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The rates af decomposition of N0 and of formation of NO were measured simultaneously in a static
system. NO yields at the beginning of reaction are as high as 50 to 60%;, but NG guickly inhibits its own
further formation. From initial NO yields, information about the reaction of oxygen atoms with N:0O and
about wall recombination was obtained. Limiting NOQ pressures for complete NJ.O decomposttion were
interpreted in terms of the reaction NO4+O+M—NO+M, and its rate constant was caleulated. The
effect of increased surface area and of added gases was studied. The halogens were found to be efficient

inhibitors of NO formation.

The chemiluminescence of reacting N:0 was observed and its dependence on temperature, pressure,
and added gases studied. All evidence points to the reaction

O+4+NC—-NO2+-av

as its arigin. Inhibition of NO formation and of chemiluminescence is shown to be closely related.

INTRODUCTION

AS an example of a unimolecular reaction, the
thermal decomposition of nitrous oxide has been
the subject of many investigations.! It would seem
that the processes of collisional activation, deactivation,
and decomposition of a linear, triatomic molecule should
now be generally understood, but such is not the case.
During the past three years, several further attempts
at correlating old data and new theories have been
made,”+ but their success has not been spectacular.
This is due in part to the unreliability of much of the
old experimental data, and to oversimplification of the
reaction mechanism. It is the latter reason which
formed our point of departure,

Briner’ first presented quantitative data for the
formation of NQ as a by-product of the N0 decomposi-
tion. He found yields of NO up to 239 of the N30
decomposed, but his data, obtained in a flow system,
can not be interpreted to give reliable rate information.
Musgrave and Hinshelwood® studied NO formation in
static systems and found that much NO was made
during the early stages of the reaction, that it was not
destroyed later, but seemed to inhibit its own further
formation. At 722°C, 400 mm Hg of N0, at 5.5%
decomposition, gave 13% (NO+3N;) and 879
{N.+10,), whereas at 96% decomposition, 2.7%
(NO+4N;) and 97.39% (Ny+30:) were formed. The
origin of the NO was thought to be the reaction

NO+0—-2N0 {3

* Presented in part at the Symposium on the Chemistry of the
Oxides of Nitrogen, sponsored by the Office of Ordnance Research,
Chicago, Illinois, September, 1953,
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after the initial step
N:O—N,+0, (D

and the imhibitary effect of NO for its own further
formation could be explamed by

NO+0+M—NO-+M. (@)

Pease’ later proposed 2 chain scheme which required
the initial step to be

N:O—NO+N. AH=-4113 kcal.

This is energetically prohibitive and was rigorously
ruled out as a resuit of recent IN'® tracer experiments by
Friedman and Bigeleisen.®

It was the aim of this investigation to help clarify
the mechanism of the N0 decomposition and obtain
rate constants for the various reaction steps, particularly
those involving NO or atomic oxygen. Experimentally,
this was done by accurate measurement of NO formed
and N0 decomposed as a function of time, initial
temperature, and pressure, the presence of added gases,
and the nature and amount of suriace area.

The importance of reaction (4) led to the search for
chemiluminescence resulting from excited NO; as
observed by (zaydon® in flames with added NO or in the
air afterglow. Such a luminescence was indeed observed
at any temperature at which N0 decomposed at a fairly
rapid rate, e.g., at 630°C and 1 atmos. Later, we become
aware of Whittingham’s'® brief account of the lumines-
cent decomposition of nitrous oxide and its interpreta-
tion by

NO+O—-NOot b,

Whittingham’s observation that the glow could be
obtained only at 850°C or above can not be accepted
as our results will show.

7 R. N. Pease, . Chem. Phys, 7, 749 (1939},
(1;'13)Friedmm and J. Bigeleisen, J. Am. Chem. Scc. 78, 2215
53).
Y A. G. Gayden, Proc. Roy. Soc. {Loudon), AI83, 111 (1944).
© G. Whitfingham, Nature 159, 232 (1947),
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DECOMPOSITION OF NITROUS OXIDE

In a simple photomultiplier-recorder setup, we
studied this N:0O reaction glow in a static system as
function of time, pressure, temperature, and presence
of added gases.

EXPERIMENTAL

Rates of N,O Decomposition and NO Formation

A conventional high-vacuum system was used,
consisting of forepump, Hg diffusion pump, traps,
mixing vessels, Hg manometers, ¥cLeod gauge, and
calibrated oil manometer. 500-cc spherical quartz
vessels served as reaction flasks in a homemade furnace
using helical chromel resistance elements.

Temperature measurements were taken with several
Pt—109%, Rh thermocouples placed at the outside of
the reaction vessels and where possible, in a thermo-
couple well extending to the center of the flask.

The rate of decomposition of N,O was followed by
its pressure increase using Hg or oil manometers and
making correction for the cold space.

The rate of formation of NO was obtained more
laboriously hy allowing the reaction to proceed for the
desired time, expanding the gas mixture into an
evacuated optical absorpiion cell and analyzing by
spectrophotometric methods. Most of the details are
described elsewhere.!! Since much of this work dealt
with the initial rate of formation of NO, it was necessary
to analyze 0.1 to 0.3 mm Hg of NO with some accuracy.
This was achieved by adapting a Beckman long path
cell (50 cm} for gas analysis use. Careful calibration
showed that at the low pressures of NO, used (0 to 2
mm Hg}, Beer's law was well obeyed at 4000 A, since
the N20, pressure was negligible, In actual analyses,
0, was added to the gas sample to a pressure of 1
atmosphere and readings taken cn 2 Beckman spectro-
photometer, Model DU. The low rate of the reaction

INO40;—2NO,

at small NO concentrations made it necessary to wait
15 minutes to 2 hours for final readings to become
constant.

