 mm. It will be observed that, for values
of the final pressure relatively large in comparison with the pressures in
early stages, a moderate error in the determination of p. would affect the -
magnitude of & to a slight extent, but would not appreciably affect its
constancy throughout the early stages of the run. ‘The same is true for an
error in the calibration of the one-phase standard system, for this would
but slightly influence the relative values of py, ps. .. pr, or of the ks,
Typical Run.—Below are arranged the summarized data and computa-
tions for a typical run (No. 9). Time is in minutes from the initial forma-
tion of the nitrogen pentoxide, and pressure is in millimeters of mercury
under standard conditions. - The values of the rate-constant k are those
calculated for each successive time interval by Equations 1 and 2.

Run~ No. 9
SuMMARY
Date: June 10, 1924 Temperature of reaction: 20.0°
Standard matched
Time Temp. Pressure
Period Point No. °c PNO2!? 4 20N:041 =2 10% &
230 Blank 0 0
99
267-271 269 1 21.7 0.269 4 2(0.01523) (0.269)% = 0.271
110
303-309 306 2 21.3 0.537 -+ 2(0.01523) (0.537)2 = 0.545
93
349-357 353 3 21.5 0.807 4 2(0.01523) (0.807)2 = 0.827
112
389-399 394 4 21.5 1.075 + 2(0.01523) (1.075)2 = 1.111
. 120
428440 434 5 21.3 1.339 4 2(0.01523) (1.339)2 = 1.395
End of run ©  Two-phase { i;?g 6.019 + 2(0.01523) (6.019)2 = 7.122
Mean value of 105 % for the intervals from second to fifth inclusive. 109

Experimental Results

Runs Made at 20°.—Of the fourteen runs made at 20°, two were
unsuccessful on account of extremely low initial pressures of nitrogen pent-
oxide, requiring uninterrupted observations over a prohibitive length of
time. A third run was discarded because nitrogen dioxide was found to
be present at the start. Run No. 5 was the earliest in which an attempt
was made to note the time of the first appearance of nitrogen dioxide and
to estimate the concentration of ozone. Prior runs differed also in the

? This value is calculated with the help of Schreber’s equation.
10 These values are the partial pressures of NO, at 20° in the reaction tube, as de-

termined by the match.
11 These values are calculated with the help of Schreber’s equation.
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method of preparing and introducing the nitrogen pentoxide, as noted
above. The eleven runs completed at 20° are shown diagrammatically
in Plate 1 below. The short horizontal lines in the various columns show
the values of p, as plotted on the scale shown at the left, while the figures

No. 4 No.1kNo.13) No. 7|Ho.16|No. 5|No.11|Ne. 2| No. 9|No. 8| Ne. 6
N EEEEEERE RS
0.5 — | 204|108 gy 89| ___|226) | M0 ne)
100 | 11| 106 100 g [ 390 409 93303 405
107 lo7| s2|~—| 98| —| o1|—|uz|w0| _
98 | 100 | 108 | 111 g 97 | 120
L5 — 7| n3|— | us|— — 113
07| Joa | | 99 -] _
2o |2l o T __| 7
&7 13 o1
. 2.5
5% — — — %
=
g 3.0- %10 01| 99
\E/ — 02
S3.59 17 %
Q - —_— [——
2 4.0 — —
S —
4.5
9
5.0
5.5~
6.0
1
Mean & x 10| 99| 30%{ 302|102 | 202| % | 105 99| 109|105 | 1
Po- 10 | W | 37.7] 35| 19.7] 16.%] 9.40| 8.50]7.122)5.035]2.652

Values of the constant 2 X 10° (minutes ~1), 20°,
Plate 1.

between each pair of lines represent the values of £ X 10% calculated for
the corresponding interval. The runs are arranged in columns in the or-
der of diminishing values of p., which are shown at the bottom, together
with the mean values of £ X 10° calculated for the entire run after the
first color match.
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The low values of k for the first interval in Runs 5, 6 and 13 may be ac-
counted for by a reasonable assumption. In addition to the ordinary
experimental errors there could be a distinct type affecting the earliest
stage exclusively, namely, a lack of homogeneity in the gas mixture; for
it is quite conceivable that the ozone and the pentoxide were not uni-
formly distributed throughout the long, narrow tube, and consequently that
all of the pentoxide did not begin decomposing freely at the same instant.
In the other runs it would appear that the mixing had been more thorough.

