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When a hydrogen atom or a hydroxyl group is
joined directly to the central nitrogen atom of the
ammonfum jon, the constant reaches very low
values. This may be ascribed to hydrogen bond-
ing with the negative ion. Thus, the dissociation
constant of trimethylammonium picrate is only
1.5 X 10~%. In the case of ions having an —OH
group directly attached to the nitrogen atom, the
bonding effect is even greater, the dissociation con-
stants for trimethylhydroxyammonium picrate
and phenyldimethylhydroxyammonium picrate
being 1.7 X 1073 and 1.9 X 1075, respectively.
Clearly, here we have energy effects of consider-
able magnitude appearing as a result of other than
coulombic interaction.

Some preliminary measurements were carried
out with phenyldimethylammonium picrate. On
extrapolation of the Fuoss plot, which was found
to be linear, a Ay value of 9.54 was obtained. It
seems evident that this salt dissociates into. free
acid and base in nitrobenzene solution. The con-
ductance of solutions of this salt was greatly in-
creased by adding either picric acid or dimethyl-
aniline. The same salt undergoes acid-base dis-
sociation in tricresyl phosphate as Elliott and
Fuoss!? have shown. The results of a detailed
study of systems of this kind will be presented in
another paper of this series.

V. Summary

1. A method is described for the preparation of
nitrobenzene having a specific conductance of
2-4 X 1070,

(12) Elliott and Fuoss, THIS JoUrNAL, 61, 204 (1939).
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2. The results of conductance measurements
at concentrations below 2 X 10—3N are given for
the following salts: the picrates of tetramethyl-
.ammonium, tetraethylammonium, tetra-n-propyl-
ammonium, tetra-z-butylammonium, tetra-n-
amylammonium,  trimethylammonium,  tri-
methylhydroxyammonium,  methoxytrimethyl-
ammonium, ethyltrimethylammonium, bromo-
methyltrimethylammonium, hydroxyethyltri-
methylammonium, methoxymethyltrimethyl-
ammonium, phenyltrimethylammonium, phenyl-
dimethylhydroxyammonium and  phenyltri-
methylammonium picrate and for tetra-uz-butyl-
ammonium triphenylborofluoride.

3. The higher members of the homologous
series of tetraalkylammonium picrates give results
which closely approximate the Debye-Hiickel-
Onsager equation. For these salts, values of Ao
have been obtained by extrapolation of the Ay

\/Z' plots to the A-axis.

4. The results for other picrates, which show
ion-pair association, have been treated by the
method of Fuoss to obtain values of Ay and K.

5. The conductance of various ions in nitro-
benzene has been approximated by the method of
Fowler and Kraus.

6. The influence of various constitutional fac-
tors on ion conductance and on dissociation con-
stants is discussed.

7. It has been shown that phenyldimethyl-
ammonium picrate dissociates into free acid and
base, which dissociation is repressed by addition
of these constituents.

ProviDENCE, R. I. RECEIVED APRIL 5§, 1947
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A Study of the Kinetics of the Reaction between Nitrogen Pentoxide and Nitric
Oxide!? '

By J. HAROLD SMITH? AND FARRINGTON DANIELS

The reaction between nitrogen pentoxide and
nitric oxide has been observed previously only in
a qualitative manner,*5 and it has been described
as an extremely rapid, perhaps instantaneous, gas
phase reaction. Busse and Danielst in 1927 ob-
served that “nitric oxide reacts immediately with
nitrogen pentoxide” to produce brown nitrogen
dioxide. Sprenger® refers to the reaction as being
“immeasurably rapid.” No attempt to follow the
rate of this very rapid reaction in a quantitative
manner has heretofore been reported.

(1) From a dissertation submitted by J. Harold Smith to the
Graduate School faculty of the University of Wisconsin in June,
1941, in partial fulfiliment of the requirements for the Ph.D. degree.

(2) Presented to the Div, of Phys. and Inorg, Chem, at the St.
Louis, Mo., meeting of the A.C.S,, April, 1941,

(8) Present address: University of Massachusetts, Ambherst,
Mass.

(4) Busse and Daniels, TH1s JoURNAL, 48, 1257 (1927)..

(8) Sprenger, Z, physik. Chem., 49, 136 (1928).