Using the same cell with excess NO added to the gas
sample made it possible to analyse small amounts of
oxygen'! (.1 to 0.3 mm Hg) quite accurately and
aflorded an independent check of the method. Both
ways of NA) decomposition

Ng+302

N.O
~
NO+ 3N,

give rise to a pressure increase of 309, and pwzo
decomposed = png-+2p0:. The % N0 decomposed was
measured by its pressure increase on the oil manometer,
and pno and pos by the above optical method.

v F. Kaufman and J. R. Kelso, J. Chem, Phys. 23, 1702 {1955),
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Fic. 1. Apparatus for luminescence experiments. A. Reaction
vessel. B. Porcelain tube. C. Photomultiplier. 1. Furnace.

At 653°C, pN20=100 mm, =30 sec:

P20 decomposed =0.36 mm Hg; pyo=0.21 mm;
po2=0.075, 0.085 mm; pno+2p0.=0.36 to .38 mm.

At 758°C, pnp0=20 mm, :=30 sec:

#r0 decomposed =0.64 mm; pno=0.32 mm;
$0:=0.153, 0.163 mm; pno+20,=0.63 to 0.65 mm,

This agreement is excessively good, since, for such
small amounts of NO or (s, the analyses are accurate
1o only about &3 to 109,

LUMIKESCENCE EXPERIMENTS

Figure 1 shows the apparatus. Cylindrical quartz
vessels with plane windows were used. A small, con-
centric porcelain tube led to a photomultiplier tube,
type 5819, which was energized by a conventional
high voltage supply and cperated at 700 to 11060 voits,
Its ouiput across a resistance of 5 to 20000 @ and
capacitance of 0.1 to 10 microfarads was recorded by a
Leeds and Northrup Speedomax Recorder {(Azar) with
variable range and suppressiocn (1 to 20 miilivolt
range, 0 to 30 millivolt 'suppression). In some experi-
ments, the signal was recorded photographically on a
Tektronix Oscillescope Model 513.

EXPERIMEKTAL RESULTS
1. Rate of NO Formation
A. Imitial Raies

A typical graph of NJO disappearance and NO
formation is shown in Fig. 2, The NOQ o5 time curve
shows the strong self-inhibitiou effect, ie., its half-
time of formation is abont 8 minntes, whereas ¢ for
the N;0 decomposition is 39 minutes. It was soon
apparent, moreover, that the initial rate of formation of
NO was considerably greater than earlier papers had
indicated. A great effort was therefore made to deter-
mine accurately the fraction of Na which gives rise
to NO at the start of the reaction.

The data in Table I represent several hundred
experiments of durations 20 seconds to several minutes,
under conditions of nearly linear rate of NO formation.
Three observations can be made:
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Fig. 2. Decomposition of N20 and formation of NO o5 time.

1. Initially, up to 60% and probably more of the
reacting NoO produces NO.

2. At constant temperature, this fraction, [dpno/
dx20]i=0, increases with increasing pressure.

3. At constant initial N,O pressure, the fraction
increases slightly with increasing temperature.

The role of the surface was studied by filling the
quartz flask with vycer chips and again measuring the
initial rates of N:O decomposition and of NO formation.
From a determination of the average volume and size
of these chips, it was found that the total surface area
had been increased about 40-fold. It was apparent that
the rate of formation of NO in the packed vessel was
greatly reduced while the N3O rate was only slightly
increased. The possibility of surface decomposition of
the NO formed could be ruled out when it was observed
that much larger concentrations of NO than those
produced would persist unreacted in the packed vessel
for longer times under identical condiiions.

Table I shows the resulis of several runs in the
packed flask. The observed fraction, [dpwo/dpwz0],

Tasre I. Initial rates of N2O decomposition and NO formation.*

PN —dpaQ/SdE +d#wQ/ dt

T, K mm mm,/min mm/min —dpN0/dpNz0
700 2.05 1.19 (.58
876 380 0.83 0.48 0.58
200 0.30 0.165 0,55
100 0.71 0.41 0.58
927 50 025 0.130 0.52
20 0.058 0.023 0.40
S0 1.07 0.61 0.57
973 20 0.26 0.117 0.45
i0 0.093 0,032 0.34
30 2.54 1.41 0.56
1031 20 1.27 0.63 0.50
10 0.44 0.177 0.40

= Papers by F, 1. Lindars and €. N. Hinshelwood, Proc. Roy. Soc,
{London) A231, 162, 178 {1955} reporting the tneasurement of NO forma-
tion have zppeared since this was submitted for publication, Their lower
initial rates of production of NO do not contradict our values, since they
missed the initial NC rate beeause of its mpid formation and strong self-
i?‘hibit}i]on. This is why our paN:0O or our temperatures are much lower
than theirs.
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is the ratic of NG formed in the packed vessel divided
by N:O reacted in the unpacked vessel, since the
interpretation given below does not take into account
the surface decomposition of N2Q) which may proceed
to N3+30: by cleavage of N30 and recombination of
DXYgen atoms.

B, Limiling Amounts of NO

In another series of experiments, amounts of NC were
measured at long times of reaction, ie., after decom-
position of all the NyO. The limiting pressures of NO,
#-NO, for varying initial pwy0, at two temperatures,
are shown in Tabie ITI. 9,NO increases with increasing
PoN20 and with increasing temperature. Its dependence
on PN+ is less than linear and somewhat greater than
square root. This is discussed further below.