200
Continurus a5° 35° ] uoe
{llumination
No.21 { No.20 ] No. 1{ No.17 | No.18| No.19 § No.12
o — ) — | — | —
5 e | 2 | o
oo 292 | | — |22 | =8| % | w0
00| o5 | g | 2o | a | s | e
o+ o4 | 8 | — | 226 P gy
ol | 26 | g | T | 230
. 2 puy | ) 25 | | ees | 8w
237 05 [ | | 23 | s
. T | Tl oee | | #E | ow | —
E 2.0- 114 128 191 1350
a . — ——— — A —_— o— —
Y 235
- 2.5~ _
§ 224 .
§ 3.0- 106 - 197 836
3.5 219
4.0~ —
4.5
Mean & X 10° 106 | 108 233 | 202 222 | 837 1420
Do 12.78 | 8.548 | 581 35.5 | 4.965]5.895 | 4.9%0 |
Values of the constant & X 10° (minutes—1).

Plate 2.

Runs with Continuous Illumination and at Higher Temperatures.—
Since in all of these experiments the analytical method required the ad-
mission of light at frequent intervals, the reaction was exposed intermit-
tently to photochemical acceleration, though only for a small fraction of
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the time, probably never exceeding one-tenth. In the majority of the runs
the intensity of illumination, after the light had passed through the opal
glass, was approximately 570 ergs per second per sq. cm. at the aperture,
whose area was 2 sq. cm., so that any appreciable photochemical action
would have been surprising. However, to make certain that the effect
was negligible, two runs, Nos. 20 and 21, were carried out at 20° with con-
tinuous illumination of the same intensity. The results, shown in Plate
2, indicate that the photochemical effect was scarcely appreciable. Plate
2 also contains the results of three runs at 25°, one at 35° and one at 40°.
An exact observation of ‘‘zero” pressure was not taken in Run No. 1,
and was missed accidentally in Nos. 12 and 20, as was also the first match
in No. 20; but approximations arrived at from neighboring observations
indicated no abnormal behavior.

Retardation by Ozone.—The phenomenon previously mentioned as
having been observed by Daniels, Wulf and Karrer,® namely, the delayed
reappearance of nitrogen dioxide after the elapse of time calculated for
the disintegration of the ozone, was not encountered in the fifteen ex-
periments of the present work in which the ozone concentration was ana-
lyzed, with the possible exception of one doubtful case (Run No. 13).
In every other instance the calculated time exceeded the observed time
several fold, as shown by the results in Table I. The value Cq, in the
third column is the molal fraction of ozone before mixing with nitrogen
tetra-oxide, as obtained from the analysis of the oxygen-ozone mixture
by the method previously described. The fourth column gives the pres-
sure of nitrogen pentoxide in the reaction chamber, namely, one-half the
value of p., determined after the run. In the fifth column po, is the ex-

TaBLE I
RETARDATION BY OZONE
Temp,

Run no. °C. Cos DN205 20z ¢ (Caled.) 1 (Obs.)
5 20 0.039 8.2 20.2 2370 105
6 20 .028 1.33 19.3 14100 399
7 20 .038 17.5 9.6 532 14
8 20 .025 2.52 15.9 6130 300
9 20 .038 3.56 24.2 6610 235