The nitrogen pentoxide-nitric oxide reaction is
of interest as a gas-phase reaction which takes
place at a rapid rate even at room temperature.
Furthermore, this reaction is of special interest in
connection with the thermal decomposition of
nitrogen pentoxide. The nitrogen- pentoxide—
nitric oxide reaction is assumed to be a rapid
secondary step in a mechanism proposed to ac-
count for the first order nature of the nitrogen
pentoxide decomposition,*® but a question has
been raised’ regarding the possibility that this re-
action may be slow enough at very low pressures
to limit the rate of the nitrogen pentoxide decom-
position.

This paper describes a method and apparatus
devised for the measurement of the rate of the

(6) Bodenstein, ibid., 106, 51 (1923).
(7) Daniels *"Chemical Kinetics,”” Cornell University Press,
Ithaca, N. Y,, 1938, p. 71
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Fig. 1.—Diagram of apparatus.

rapid gas phase reaction between nitrogen pent-
oxide and nitric oxide. Data are given for
measurements made at 0, 15 and 25°, and with
pressures ranging from a few hundreths of a milli-
meter up to approximately 20 millimeters. The
kinetics of the reaction are discussed, and a pos-
sible mechanism is tentatively suggested.

Experimental

The reaction between nitrogen pentoxide and
nitric oxide is particularly well suited to a colori-
metric method for following its progress, since
both reactants are colorless and the nitrogen di-
oxide produced is sufficiently colored to be de-
tected at very low pressures. At room tempera-
ture, nitrogen dioxide has an appreciable color at
a pressure of only a few tenths of a millimeter in a
colorimetric tube two feet in length. The use of
the colorimetric method is fortunate since the re-
action is so rapid that very low pressures, of the
order of only a few millimeters, must be used in
order to obtain a conveniently measured rate.

Apparatus.—The apparatus used is shown diagrammati-
callyin Fig.1. Severalreaction tubes of optical paths rang-
ing from 18 to 178 cm. were used throughout the course of
the investigation. In general the cylindrical reaction tubes
were equipped with sealed-in optical Pyrex windows and
were immersed in a constant temperature water bath
during the measurements. The nitrogen pentoxide and
nitric oxide were admitted through large stopcocks from
gas at a relatively high pressure in the side tubes. The
use of stopcocks in the system was not eliminated, even
though undesirable. The thermal instability of the ni-
trogen pentoxide, coupled with necessary precautions to
exclude moisture, and the low pressures of reactants made
the use of alternative techniques and devices very difficult.
After several unsuccessful preliminary attempts to avoid
them, stopcocks were finally resorted to. The use of a
good stopcock grease was imperative, since with the low
pressures being used a tight system was very essential.
Due to the extremely rapid rate of the nitrogen pentoxide-
nitric oxide reaction, however, the time of contact of the
gases with the grease was short and the amount of reaction
with the grease was small.

The progress of the reaction was followed by determining
the amount of nitrogen dioxide present at any given time
with the aid of a sensitive photocell of the self generating
type. A sensitive micro-ammeter of range 0-15 micro-

amp. was used for measuring the current generated by the
photo-cell. A parallel beam of light from a single filament
incandescent source was used. This was filtered through
a 2.5-cm. layer of cupric chloride—calcium chloride solu-
tion which transmits ohly between 460 and 600 mu., and
thus removes light which is known to cause photo-chemical
decomposition of nitrogen pentoxide if nitrogen dioxide is
present.?

Method.—In general the experimental pro-
cedure was to admit a small amount of the
washed and carefully dried nitric oxide (obtained
from a nitrite-iodide-acid mixture) and then
evacuate the system. This was repeated several
times in order to thoroughly rinse the reaction
vessel, after which nitric oxide was admitted and
pumped down to the desired pressure. Measure-
ments of pressure were made with a McLeod type
gage of range up to 5 mm. A known amount of
nitrogen pentoxide was admitted from the vapor
in the side tube at a much higher pressure. The
high pressure of the nitrogen pentoxide in the side
tube forced the gas instantly into the reaction
vessel and helped to complete mixing, which was
accomplished rapidly at the low pressures used.
The pressure of the nitrogen pentoxide vapor in
the side tube was adjusted by controlling the tem-
perature of the nitrogen pentoxide crystals in the
U tube, which were produced conveniently in a
very pure and dry state by the oxidation of nitro-
gen dioxide with ozone. The nitrogen dioxide
was obtained either by heating lead nitrate crys-
tals or from commercial tanks of liquified gas.

The photo-cell was calibrated empirically
against measured amounts of nitrogen dioxide in
the various reaction tubes and at temperatures of
0, 15 and 25°. The nitrogen dioxide pressures
were measured with the McLeod gage, and were
corrected for the variation of the degree of asso-
ciation of nitrogen dioxide with temperature and
pressure.