C. Added Gases

Table IV shows the effect of 0z, N3, He, and A on
the initial NO and N,O rates. The increase of the N0
rate resulting from the added gases is in the order
He>0Os, N2> A, In agreement with the data of Volmer

Tagre 1L Initial rates of N2 decomposition and NO
formation in a packed vessel.

—dpxaD/dl dpNGidl —dpxD/dat — PRt Epray

T, K N0 packed packed empty obs calc
50 0.53 2.015 0.25 0.06 0,056

927 380 0.3 0.8 4.7 0.17 0.27

973 100 4.1 0.18 2.9 0.06 0.14
20 i4 0.07 1.27 0.035 0.042

1031 100 14.2 1.7 14.00 0.12 0.17

and Froehlich.” The initial NO yield, —dpno/dpnso,
is lowered in the same order in which the N0 rate is
increased.

The effect of inert added gases on the limiting
pressure of NO is shown in Table V. The order of
decreasing $,NO here is A>He> N> 0.

A few experiments with water vapor showed it to
be much more efficient than any of the above gases in
reducing $.NO. At 980°K, 20 mm of water vapor
lowered the limiting NO pressure for 380 mm of N.O
about 17%,. The addition of several other compounds
was also investigated where a more direct interference
with the normal course of reaction might be expected.
Among those were 50,, NH;, Cls, and Is. The possible
inhibition of NO formation by SO; could not be
studied because of interference with the analytical
method, but some photochemical results are given
in the following.

Ammonia had a fairly strong inhibitory effect, 20 mm
of NH; decreasing the Emiting NO pressure of 330 mm
of N:O by about 409, at 980°K. This decrease is

(1;’3%. Volmer and H. Froehlich, Z. physik. Chem. B19, 85, 8¢
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actually the sum of two effects. Initially, NH; reacts
quite rapidly and inhibits NO formation strougly.
Within a short time, all the ammonia has reacted, and
from then on, the decomposition takes its normal
course except for the water vapor formed in the eatly
stages. This description is supported by three experi-
mental results:

1. The reduction of NO yield is larger near the
start of reaction; runs of 109, decomposition showed a
509%, decrease in NO when 20 mm of NH; were added
initially.

2. Infrared analysis showed that all NH; had
disappeared before 10% of the N0 had decomposed.

3. Photochemical experiments showed an induction
peried before the enset of the N3O glow when NH; was
added.

The most efficient inhibitors for NO formation were
found io be the halogens. Atomic halogen is known to
decompose N50O catalytically in a bimolecular reaction.
This catalytic reaction was recently re-examined in
this laboratory® and the experimental results were

TapirE ITI. Limiting pressures of NQ.,

T=973°K T =1a31°K
kX101 B WAQLE
P00 $alN0 et mole? frata+0d PoaNO et mole?
mm mm secl mm T secT!
51 3.37 7.6 10.5 1.55 5.9
08.5 484 7.7 0. .71 5.4
201 7.44 7.0 20.5 2.84 5
201.5 747 7.0 49.5 4.95 53
407 1.7 6.5 995 7.8% 46
204, 11.43 4.8
av 7.2 ay 5.2
found to be compatible with the scheme
N.O+X — Np+OX (10)
20X - 0.4+ X. {11)
XobM o2 22X+ M. (12)

Several experiments were performed at 973°K with
50 mm of NO containing from 1X107% to 1)X 102 mm
of C;HsI. At this temperature, the small amount of
ethyl iodide is decomposed within a small fraction of a
second, and the resulting iodine is 98 to 1009, dis-
sociated into atorns. It was surprising to find that such
trace amounts of I atoms would strongly inhibit the
formation of NO. The pressure of atomic I necessary to
decrease the initial NO yield to one-half its normal
value turned out to be 3X107% mm Hg. At this con-
centration, the jodine catalyzed decomposition of
N20 accounted only for 109 of the total N;0 rate.
Any explanation of this effect must satisfy the following
conditions;

2 Kaufman, Gerri, and Pascale, J. Chem. Phys. 24, 32 {1956).
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Tanre IV, Added gas effect of He, A, N3, and O; on initial rates.

T=937T°K, pN0O=50mm

—d e/ dt dpwy/de

X= #X, mm mimn/min mm/min — a0 d D
e 0. 1.07 0.61 0.57
He 200. 1.72 Q.41 0.24
A 200. 1.09 0.51 (L47
Na 200, 121 0.43 0.36
25. 1.07 0.54 0.50
50. 1.09 0.54 0.49
O 100. 1.14 (.54 0.48
200, 1.22 045 Q.37

1. There is virtually no I; present, all icdine being
in atomic form.

2. Asthere is only a slight increase in N0 decomposi-
tion rate, the primary cleavage of N,O is little affected
by trace addition of iodine. If this were not the case,
one would have {o postulate an inhibition of normal
N0 breakdown, and a catalytic reaction of equal
speed, of N0 with traces of iodine. Such an explanation
is unlikely. Moreover, the catalytic reaction would not
extrapolate properly to the known rate with larger
concentrations of iodine,

II. N:0 Chemiluminescence
A, N0 Alone

Visual observation of the reaction tube shows a
weak, greenish yellow glow as scon as N,Q is admitted,
The glow is visible at temperatures of 650°C and
somewhat below when the pressure is 1 atmosphere,
It decreases more or less slowly with time and disappears
immediately upon pumping out the reaction vessel.
At higher temperatures, the glow becomes more intense
and shorter in duration, and around 900°C, I atmo-
sphere, a bright flash occurs indicating a thermal
exploston of N;0. Viewed through a small Spencer
spectroscope, the glow or the flash appeared as a
continuous spectrum extending from about 4500 to
6500 A. Photographic exposures of series of low temper-
ature runs, and of repeated flashes gave the same resuit.