11 20 .037 4.70 22.5 4650 186
13 20 .025 18.8 0 0 33
14 20 .052 21.0 16.4 759 60
15 20 .050 1.04 36.6 34200 510
16 20 .048 9.85 24.8 2440 125
17 25 .050 17.8 18.6 502 50
18 25 .047 2.48 32.4 6000 215
19 35 .030 2.95 19.2 794 75
20 20 .040 4.27 23.6 5360 200
21 20 .040 5.89 23.9 3940 183

% The actual calculation gives a negative value (see text).
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cess pressure of ozone immediately after mixing, and is derived from the
corresponding values of Cop, and px,0, by means of the relationship po, =
Cos(P — Prxu0s) — Prmuon Where P is the total, that is, approximately baro-
metric, pressure at the moment of mixing. This is equivalent to stating
that the resultant pressure of ozone is its pressure on dilution, diminished
by one equivalent of ozone for each equivalent of pentoxide formed, and
hence assumes that the reaction is that found by Wulf, Daniels and Kar-
rer, NoOy + O3 = NyOs + Oz ‘The same assumption is also the basis on
which were computed the values in Col. 6, using the average observed rate
kr, as follows: f (caled.) = po,/(Brono,) minutes.

Discussion of Results

If the initial rate of the decomposition were other than unimolecular,
we should expect that the first order equations (1) and (2) would give values
of % differing in the initial stages from those in the later stages. In case
the reaction had proved to be autocatalytic at the start and of the first
order later on, as originally suspected, the velocity would have presumably
increased for a while as a function of the increasing concentration of the
catalytic product, until a “critical concentration” of the catalyst had been
established, after which it would no longer have been dependent on this
variable. In such a case the value of & calculated by the unimolecular
equations above would be low for the early stages of the decomposition,
especially for the first interval examined, and would eventually reach a
constant value coinciding with that found in the previous investigations
of Daniels and Johnston.! »

In every experiment of the present research, the value of k& proved to be
reasonably constant throughout, though in a few instances there were
moderate deviations for which a plausible explanation was advanced
above. Hence, the results supply no confirmation of the hypothesis that
this reaction is autocatalytic.

It is of some interest to note that in experiments with low initial pres-
sures of nitrogen pentoxide the rate of formiation of dioxide would be
somewhat retarded at first, if the mechanism of the decomposition were
that proposed by Bodenstein, namely

N;O5 —> N;05 4 O: (D
N;0; —> NO + NO, In
2NO + Oy —> 2 NO, (111)

Reaction II is assumed by Bodenstein to be very rapid, while Reaction
IIT has been studied separately and found to be of the third order, the
rate being proportional to the concentration of the oxygen and to the
square of the concentration of the nitric oxide. However, calculations
based on the reported rate of Reaction III have indicated that, under the
conditions of the present experiments, the large excess of oxygen would
raise the velocity of this oxidation to a par with the velocity of Reaction I
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in a comparatively short time. As a result, the rate of production of ni-
trogen dioxide by the comsecutsve mechanism of Bodenstein would not
differ beyond experimental error of observation from the rate of its produc-
tion by the direct mechanism assumed in this work.

There is substantial agreement between the values of & in the present
results and those found by Daniels and Johnston, as shown by the com-
parison in Table II. The agreement is more striking when attention is
directed to the contrast between the initial pressures in the two sets of ex-
periments; and the fact thus established that the rate is independent of
the initial pressure furnishes additienal confirmation of the unimolecular
character of the reaction.