Using calibration curves, the amount of the
nitrogen dioxide produced after any given time
was easily ascertained, and a continuous physical

(8) Daniels and Johnson, THIS JoURNAL, 43, 72 (1921),
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method was available for folowing the progress of
the rapid reaction. At pressures of only a few
hundredths of a millimeter, nitrogen dioxide was
easily detected and mieasured. The nitrogen di-
oxide produced from just 0.013 mm. of nitric oxide
reacting with an excess of nitrogen pentoxide in
the 178.4 cm. tube caused a micro-ammeter deflec-
tion of 5 units. The micro-ammeter reading ad-
justed in but a fraction of a second to a change in
the nitrogen dioxide concentration, and the
apparatus was thus ideally suited for following the
progress of the very rapid reaction.

Results

Using this apparatus and procedure, measure-
ments have been made on the rate of the nitric
oxide-nitrogen pentoxide reaction at 0, 15 and
25° ahd at pressures ranging from a few hun-
dredths of a millimeter up to 20 mm. Under these
conditions the reaction was found to proceed at a
conveniently-followed rate, with a half life at 0°
of the order of ten to fifteen minutes.

The Reaction,—In order to obtain experi-
mental confirmation of the assumption that the
reaction between nitrogen pentoxide and nitric
oxide in the gaseous phase is as represented by the
equation, N3Oz 4+ NO — 3NO,, limited, meas-
ured amounts of nitric oxide were mixed with an
excess of nitrogen pentoxide vapor and the reac-
tion was allowed to go to apparent completion.
The amount of nitrogen dioxide produced in each
case was determined and compared with that ex-
pected on the basis of the above equation. Table
I gives data at 25 and 0° which permit a compari-
son of the amount of nitrogen pentoxide expected
(from the limited amount of nitric oxide, on the
basis of the equahon) and that obtained (as in-
dicated by the ‘previously prepared calibration
curve for the photo-cell).

TABLE I
{N'O:} [NOs) [N O¢] [NOs)
calculated produced calculated produced
(assuming (using (assuming (using
NO + N:Oy => - calibration NO+ NiOy = calibration
3NOs) curves) 3NOs) curves)
moles/liter X 1073 moles/liter X 10~¢
At 25° At 0°
4.6X 107 486X 108 45X 107 5.5 X 1078
7.2 7.8 5.0 6.0
12.1 11.7 5.2 6.1
15.9 15.1 8.2 8.5
16.4 15.7 12.7 14.5
24.9 23.8 14.8 15.5
24.9 22.8 21.4 20.5

The good agreement of the data in the two col-
umns indicates that under these conditions the
reaction proceeds as written, virtually to comple-
tion. Some discrepancies observed in preliminary
measurements at 25° were attributed to experi-
mental error.

Moisture Effects.—The reaction appears to be
strongly catalyzed by moisture. The rate in a
new tube was found to be considerably greater
than in the same tube after continued evacuation
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and heating for drying and outgassing. Further-
more, erratic, non-reproducible rates were gener-
ally observed in the new tubes. The rates in tubes
coated with paraffin were found to be in good
agreement with the quite reproducible rates ob-
served in carefully dried or “aged” tubes. The
results suggest that the reaction is catalyzed by
moisture, especially in the presence of a new glass
surface. To confirm this, moisture was deliber-
ately added during a series of measurements in a
carefully dried tube. A definite increase in the
rate and generally erratic behavior were observed
upon the addition of water vapor.?

It is conceivable that the nitrogen dioxide pro-
duced by the reaction may influence the rate, par-
ticularly if any moisture is present. A generally
observed decrease in the rate as the reaction

‘neared completion suggests a possible retarding

effect due to nitrogen dioxide. On the other hand,
however, limited data which permit a direct
comparison indicate that the rate is not influenced
by the presence of nitrogen dioxide. It was pos-
sible in only two instances to directly compare the
rate observed at a high nitrogen dioxide concen-
tration to that found when a small amount of
nitrogen dioxide was present (at given concen-
trations of nitrogen pentoxide and nitric oxide).
Approximately equal rates were observed, indi-
cating the absence of any influence due to nitro-
gen dioxide. It is unfortunate that more data on
this point were not obtained. Experimentally,
such measurements are difficult with the method
employed, since the progress of the reaction was
followed by measuring the amount of nitrogen
dioxide present, and at high concentrations of ni-
trogen dioxide the colorimetric measurements of
concentration are inaccurate.