TABLE V. Limiting NO pressures for added He, A, N3, and Qa.

T=973K. M) —50 mm g

X= , mm PNO, mem
G 3.37
He 50 276
200 2.12
A 50 2.81
200 2.17
N 50 2.86
200 2.00
G 25 2.67
50 2.33
100 205
200 1.43
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Several experiments were carried out by observing
the magnitudes of the glow signal and the furnace
background radiatiocn with various Wratten flters
inserted between the reaction tube and the photo-
multiplier. With filters of transmission maximum near
4500 A, the glow to background ratio was 7 to 8 times
greater than the same ratic in the absence of the [ilter;
for transmission maximum at 3300 A, it was twice 88
great; and for filters passing radiation of 6800 A or
higher, there was no glow signal, though furnace
radiation stiil gave a small reading, The glow is here
compared with the gray body radiation from 2 furnace
at about 850°C which increases rapidly with increasing
wavelength in the visible. At 6700 to 7000 A the
luminescence apparently has fallen to zero. Nothing
can be said about the spectral region beyond 7000 A
since the photomulitiplier is insensitive there.

A typical glow »s time plot is shown in Fig. 3. The
intensity rapidly reaches a peak and then decreases
slowly as the N0 is decomposed. Mo other molecule
except NO: can be responsible for the glow in this
temperature range with only N,O present initially.
Many other investigators have observed a similar
luminescence under a variety of circumstances.!?

From the shape of the glow-time curve it is clear
that this is a chemiluminescence and not thermal
radiation of hot NQ.. The radiation is strongest at the
beginning of the reaction when there is little NO
present and decays in time, approaching a small,
constant signal after long reaction time. This small,
residual signal must be due to thermal radiation of NO.
viewed against the background of the cocler end of
the reaction vessel. The N:O glow was equally visible
when viewed against the side of the reaction tube, at
the temperature of reacticn.

The initia! glow intensity was repeatedly determined

H A, G. Gaydon, Spectrascopy and Cambustion Theory (Chapman
and Hall, London, 1948), p. 101; Y. Tanaka and M. Shimazu,
J. Sci. Research Inst. {Tokyn) 43, 241 {1949); V. Kondratjew,
Physik Z. Sowjetunion 11, 320 (1937); G. Whittingham, Nature
159, 232 (1947); C. G. James and T. M. Sugden, Nature 175,
252 (1955); A. L. Shneerson and E. N. Eremin, Zhur. Fiz.Khim.
26, 1493 (1932); Chem. Abstracts 47, 6250 {1953).
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as a function of pressure and temperature. The max-
imum intensity L, increases with increasing N0
pressure, at constant temperature. Empirically, Lo=4p~
with ¢ ranging from 0.65 to 0.85.

Measurements of the half-life, 4, of the glow at
constant temperature and at initial N;O pressures from
100 to 800 mm Hg gave the surprising result that ¢
varied inversely as the 0.7 to 0.9 power of [N;07J,,
though L, varied directly as a similar power of [ N+OJa.

The temperature dependence of the glow was also
measured repeatedly. The most reliable value for
dlogLo/d1/T at constant [ N;07y was obtained over the
temperature range 693 to 750°C and £=2.303Rd log L,/
d1/T turned out to be 60 kcal. Initial N4O pressures
were about ! atmosphere, and thig value of E is reason-
ably close to the experimental activation energy for
the N0 decomposition. Two other determinations
gave &1 and 68 kcal for E, but they were made over
temperature ranges up to 840 and 360°C, respectively.
At these {emperatures, the reaction is very fast, and
some adiabatic heating of the reacting gas could be
expected.

A very rough calculation was made of the quantum
yield of the reaction, the ratio of quanta emitted per
maolecule of N2O decomposed. This was done by measur-
ing the peak glow signal L, and the furnace background
signal simuitanecusly. The reaction vessel was wrapped
with asbestos impregnated with Fei0, to provide high
radiation emissivity and the photomuitiplier and
porcelain tube B positioned to look at the hot wall of
the reaction vessel. At the known temperature of the
reaction vessel {1039°K), the theoretical radiation
intensity (Wien’s Law} was corrected for the photo-
multiplier (S-9) response curve and for the geometry
of the system. Similar corrections were applied to the
glow whose wavelength distribution was assumed to
be constant between 4200 and 6400 A. With the many
assumptions made in this calculation, particularly
those regarding the geometry of the system, the
resulting value of about 107° for the quantum yield
calculated for an average wavelength of 5500 A is
reliable only to one or two orders of magnitude but
probably represents an upper limit.

B. Added Gases

Experiments were carried out with various amounts
of added He, N, and O, at 770°C. Helium dces not
decrease the glow when present in up to fourfold excess
to N0, Added N; decreases the glow. The dilution of
N0 with an equal pressure of Ny lowers the signal 25%,.
The corresponding, greater lowering with O, is 409,

Interesting information was obtained from lumines-
cence experiments at low temperatures (930 to 1030°K)
and low N.0 pressures {50 to 200 mm} with addition
of a little NO (1 to 69%). In the absence of added NO,
the onset of the glow is quite slow under those condi-
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tions, Curve 4 in Fig. 4 shows the photomultiplier
output at 1030°K due to 50 mm of N»O. The rise time
is about 2 minutes. {The response time of the whole
system was measured by introducing some Bre in Ny
to the hot furnace and noting the time for the signal to
become constant. The time was about 0.5 second}.
Curve B shows the effect of adding 3 mm of NO to 50
mm of Ny0. The glow now rises sharply again.

S50; was found to decrease the glow considerably,
13 mm S0; reducing the glow due to 600 mm of N0
at 1045°K by 40%,.