TaBLE IT
Present results Results of Daniels and Johnston
Range o Range of
Temp. initial pN05 initial px.0;
°C. Mm. k (Obs.) Mm. k (Obs.) k (Caled.)
20 1.3 to 55 0.00103 275 0.00117 0.00099
25 2.5t029 .00219 269 to 290 .00203 .00203
35 2.9 .00837 56 to 308 .00808 .00790
40 2.5 .0148 .0151

For the rapid disappearance of the excess of ozone, which was contrary
to expectations in view of the observations of Daniels, Wulf and Karrer,
no explanation should be attempted before the phenomenon has been sub-
jected to a more rigorous investigation, as it probably depends on con-
ditions whose importance has been underestimated. In Run No. 13, the
one instance in which appeared an exception to the general character of the
present results, there was reason to suspect that the ozone concentration
was greater than the value found by analysis, for the latter would have
been insufficient for the complete oxidation of the nitrogen tetra-oxide;
moreover, it is noteworthy that the most probable sources of error in the
analytical procedure, such as leaks or insufficient heating, would yield
low results.

Summary

The thermal decomposition of gaseous nitrogen pentoxide, which after
the initial stage has been shown by previous investigators to be a uni-
molecular reaction, has been found by the present investigation to be uni-
molecular also in its initial stage.

Evidence of an autocatalytic induction period did not appear at the low-
est concentrations of nitrogen dioxide measurable.

A colorimetric method of analysis for nitrogen dioxide has been developed,
capable of measuring as low as 0.27 mm. with an accuracy of about 5%.

The rate of the reaction was determined at temperatures from 20°
to 40°, and found to be in good agreement with the results obtained by
Daniels and Johnston.
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The reaction mixture was formed by mixing freshly prepared nitrogen
pentoxide with oxygen and ozone, the latter serving to re-oxidize the de-
composition products until it was exhausted. In contradiction to the re-
sults of Daniels, Wulf and Karrer, the measured excess of ozone did not
retard the decomposition of the nitrogen pentoxide for an unduly long
period of time—a discordance which can be explained only by further in-
vestigation.
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CONDITIONS AFFECTING THE REPRODUCIBILITY AND
CONSTANCY OF WESTON STANDARD CELLS

BY WARREN C. VOSBURGH
RECEIVED NOVEMBER 17, 1024 PUBLISHED Mav 5, 1925

Hulett! and Smith? found that Weston normal cells with electrolytes
containing sulfuric acid were more nearly constant than cells made with
neutral cadmium sulfate solutions. Previous work at this Laboratory?
has shown that cells containing acid are reproducible within 0.02 mv., or
0.0029,. It has not been shown, however, what concentration of acid in
the electrolyte gives the best results and whether or not cells made with acid
electrolytes are suitable for use as primary standards of electromotive
force.

The effect of very small concentrations of acid on the electromotive force
is somewhat in question. Hulett* states that while acid in concentrations
greater than 0.1 M causes a decrease in the electromotive force proportional
to the concentration, ‘‘the linear function applies only for concentrations
greater than 0.1 molar acid, since for very small acid concentrations the
e.m.f. curve changes are very great and follow quite different curves....”
Obata® found that a linear relationship held down to an acid concentration
of 0.04 M, but he did not report any experiments on cells with lower
acidities. . If normal mercurous sulfate is the form in equilibrium® in
the Weston cell there seems to be no reason why the linear relationship
found by Obata® should not hold in solutions of very small acid concen-
tration. In order to select the acid concentration best adapted for prac-

1 Hulett (a) Phys. Rev., 27, 361 (1908); (b) Trans. Am. Electrochem. Soc., 14, 89
(1908).

% Smith, Electrician, 75, 464 (1915).

3 Vosburgh and Eppley, TrIs JOURNAL, 46, 106 (1924).

¢ Ref. 1a, p. 352. Ref. 1b, p. 80.

5 Obata, Proc. Phys. Math. Soc. Japan, 2, 232 (1920).

¢ Hulett [Ref. 1 a, p. 354; Ref. 1b, p. 83; Phys. Rev., 30, 652 (1910) ] has claimed that
normal mercurous sulfate is in metastable equilibrium in cadmium sulfate solutions con-

taining less than 0.08 mole of sulfuric acid per liter, but with this Smith [Trans. Roy.
Soc. London, 207A, 408 (1908)] does not agree,