Surface Effects.—Surface effects are indicated
by the pronounced catalytic influence of moisture
in a new tube with a fresh surface. To test for sur-
face effects, rate measurements were made using a
three-liter spherical reaction vessel in place of the
much smaller cylindrical tubes. The surface—vol-
ume ratios for the cylinders were approximately
six times as great as for the sphere and the physical
dimensions were widely diffetent. Table II com-
pares the empirical “specific rate constants”* for

(9) It is evident that the reaction is catalyzed by moisture, and
also that the more completely traces of moisture are removed the
slower the rate. A question arises regarding whether or not the re-
action will proceed at all in the complete absence of moisture. A
definite answer cannot be given on the basis of the data available,
since with the method used absolute exclusion of watet vapor was im-
possible, While the rate did decrease as drying progressed, a noint
was finally reached where further attempts at drying seemed to be
without effect on decreasing the rate. This ultimate rate may then
correspond either to the ““dry’’ rate or conceivably to the slowest rate
obtainable with the drying methods and apparatus used. All data
given in this paper correspond to the fairly consistent slowest rate
observed, in each case.

(10) It was found that when the logarithm of the concentration of
nitrogen pentoxide is plotted against time reasonably straight lines
are obtained, at least for the first half of the reaction, as shown in
Fig. 2. The rate values listed in the table were obtained by multi-

plying the slopes of the straight lines thus obtained for individual
runs by —2.303, and are regarded as empirical *‘rate constants.’
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data obtained using the sphere with corresponding
values found with a cylindrical vessel.

TasLE IT *
Dats COMPARING THE REACTION RATE IN CYLINDRICAL
AND SPHERICAL VESSELS AT 25 AnD 0°

The surface-volume ratio of the cylindrical vessel is ap-
proximately six times that of the sphere.

o Paraffined Parafiined
Cylindrical spherical Cylindrical spherical
tube vessel tube vessel
(216 ml.) (3,056 ml,) (216 ml.) (3,056 ml.)
25° 15°
8.4X 107%* 9.6 X 1073 2.9 X 107
8.0 6.2 2.9
7.7 7.3 3.1 (No measure-
7.8 6.7 3.3 ments at 15°)
8.6 7.1 3.1
8.1 7.7 Av.3.1X 1073
8.3
8.3 0°
8.3 7.3 X107 7.9 X104
8.1 7.0 7.5
Av.8.1X 1070 7.4 X 10 7.2 6-2
7.

Av. 7.2 X 107¢ 7.8 X 107¢

& Values given ate for individual runs. Initial concen-
trations of nitrogen pentoxide and nitric oxide were of the
order of 10-15 X 10~5 mole per liter.

It is seen that the rates at both 0 and 25° are
comparable, within the limits of experimental er-
ror, in the two types of vessels. The data indicate
that, at least in carefully dried vessels, surface ef-
fects are not great and that the reaction may be
essentially a homogeneous process. There are a
number of characteristics of the reaction which
definitely suggest complexity, however, and it is
possible that some step or reaction in what ap-
pears to be a complex process may be influenced
by surface factors. The abrupt change to consist-
ent results, corresponding to a slower rate, imme-
diately after parafﬁmng a new tube suggests this
to be the case.

It has been found!* that the rate of the reaction
between nitric acid and nitric oxide is greatly in-
fluenced by surface. In view of this it is not sur-
prising that the presence of moisture introduces
surface effects in the reaction between nitric oxide
and nitrogen pentoxide. If any moisture is pres-
ent it is likely that the nitrogen pentoxide will
rapidly react with it to give nitric acid.

Temperature Behavior.—The influence of tem-
perature on the reaction rate is indicated by the
data given in Table II. Therate is somewhat more

than ten times as fast at 25° as it is at 0°, indicat-

ing that a 10° rise in temperature almost triples
the rate. This temperature coefficient corre-
sponds to an energy of activation of the order of
15,700 calories per mole. In view of the apparent
complexity of the reaction, however, the calcu-
lated activational energy is of questionable sig-
nificance.