NH; inhibits the glow strongly and also brings about
an induction period. This was discussed above. At
1045°K, 30 to 70 mm NH; in 200 to 450 mm N:0 gave
delays of 35 to 20 seconds before any luminescence was
measurable. From then on, the signal increased to a
peak and decayed in a normal manner, except that the
peak was oniy about one-guarter of that in the absence
of NH;. This reduction is due to the decrease in N.O
pressure as a result of the rapid NH:—N:0 reacticn,
and to the quenching effect of the large amounti of
H.O formed.

The halogens were found to be the most efficient
inhibitors of the glow. Cls, Bry, I, C.HsCl, C:H;Br,
f— C:HeCl, and CCl; were tried and all were effective.
With most of these compounds, gas mixtures containing
decreasing amounts of additive were made with N0
and tested for their luminescence signal. As long as the
concentration of additive was much too high, a bright
flash cceurred, particularly at the higher temperatures,
This was the result of thermal explosions due to the
catalytic decomposition of N0 by halogen, Upon
further decrease of the conceniration of additive,
explosions no longer occurred, and the glow was also
absent. Further dilutions with N:0 brought back
increasing peak luminescence signals, and in the limit,
without additive, the normal N0 signal was obtained.
From series of such runs with partial pressures of
additives decreasing by factors of 1.3 to 1.6, that
pressure of additive, p;, was determined which would
decrease the glow to one-half its normal value.

Table VI lists the observed values of p; for CoHsCl,
C,H;Br, and C;H;l. Also included are the equilibrium
partial pressures of atomic halogen px calculated
under the assumption of rapid release of all the halogen
from the halide, and establishment of the X 22X

TasLe VI. Partial pressures of organic halides #; and of atomic
halogen #x that reduce N0 glow by 50%,.

PRy =300 mm

CaHCH CgHsBr CaHal
T.°K b pX ] 24 E24) X
924 006 6X107 AXI107F 2107 410 410
019 04 6xI0* 0.03 0.02 2xi0 3 2x 107
111t 0.5 0.02 0.1 0.07 0.05 .05

OF NITROUS OXIDE
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Fia. 4. N,O glow at low pressure with and without added NQ.

equilibrium. The accuracy of these determinations was
low because of absorption of the added gas con the
walls of tubing and mixiug wvessel, and in stopcock
grease.

Since small amounts of added hydrocarbons were
found to produce no inhibition, and since molecular
halogens gave results similar to the halides, the effect
of the ethyl group could be neglected.

Whether the inhibition is the result of atomic or
molecular halogen cannot be deduced with certainty.
In the case of ethyl iodide, it is surely due to atomic
iodine, since I, is almost completely dissociated in this
temperature range. By analogy with lcodine, and in
line with the catalytic N,QO-halogen reaction,*® it may
be assumed that the atomic species are responsibie
for the observed inhibition in the cases of bromine
and chlorine compounds, too. Both p; and px increase
with increasing {emperature.

The relative efficiency of the halogens at constant
temperature appears to be I>Ci>Br or Cl>I>Br,
but the large experimental error may be responsible
for the scrambled crder. The clear order CoHyI> CoHBr
> CoH4(Cl seems to reflect ouly the ease of dissociation
of the halogen molecules.

The magnitude of p; for ethyl iodide can be compared
with the pressure of ethyl iodide which decreases the
initial rate of formation of NO by 50%. The latter value,
given above, is 3X 107 mm at 973°K with 50 mm of
N:QO. Interpolating p; at 973°K from Table VI, we
obtain approximately 110 mm for 800 mm N0 and
estimate 1X 107! mm for 30 mm N,O. The value of #;
comparable with that for NO inhibition under equal
conditions is therefore one to two orders of magnitude
smaller.

DISCUSSION
I. Rate of NO Formation
N0 Alone

In an effort to explain most of the above results by
one mechanism, we propase that the following steps
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are of importance.

N0 — N.+0 (1) AHP=+438.3 keal
O+4-N0 — Nat0, (2) AHP= 789 keal
O+N 0 — INO 3} AHP=-—359 kcal

O+XNO+M — NO+M 4) AH=—T14kcal
0 — wall {5)

NOsFN:0 — Nyt Op-NO - (6) AHP=—7.5 kcal

Step (1) here represents the uminolecular set of activa-
tion, deactiviation, and decomposition reactions. Homo-
geneous recombination of atomic oxygen

O0+04+M — O+ M ()

is not included because of the low probability of such

triple collisions. Calculations will show, however, that

it may be of marginal impaortance. It is clear that any

NO formed in {3) will not be destroyed, but merely

deplete oxygen atoms by {4) and {6) and be regenerated.
The alternate choice of

NOy+0O — NO+0, (8) AHP"=—458 kcal

as a path for the regeneration of NO and recombina-
tion of atomic oxygen would lead to a contradiction.
At the beginning of N;0 decompasition, 609, or more
of NO is formed (Table I}. This means that for almost
every N0 molecule decomposing, another one is
destroyed by reaction with O. The NO yield decreases
rapidly during the course of reaction, presumably by
NO removing O more efficiently than N0 and thereby
inhibiting its own further formation. But if this occurred
via (4) and (8), it is clear that each decomposing N:O
molecule would no longer lead to the destruction of
another N:O. The N;0 vs time curve should therefore
show unusual curvature near time zero, the rate
decreasing by almost a factor of 2 within a fairly short
time.

Since such behavior is never chserved, it is necessary
that NQO, disappear in 2 manner which wili destroy
another N20, i.e., by reaction (6). It is aiso necessary
to exclude the alternate path

NO3+N0—3NOQ, AH=-+4353 keal

since it would amount to continued NO production
from N0, but this seems reasonable in view of its
unfavorable AH.