The Nitrogen Pentoxide Concentration Ef-
fect.—Data such as given in Table III indicate

(11) Smith, THts JoUBNAL, 69, 1741 (1647).
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that the rate of the reaction
NO; + NO —>» 3NO.

is at least an approximate first order function of
the concentration of nitrogen pentoxide. On the
basis of the general rate expression

— d[N:O5}/dt = E[NO3]?[NOJ¥

if the [NOJ is kept constant the rate should be
proportional to the [N,O;s], assuming that the re-
action is first order with respect to the nitrogen
pentoxide. The data given in Table III were
taken at a temperature of 0°, and with the [NO]
held essentially constant. The rate values were
determined by taking the slopes of curves ob-
tained by plotting [N,Os] against time. Slopes
were taken near the start of the reaction in each
case.

TasLE II1
THE INFLUENCE OF [N:0;] oN Reacrion Rate (ar 0°)
d{N:Os d [NsOs
o, . (dt_ L -4 if ]/[N’O']
(moles/liter X 10%) (moles/liter, sec.”! X 108) - {sec.”t X 10¢)
9.0 4.7 5.2
11.0 7.8 7.1
24.2 17.2 7.1
43.4 28.8 6.7
48 .4 47.3 9.8
Av. 7.2

A trend which is apparently real was noted,
with higher rate values at high concentrations of
nitrogen pentoxide. This indicgtes that the re-
action, even though near first-order with respect
to nitrogen pentoxide, may be a complex process
with an apparent “‘order” somewhat higher than
first.

Further indication of the approximate first or-
der behavior of the reaction with respect to ni-
trogen pentoxide is found in the fact!® that plots
of the log [N:O;] against time give fairly straight
lines.!? Representative behavior is shown in Fig.
2 which gives plots of average values for a number
of runs at three temperatures.

The empirical rate constants are obtained by
multiplying thie slopes of such lines by —2.303.
Good agreement is noted between the constants
obtained in this way for individual runs (Table
II) and those found from the ‘slopes of the rate
plots (Table III).

While the first portions of such plots are nearly
stra1ght lines, definite deviation is noted as the
reaction nears completion, where the rate is ob-
viously less than would be expected, assuming
simple first order behavior. Some deviation in
this region may quite likely be due to experimental
errors, particularly in the determination of the
initial concentrations of reactants and in cali-

(12) This would be exﬁected, provided the reaction is first order
with respect to nitrogen pentoxide, if the [NOJY term is kept con-

stant. That this is conveniently possible, in effect, will be shown by
results to be presented in later sections of the paper,
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Fig. 2—Log [N:Os]-time relationship at three tempera-
tures: (a) 0° (av. of 3 runs); (b) 15° (av. of 5 runs);
(c) 25° (av. of 9 runs). From results obtained in a 216
ml. (56.9 cm.) cylindrical tube. The nitric oxide concen-
tration factor was essentially constant.

bration. Good accuracy was not attained in the
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measurement of high concentrations of nitrogen

dioxide. '

In view of other characteristics of the reaction,
however, the deviation may well be taken as real,
and considered as further evidence for complexity
of the reaction. A similar trend is found in rate
values obtained from the slopes of plots of con-
centration against time. Higher ratios of slope to
concentration are found near the start of the reac-
tion than toward completion. These results con-
firm the trend previously noted in the data of
Table III. Also the method of Guggenheim!?
gives substantially higher ‘%’ values than
those given in Table II.

The Nitric Oxide Concentration Ef-
fect.—In contrast to the near first order
behavior with respect to nitrogen pent-
oxide, the rate is almost independent of
the comncentration of nitric oxide. This
is shown by data such as given in Table
IV which were obtained at 25° at con-
stant nitrogen pentoxide concentration
(10.8 X 10~ moles/liter), and at various
concentrations of nitric oxide. The rate
values are given as the slopes of curves
obtained by plotting the [NO,] against
time.

It is apparent from these and similar
data that the reaction rate is only slightly
influenced by the [NO]. This is shown
further, when the data are plotted as in
Fig. 3.

That the nitric oxide is used up in the
reaction—and thus is not simply acting
as a catalyst—is clearly shown by the
fact that the reaction stops when the
nitric oxide is all consumed. This is
shown very strikingly in the upper two plots of
Fig. 3, where a limited amount of nitric oxide is

(13) Guggenheim, Phil. Mog., Series 7, 3, 538-543 (1926).
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TABLE IV
THE INFLUENCE OF [NO] oN REACTION RATE (AT 25°)
}NOI-‘ d[NO:}/dt,
(oles/liter X 10%) moles/liter, sec.”1 X 108§

0.7 0.22
3.1 .26
5.6 .27
(Approx.) 22.0 .20
111.0 .48

present. The reaction begins at a fairly rapid

rate, which is only slightly dependent upon the
amount of nitric oxide present, but stops quite
abruptly at the point where all of the nitric oxide
is used up. In the absence of nitric oxide, the
nitrogen pentoxide decomposes at the very much
slower rate characteristic of the thermal decompo-
sition. This corresponds to the almost hori-
zontal lines on the plot. After any given length
of time, the addition of more nitric oxide results
in a continuation of the nitric oxide-nitrogen pent-
oxide reaction at a rate expected with the amount
of nitric oxide added.
Itisobvious that if a rate expression such as

d[NO;}/dt = k[N:0;5]*[NO}¥

isapplicable, y must have a value considerably less
than unity. Attempts to evaluate y indicate a
value of approximately 0.1 at rather low nitric
oxide pressures of a few millimeters. It was
found, however, that the “order’’ with respect to
nitric oxide (y) is not constant, but it increases as
the pressure of nitric oxide is increased. At ex-
tremely low nitric oxide pressures, of only a few
tenths of a millimeter, y is almost zero, but it

T T [ { ! [ !

NO added.

by i
_\e\\>\§c : |
BAN AN
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at the highest pressures used.
parent that the simple rate expression is not

Time, seconds.

Fig. 3.—Log [N,Os]-time relationship at various concentrations
of nitric oxide.
liter X10%): O, 2.7; A, 5.1; O, 7.6: X, (approx.) 24; ©, 113. The
dashed line at S indicates the lapse of 500 seconds, at the end of
which time 12.4 X 1075 m./1. of nitric oxide was added.

Initial nitric oxide concentrations as follows (moles/

(apparently) increases to a value of several tenths
It seems ap-
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adequate to describe the behavior of the complex
process.!4

Discussion of Results

While the reaction is catalyzed by moisture, es-
pecially in a new tube with a fresh surface, repro-

ducible results of fair consistency have been ob-

tained in carefully dried, ‘‘aged” or paraffined
tubes. The temperature behavior appears to be
quite normal. The near first order behavior with
respect to nitrogen pentoxide is not unexpected,
and it.seems possible that the apparent deviation
from first order may be due to catalytic influences
such as rather minor moisture or surface effects or
simultaneous side reactions, as well as in part to
experimental errors.

The behavior with respect to nitric oxide is
quite unusual, and is a clear indication that the
reaction is complex. That nitric oxide is con-
sumed by the reaction is definitely established, but
the rate appears to be almost independent of the
concentration of nitric oxide, at least at low pres-
sures. To account for this, the possibility of a

surface reaction cannot be ignored. It is conceiv-

able that a very low pressure of nitric oxide may
suffice to ‘‘saturate’” the surfaces with this gas.
Removal of nitric oxide molecules from the sur-
face by chemical reaction may then not signifi-
cantly decrease the amount adsorbed, since the
nitric oxide which reacts and leaves the surface is
at once replaced from the gas phase. Such a
mechanism may then account for the apparent
near ‘‘zero order’’ behavior observed.

There are several objections to such a mecha-
nism. The good agreement of the results in the
spherical vessel with those in the cylinders (Table
IT) indicate that surface effects are not prominent
at least in the “aged” or paraffined tubes which
are carefully dried. There .is little evidence to
show that the reaction is subject to surface in-
fluences under conditions where the unusual ni-
tric oxide behavior is observed. Furthermore, the
apparent order with respect to nitric oxide seems
to be nearest zero at the lowest pressures, con-
trary to what might be expected if adsorption and

(14) It is conceivable that the rate of nitrogen pentoxide-nitiic
oxide reaction may be even less dependent upon the concentration
of nitric oxide than indicated by the data. The observed slight in-
fluence of nitric oxide on the rate may be largely due to rather minor
side reactions, such as that between nitric oxide and oxygen, which
may be taking place simultaneously, Traces of oxygen may be
present from at least two sources: (1) leakage of air into the evacu-
ated apparatus; and (2) the decomposition of nitrogen pentoxide
during brief periods prior to the determinations. Since the nitric
oxide~oxygen reaction is second order with respect to nitric oxide,
the amount of nitrogen dioxide produced by this reaction would be
relatively more significant at high than at low pressures of nitric oxide
(at a constant nitrogen pentoxide concentration). Furthermote, if
any moisture is present, the reaction between nitrogen pentoxide
and nitric oxide becomes essentially that between nitric acid and
nitric oxide, for which first order behavior with respect to nitric
oxide, as well as pronounced surface effeets, have been observed.1t
Any traces of moisture present, perhaps from the reaction of nitrogen
pentoxide or nitrogen dioxide with the stopcock grease, ¥ would con-
sequently be expected to introduce more of a nitric oxide concentra-

tion effect than would otherwise have been observed.
(15) Brown and Crist, J, Phys, Chem., 9, 840 (1941).
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a surface reaction are involved. The large tem-
perature coefficient for the over-all reaction is an
argument against a surface reaction. If the rate
determining steps were the diffusion of nitrogen
pentoxide to or from the walls, the temperature
coefficient would be much smaller.