The introduction of (3}, the first-order approximation
for diffusion to the wall is supported by recent experi-
ments on O recombination.!® It is, moreover, strongly
suggested by the results {Table I} that the initial NO
yield increases with increasing N;O pressure, since this
requires a mode of O atom disappearance which is of
lower than first order in N3O,

¥ D. G. H. Marsden and L. W. Linnett, Fifth Symposium on
Co&bmﬁan (Reinhold Publishing Corporation, New York, 1955),
p. 685,
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The reaction
NO+N:0 — NO+N. {8)

is presumed to be responsible for the catalytic decom-
position of N;O by NO and its rate is well known.'
In the absence of added NO, the error due to neglect
of (8) is 10 to 159 in the later stages of decomposition,
and much less at the beginning of reaction.

The early stages of N0 decomposition can be
represented by steps (1}, (2), {3}, and (5). Applying
the steady state approximation to O atoms, one obtains

R
(bt E)[NOT+ks

where R; represents the rate of (1). The initial NO
yield —d[NO1/é[N;0]|s is independent of R; and
turns out to be

—d[NO] 1
AINOT Jo 14 (Bo/ka)+ (hs/ 20 [ N2OT)

The experimental data of Table I were fitted to this
expression. At each temperature, w=4h,/ks and va=ke/k,
were determined by drawing one line in the u-v plane
corresponding to (b) for each initial Ny} pressure.
This gave three intersecting lines for each T which, in
order 1o define unique % and » valnes, had to intersect
in one point. Such was the case at the three higher
temperatures with good accuracy, and at 876°K with
fair accuracy. Table VIT lists the resulting values for
# and v. The temperature coefficient of % was now
assumed to be that of a diffusion coefficient and %;
expressed as ¢7%5'7 With these assumptions, the
activation energy E; of k; was obtained from the slope
of the plot of logeTt* vs 1/T and Ey=15.541 kcal
The activation energy F. of %k was then determined
from E; and the plot of log % vs 1/7T. u is constant at
the three higher temperatures but somewhat higher
at 876°K where its value is least reliable. From this,
we estimate F,=14.542 keal.

In order to get semiquantitative values for ks, Bs,
and k;, we make use of Marsden and Linnett’s!®
estimate for the accommodation coefficient of atomic O
on glass. Extrapolating to our temperature range around
700°C, we use a value of 1072 for capture on quartz,
and, equating the total number of collisions with the
wall Z,

(O] (a)

(b)

$-area
" xeMRT)

with 1000 £{0], we obtain, at 973°K, ks=17 sec™,
,=1.7XX10" cc mole™ sec™, and E:;=3.5%107 cc
mole? sec™}, Therefore, k=310 ¢ W-HET k.=
X118 HRT oo mole® sec?, It is interesting to note
B F, Kaufman and J. R. Kelso, J. Chem. Phys. 23, 602 (1955),

17T. R. Partington, Advanced Trealise on Physical Chemistry
{Longmans Green and Company, London, 1949), Vol. I, p. 903,
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that ks and k; have pre-exponential factors 10° to 104
times smaller than the calculated collision frequency.
This explains why the reverse of {3),

2 NO — N,040,

ig probably not the slow step in the decomposition of
NO at 1100 to 1300°C," though its activation energy,
E=36+15.5=31.5 kecal, is considerably lower than
the observed value of 63.8 keal.

The steady-state pressure of atomic oxygen at the
start of reaction can now be calculated if it is assumed
that R, is onec-half the observed rate of disappearance
of ;0. It turns out to be 1.5 10~* mm Hg. At this
value, estimating the termolecular coliision frequency
O+4+0+N:0 to be 10'% cc? mole™® sec™®, homogeneous
recombination would account for only 0.029% of
oxygen aiom reactions. But a choice of 107% for the
accommedation coeficient of atomic oxygen would
increase this fraction to 297.

Further evidence for the correctness of our inter-
pretation comes from the results with the packed flask
{Table II}. The calculated fraction, —dpno/dpwio
was obtained from expression {b) using the value of u
from the experiments with the empty flask, but
replacing » by 40 v, i.e., considering the surface capture
of oxygen atoms to be proportional to the surface
area. Though the agreement is only fair in some cases,
the striking reduction of the NO yield from about
S0% in the empty flask to 5 to 6% in the packed
flask at low pwo is well represented. The strong
dependence of NO yield on pxso0 {greater relative
importance of surface removeal of Q) is alsc predicted.

Turmning now to a representation of the entire course
of decomposition, we utilize steps (1) through (7). As a
further assumptlion, the steady-state treatment is
applied to NO,. At the high temperatures of reaction,
this should not introduce a large error. The steady-state
concentration of oxygen atoms is now given by

R,
(Rt B0 TR RINOT M

The fractional yield of NO at any time, —d[NO]/
4[N 0], becomes

(0] (o)

d[NO]
4[N,0] .
L (o/k) (ke/ 25 LNA0T) @
+R/BLXOT M/IN:O]

(3] can be approximated by [No0Jp. This is exactly
true at time zere, but should continue to hold fairly
well throughout, since for every mole of N30 which has
decomposed, 13 moles of diatomic molecules of lower
third body efficiency are praduced.
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TapLE VII. Ratios of rate constants.
T, °K
876 927 973 1031
w=kof ks 0.67 0.515 047 0.47
v= ks/ k3
mole co™i X107 9.2 7.1 4.8 3.4