The results obtained require a mechanism which
does not involve the nitric oxide in the rate deter-
mining step. On the assumption that the reaction
is not a surface process, the nitrogen pentoxide
and nitrogen dioxide (or traces of other substances
possibly present) must be involved in some pre-
liminary rate-determining step which does not
include the nitric oxide. Such a mechanism as the

. following, which is only tentatively suggested, may

conceivably account for the facts observed

(1) N0y =2 NO: + NO; (slow)
(2) NO; + NO —> 2NO; (fast)

(3) N0y + NO —> 3NO;

If the rate of reaction (1) is slow enough compared
to (2), which may be very rapid since NQj is
doubtless a very strong oxidizing agent, then the
process may be quite independent of the nitric ox-
ide concentration, as observed. Reaction (1) is
likely reversible!® and the reaction rate should then
depend upon the concentration of nitrogen dioxide.
The observed decreases in the rate as the reaction
proceeds (with the production of nitrogen dioxide)
may lend support to this mechanism. On the
other hand, limited direct data indicate that the
presence of nitrogen dioxide does not retard the
reaction. If this is so, it constitutes a serious ob-
jection to the above mechanism.

Though NO; is generally unfamiliar, absorption
bands attributed to it have been observed by a
number of investigators!é.!”:!® particularly in mix-

. tures of ozone with nitrogen oxides. Unsuccessful

attempts to find these absorption bands in mix-
tures of nitric oxide and nitrogen pentoxide were
made in this investigation, using a Steinheil three
prism spectrograph. The NO; bands were ob-
served in mixtures of nitrogen pentoxide with oz-
one. The failure to find the absorption bands at-
tributed to NO; does not rule out the possibility
that it may be present at very low concentration.
Certainly one would not expect to find a high
concentration of a strong oxidizing agent such as
NO; in the presence of the easily oxidizable nitric
oxide, particularly if the NO; + NO reaction is
very rapid.
Summary

1. A photo-colorimetric apparatus for meas-
uring the rate of the very rapid gas phase reaction
between nitrogen pentoxide and mnitric oxide (or
other similar reactions) is described.

2. Measurements have been made on the rate
of the nitrogen pentoxide-nitric oxide reaction at

(16) Schumacher and Sprenger, Z. physik, Chem., 1864, 77 (1928);
1B, 267 (1929).

(17) Warburg and Leithauser, Ann, Physik, 20, 743 (1906); 28,
209 (1907).

(18) Jones and Wulf, J. Chem. Phys., §, 873 (19373,
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0, 15 and 25°, and at pressures (of reactants) rang-
ing frem a few hundredths of a millimeter up to 20
millimeters. ‘While the reaction was found to be
strongly catalyzed: by traces of water vapor, espe-

cially in a new tube, fairly consistent and repro-
ducible results have been. obtained in tubes thor-
oughly baked out'and evacuated or in tubes coated
with paraffin. Indication that the reaction under
these conditions is essentially homogenous is found
in the close agreement of measurements taken in
tubes of variousshapes and of widely different sur-
face—volume ratios (6:1).

3. The reaction proceeds at a conveniently
followed rate, with a ‘‘half-life”’ of the order of ten
to fifteen minuates at 0°. The temperature de-
pendence is quite normal; a 10° rise in tempera-
ture almost triples the reaction rate. An energy
of activation of the order of 15,700 cal. per mole is
indicated.

4. The rate shows an approximate first-order

RATE STUuDpY OF OXIDATION OF NITRIC OXIDE WITH NITRIC ACID
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dependence upon the nitrogen pentoxide concen-
tration. The behavior of the reaction with re-
spect to the concentration of nitric oxide is quite
unusual. At low prespures the rate is almost in-
dependent of the nitric oxide concentration, even
though the nitric oxide is used up in the reaction.
The apparent “‘order’” with respect to nitric oxide
is approximately 0.1 at low pressures. The rate
equation, —d [N,Oy] /d = £[N,O;], approximately
fits the experimental observations, if  values of
the order of 8 X 10~3 and 7 X 10~* are used- at
25 and 0°, respectively. Distinct trends in such &
values are noted, but it is believed that available
experimental data are not sufficiently complete or
accurate to justify the selection of a more elab-
orate rate equation. .

5. The unique behavior of the reaction is dis-
cussed, and the evidences for the complexity of
the reaction are pointed out.
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[CoNTRIBUTION FROM THE NoYES CHEMICAL LABORATORY, UNIVERSITY OF ILLINOTS]
A Rate Study of the Oxidation of Nitric Oxide with Nitric Acid Vapor

By J. HaroLD SmrtH!

The reaction 3NO; + H,O & 2HNO;s + NO
has been the subject of considerable investigation,
primarily because of its importance in the nitric
acid industry. Many investigators®7 have stud-
ied the equilibrium involved, but little has been
accomplished with regard to rate determinations
either for the forward or reverse reactions. This
is particularly true of the gas phase reaction, for
which no rate studies have been reported.

This paper presents the results of some pre-
liminary measurements on the rate of the reac-
tion between nitric acid vapor and nitric oxide,
which is the reverse of the above reaction.

Experimental

Apparatus.—Since the nitrogen dioxide produced by the
reaction

2HNO:(g) + NO(g) — 3NO:(g) + H:O0(g)

is the only colored substance involved, the progress of the
reaction is easily followed by the photo-colorlmetnc method
and procedure previously described .’

The relatively large amount of nitrogen dioxide pro-
duced by the reaction makes this method particularly ad-
vantageous. Rate measurements were made in two ves-
sels with widely different size and shape. One reaction
vessel was. a cylindrical tube of capacity approximately
250 ml. (diam. 2.5 cm.; length 56.9 cm.), and the other a
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(2) Burdick and Freed, TaEIs JourNaL, 48, 518 (1921).

(3) Lewis and Edgar, ibid., 88, 292 (1911).

(4) Chambers and Sherwood, ibid., §9, 316-319 (1937).

(5) Foerster and Kock, Z, angew. Chem., 81, 2161, 2209 (1908).

(6) Abel, Schmid and Stein, Z, Elekirochem., 38, 692 (1930).

(7) Forsythe and Giauque, TH1S JOURNAL, 64, 48 (1942),

(8) Smith and Daniels, ibid., 69, 1735 (1947).

(9) Smith, ibid., 68, 74-78 (1943).

University of Massachusetts, Ambherst,

3,160 ml. sphere. Each vessel was equipped with side
tubes, connected with large bore (4 mm.) stopcocks, to
facilitate the rapid admission of the desired amounts of
the reactants. A good grade of paraffin stopcock grease
was used to prevent leakage into the evacuated system.
Sonie objectionable reaction of the grease with the cor-
rosive gases was noted, but in general the gas pressures were
low enough and the tim_e of exposure so short that the
amount of reaction was small.

The nitric oxide was generated and purified in the man-
ner described by Johnston and Giauque.!® Nitric acid
(100%,) was prepared from dried, C. p. potassium nitrate
and concentrated C. p. sulfuric acid as deseribed by For-
sythe and Giauque.” With vacuum distillation of the
nitric acid at low temperatures, decomposition was ef-
fectively avoided and the liquid had only a very light yellow
color. This nitric acid was frozen in a trap which was
attached through a tube and a double stopcock arrange-
ment to the reaction vessel. Maintained at solid carbon
dioxide—acetone temperatures, the nitric acid could be
kept for long periods without appreciable decomposition.

The desired amount of nitric acid vapor was. admitted
to the reaction vessel by proper adjustment of the tem-
perature of the liquid in order to control its vapor pressure.
The vapor pressure-temperature data for nitric acid from
the older literature,!!-1% have been questioned recently
and redetermined.!®415 The results of the recent de-

' terminations are considerably higher than those given in

the ‘‘Critical Tables,’’ but they are in good agreement,
and were used in the calculation of the nitric acid concen-
trations.

Method.—Due to the rapid rate of the reaction, rather
low pressures (of the order of a few millimeters) of nitric
oxide and nitric acid were used. A known amount of one
of the reactants (usually nitric acid) was admitted to the
reaction vessel, and at the time for the start of a deter-

(10) Johnston and Giauque, ibid., 81, 3194 (1929).

(11) Taylor, Ind. Eng. Chem., 17, 633 (1925).

(12) ’"International Critical Tables,” Vol. III, 305 (1928).
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