The differential equation {d) was made homogenecus
by a simple change of variables, and was integrated
exactly. The boundary conditions [N,O]=[N:;0ls,
[NO1=0; [N,0]1=0, [NO]=[NO], were applied and
the experimental sets of values, [N:07Js and [NO],,
of Table IIT were substituted. With the intreduction of
ks, kg, and k; from the preceding section, an equation in
one unknown, &;, was obtained for each experimental
pair, N0 and p.,NO. This equation was solved
numerically by a methed of iteration and the resulting
k4 is listed in the third and sixth columns of Table T11.'8

Though both columns show a trend of decreasing &,
for increasing [N#0 7, it is reassuring to find a spread
of only +89% and +10% in k; when [ N0y changes
8- and 20fold, and [INO7. changes 3- and 7-fold at
the two temperatures. The magnitude of % of about
66X 10" ¢oc® mole sec™! 1s well in line with that of other
termolecular recombination rate constants. The absence
of a positive {and possibly the presence of a negative)
temperature coefficient is in agreement with the
accepted picture of such processes as having no activa-
tion energy.

It should be noted that the bimolecular recombination

O4NO — NO, (4

cannot be used in place of (4}, Iis rate “‘constant,”
ks, would vary linearly with [N,07,.

Added Gases

The considerable decrease of — {dpno/dpns0)}[s with
the addition of inert gas {Table IV} can not be explained
by the above mechanism. The peculiar effectiveness of
helium in speediug the rate of decomposition of N0
is paralieled by its similar efficiency in equilibrating
vibrational and other degrees of freedom in recent
relaxation experiments.” It may help to reconsider
homogeneous O atom recombination, (7), but such an
explanation leaves much unexplained. The great
relative efficiency of He as third body in {7) would be
in contrast to its nermal behavior in halogen recombina-
tion®; and the presumed large rate increase of (7)
necessary to expiain the pronounced drop in NO yield
would require that N0 itself be a very imeffective
third bedy in reaction (7). A full understanding of

% These computations were set up and carried out by Dr. W. C.
Taylor and Mr, L. Kilian whose help is gratefully acknowledged.

B Walker, Rossing, and Legvol, Natl. Advisory Comm.
Aeronaut. Tech. Note No. 3210, 24 (1954),

2 Christie, Norrish, and Porter, Proc. Roy. Soc. (London)
A216, 152 (1953).



114 KAUFMAN,
these results will probably require a comparable
understanding of the effect of added gases on Ry, and
such is not yet in sight.

The effect of inert gas addition on the limiting NO
pressure {Table V} is more understandabie. The more
normal seqnence O;>N.>He>A expresses the effi-
ciency of the added gases as third bodies in reaction
(4). If the lower initial NO rates (Table IV) are taken
into account, the order becomes (> N:>A>He.
Helium which gives the lowest initial yield of NO is
least effective in {4) and produces the second largest
$.NO. Though oxygen is considerably more efficient
than He, A, or Ny in (4}, it may be surprising that it
isn’t much more so by the reaction

O+0:+M — O+ M. (9

The fact that the addition of 100 mm of O, lowers
$#.NO by only 409, shows that O, is about two orders of
magnitude less efficient than NO in removing atomic
oxygen at 1000°K. This is due to the high rate of ozone
decomposition by the reverse of (9), ie., its great
instability at high temperatures. Thus, if the equili-
brium O+ Qs & O3 becomes established, the calculated
ratio pos/po at 1000°K and po,= 100 mm is 1/150.

As expected, the experiments with water vapor
showed it to be more efficient jn reaction (4) than any
of the above.

Of the reactive, added gases, ie., those which
interfere chemically with some of the intermediate
steps, the halogens are most effective in inhibiting NO.
Since a direct interference with the initial decomposition
of N0 is ruled out, this effectiveness must be due to

O+X+M—-0X+M, (13}

The rate of NyO decomposition being unchanged
(except for some concurrent catalytic reaction amount-
ing to ~109%) 1t is again hecessary to postulate reaction
of OX with N,O

NO4H0X — No4-0.4+X (14)

in an argument similar to that given above against
step (8).

Application of the rate constants calculated from the
experiments with pure N,O shows that at 973°K,
$oN20=50 mm, the NO pressure necessary to cut in
half its own initial rate of formation is (.6 mm Hg.
Since 0.003 mm of atomic iodine produce an equal
decrease, I must be 200 times more effective than NO
in removing O atoms, or k;;=2004;. At most a factor
of 2 to 3 of this can be due to the larger diameter of T,
and in view of the normal, termolecnlar value cal-
culated for %i, &y is surprisingly high. This great
efficiency of iodine for removing oxygen atoms may
have a bearing on the strong inhibition by iodine
compounds, of the H;—0; and CO— ), reactions and
explosions.

Added bromine or chlorine compounds exert a
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similar inhibition of NO, but at higher pressures of
added gas. This undoubtedly results from the higher
dissociation energies of Braand Cls; and correspondingly
lower pressures of atomic halogen.

II. Chemiluminescence

If the glow comes from electronically excited NO,
made in binary collisions of NO and O, its intensity,
L=#[ONQ]. Substituting for [Q],

. ¥R \[NO)
" (Bt RI[NO s+ R [NOIM]

(e)

At sufficiently high temperatures and NjO pressures,
the buildup of NO is very rapid, the last term in the
denominator of {g) 15 larger than the first two, and (¢)
is approximated by

L=kR\/kM]. (B

This explains the nature of the glow #s time curves;
L is proportional to Ri, the cleavage rate of N30,
and decreases as [ N300 is decreasing. Near time zero,
the peak intensity, Ly, can be expressed as a function
of [N;0] by substituting [M]=[Ny0)y and setiing
Ri=k'[N:0) with 8=1.5 to 1.6. The latter approx-
imation considers K, the rate determining step in the
decomposition of N-O (in magnitude somewhat
greater than one-half the observed rate of disappearance
of N.0). The above empirical range for 8 was found to
be correct in all our experiments. Therefore,

FLrr

Loik—[Nz()]os_l,

]

so that the peak glow intensity at constant 7T, in the
absence of added gases, should be proportional to the
0.5 to 0.6 power of [N+O]. The difference between
this predicted and the somewhat higher observed
range of exponents {0.65 to 0.85) may be due to neglect-
ing the first two terms in the denominator of (e).

The experimental observation that the half-life of
the observee glow was inversely proportional to the
0.7 to 0.9 power of [N+OJs can be explained in the
following manner. In the course of one experiment,
[M ] remains approximately constant so that

L{O=k[NOP.

Setting —d[N.0)/di=E* N8, it is easily scen that
& of the glow should vary inversely as the #—1 power
of [Ns0J. Again the observed range is a little higher,
but this can be explained further. The cold space in
all chemiluminescence experiments was large. The
observed pressure increase during the course of a run
was less than half of theoretical. Thongh this will not
affect Lq, it will affect the rate of change of [N.Q]
and of the glow during the latter stages, since N0
will disappear from the reaction vessel not only by
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reaction, but also by being swept into the cold space
by the attending pressure increase. Such additional loss
of reactant will appear as a higher effective order of
reaction and as a higher inverse power in the ¢ o5
[NQO:IO relation.

The approximate quantum yield of 10~ for the ratio
of quanta emifted per molecules of N0 decomposed
leads to an interesting comparison. Neuberger and
Duncan® recently reported the lifetime of N, excited
by radiation of wavelengths 3900 to 4600 A to be
44 psec. If every decomposing N (3 motecule pave
rise to an excited NOy* which could be deactivated by
collision or could radiate, the cbserved quantum yieid
would be equal to the ratio of collision to radiation
half-life. That ratio, at the conditions of our experiments,
and using Neuberger's value, does turn out to be about
108 This would scem to indicate that the above
assumption is approximately correct; that N(y* is a
major intermediate; and that reaction (4} is really a
succession of twa steps, binary activation, (4'), and
collisional deactivation. However, it is more likely that
the identification of NO,* present in flucrescence and in
the NO+4Q continuum is not permissibie. In that case,
one might expect the recombination forming NO,* to
have a normal half-life of 10~7 to 1073 sec, and radiative
recombinations weuld then account for only a small
fraction {about 10~*) of the normal termolecular reac-
ton (1),

. N_eu_berger and A. B. F. Duncan, ]. Chem. Phys. 22, 1693
{1654).
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In agreement with their effect on the rate of formation
of NO, added inert gases decrease the glow in the order
Q> Ny> A>He with Qg giving the greatest reduction.
This can be thought to represent relative quenching
efficiency for NOs*, similar to third body efficiency in
{4} as discussed above for the decrease of p.NO.,

The experiments describing the slow onset of the
glow at low N0 pressures and its much faster rise with
addition of some NO (Fig. 4) is also well explained by
the above expressions. At low rates of decomposition,
the first two terms in the denominator of {¢) cannot be
neglected and L will reach its maximum value slowly.

Using the calculated values for &s 1, s and the experi-
mental values for [NO] as function of time, we cal-
culate a rise time of about 2 minutes under the experi-
mental conditions, in good agreement with the observed
value.

The strong inhibition of the glow by atomic halogen
is in line with the decrease of NO formed. The fact that
£x is between 10 to 100 times smaller than the corre-
sponding pressure of halogen which lowers the initial
rate of formation of NO by one-half is also easily
explained. px, the concentration of halogen which
reduces the glow by one-half, determines the product
[NOJ[O], and since atomic halogen decreases the
steady-state oxygen concentration and thereby also
the rate of formation of NO, the product [NO] [0] is
lowered more than [NOY zlone by a given amount of
halegen. Thus, the glow is more sensitive to addition
of inhibitor than is the rate of formation of NO.
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Electronic and Vibrational States of Anthracene*}
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The polatized absorption and Huorescence spectra of anthracene have been measured in dilute solid
solution in single crystals of naphthalene and phenanthrene at 20°K. The lowest singlet-singlet transition
is proven to be polarized along the short molecular axis, and hence *Bo—'d,(*L;—14], in agreement with
theoretical predictions. Vibrational frequencies are compared in the ground state and in the first excited
state. The polarization of the fluorescence of anthracene in phenanthrene has also been studied as a function
of temperature. The fluorescence is partially polarized at 300°K, but is depolarized at 20°K.,

I. INTRODUCTION

HE electronic spectrum of anthracene has recently
received considerable study from both an experi-
mental and theoretical viewpoint. The intense short

* Presented in pari at the Symposium on Molecular Structure
and Molecular Spectra, at the Ohio State University, in June,
1955.

t This work was partiaily supported by the Office of Naval
Research under contract N ori-211---T. Q111

1 DuPont Teaching Fellow, 19541935, Precent address: Chem-
istry Department, University of Rochester, Rochester, New York.

wavelength absorption has been photographed in the
crystaliine state by Cralg and Hobbins.! The weaker
long wavelength absorption spectrum of single crystals
of anthracene has been photographed at 20°K by
Obreimov and Prikhotjke,® and the fuorescence of
crystalline anthracene has been photographed at 20°K

! D, P. Creig and P. C. Hobhins, J. Chem. Soc. 1955, 536.
21. W. Obreimov and A. F. Prikhotjko, Physik, Z. Sowjetunion
9, 48 (1936).



