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ABSTRACT

i
!
The chemiluminescent emission arising from the reactions of atomic

oxygen with acetylene, ethylene, methane and carbon monoxide:'has been
investigated in the pressure range 1 - 1000 microns Hg. In a separate
study, the reactions nf oxygen atoms with acetylene, ethylene and
carbonyl sulfide, ‘have been investigated mass spectromeirically. The
reaction of atomic oxygen with acetylene has been emphasized in both
studies. The nresent report ccntains among various results, data on
the pathway of the initiation reaction; the associated rate constant;
the variation of atomic oxygen concentration, acetylene concentration
and carbon monoxide concentration with time; the intensity dependence
of the various chemiluminescent emiscions on time and on molecular

oxygen concentration. —_
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GENERAL INTRODUCTION

This Final Report describes the experimental work performed under
Contract AF19(628)-3320 covering the period August 21, 1963 to
August 20, 1964. The major objective of these studies has been to
simulate the conditions which exist in the atomic oxygen region of

the upper atmosphere when misgile trail gases are released.

The characteristic chemiluminescent missile trails show strong
CH emission bands which are evidently the resuit of reaction of atomic
oxygen with hydrocarbon fuel products. It is known that the most
reactive hydrocarbons with atomic oxygen are those which are un-
saturated. It is evident that considerable juantities of these gases
are liable to be present in the trail of a missile which as a hydro-
carbon fuel, both as a result of partial cracking and oxidation of
the parent fuel and as a result of incomplete use of the fuels them-
selves. In an attempt to understand the mechanisms by which this
chemiluminescence occurs, we have attempted to simulate the conditions
which exist and to carry out experiments with the simplest model
hydrocarbons under controlled conditions. We have chosen acetylene

(CZHZ)’ ethylene (CZHQ)’ and methane (CHQ) as being representative




of the triple, double and single bond hydrocarbons, respectively.

The experimental program has been divided into two parts. One
part has involved the study of the reaction rates using a fas* flow
system with a continuous sampling mas. spectrometer. The other has

involved light emission studies using spectroscopic techniques.

The following people have actively contributed to the research

described here:

Meville Jonathan
Joseph Padur
John Sullivan

Peter Warneck

They wish to acknowledge the skilled technical assistance and

helpful comments of many of their colleagues.
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SECTION 1

SPECTROSCOPIC STUDIES OF LIGHT EMITTING REACTIONS CARRIED OUT UNDER
CONDITIONS DESIGNED TO SIMULATE THOSE EXISTING IN THE UPPER
ATMOSPHERE DURING THE EARLY STAGES OF MISSILE LAUNCHES

Light emission from missile trails is characteristic of the early
stages of missile launches, particularly in the cases c¢f those rockets
which rely on hydreocarbon fuels. There is good reason to believe that
a large proportion of the light emission is chemiluminescence. This
must arise mainly from the reaction of atomic oxygen and ozone with
the unspent hydrocarbons or some of their oxidaticn by-products. It
i{s also possible that some emission may occur as a result of the

chemiluminescent reactions of atomic nitrogen with the exhaust gases.

In the Final Report c¢£ the previous contract, AF19(628)-231, we
gave details of survey experiments which we had carried cut. From
these data it seemed apparent that most light emission was associated
with the most highly unsaturated hydrocarbon reactions and that light
emission decreased as the ratio of carbon to hydrogen in the molecules
decreased. This was true for the reactions with both atomic oxygen

and atomic nitrogen. On the basis of this study we have chosen the




model compounds acetylene (CZHZ)’ ethylere (CZHA) and methane (CHA)

as rerreseutative of the triple, double and single bond hydrocarbons,
respectively. Since the most highly unsaturated hydrocarbon must be
responsible for most of the light emission, the most extensive studies
have been made on acetylene with a somewhat lesser emphasis placed on
ethylene. 1In addition, studies were made of the chemiluminescent
reactions of oxygen atoms with carbonyl sulfide, nitric oxide, and

carbon monoxide.

1.1 APPARATUS AM. EXPERIMENTAL METHODS

1.1.1 Medium Pressure Flow Tube Apparatus. The apparatus used l
in the 500 micron region was of the fast flow reaction tube type and
is shown in block diagrzmmatic form in Figure 1. Using this system
it was possible (with minor modifications ir some cases) to make:
(1) atomic oxygen in the presence of molecular oxygen by discharging
oxygen, (2) atomic oxygen in the presence of very little mol:cular
oxygen by discharging a 99:1 mixture of argon and oxygen, (3) atomi.
oxygen in the absence of the molecular form by discharging nitrogen
and titrating the atoms thus formed with nitric oxide whereupon the

very fast reaction ( ~'10-11cc molecule-lsec-l) occurred

N+ NO - N2 + 0

The flow tube dimensions were such that the linear velocities of

the gases were of the order of 1,000 cm/sec. while it is known that

e e T TR W IR P T o o e P e TS PRI TN -
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the time for an aliowed electronic transition is between 10 and 10

sec. In particular the lifetimes of the AZA and BZS- states of CH are

of the order of 19-6 secgl)

- sec. (2)

and that of the A3ng state of C2 is about
10 The sources of som: of the other emissions are unknowrn
but it is highly probable that the lifetimes will be much shorter than
the time taken for the gas to travel 1 cm. Hence, it can be seen that
the light emission due to any particular source will occur virtually

at that poiat where the source was formed. This radiation is Luerzfore

essentially a measure of the rate of formation of the emitting species

at that point and after that reaction time.

1.1.2 Low Pressure Apparatus. A detailed description of this

apparatus is given in the Final Report of Contract AF19(628)-231,

GCA Technical Report 62-25-A. Hence, only a brief description will

be given here. The system by which the atomic species were prod.ced
was similar to that shown in Figure 1. The reaction cell was a
50-liter, 3-necked Pyrex flash shown diagrammatically in Figure 2.

It was coutinually evacuated by a large Welch mecharical pump

(15 cu ft/min) and @ NRC 4 inch oil booster pump which had a maximum
pumping efficiency bztween 1 aad 100 microns Hg. A liquid nitrogen
trap was maintained between the cell and the booster pump at all times.

The cell pressure was measured by a McLeod gauge. 7The pressure was
measured at various points in the cell and found to be identieal

indicating that no pressure gradient was set up by the gas flow. This
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Figure 2. Diagram of low pressure reaction cell.




was also checked by pointing the McLeod tube opening towards the gas
flow and directly away from it. Again identical readings were
obtained. Yet another indication of the lack of apprecialle pressure
gradient was given by the appearance of a uniform luminescence in

the cell when a premixed flow of atomic oxygen and nitric oxide was
add>d. In normal use the cell was coated by a layer of magnesium

oxide in order to increase the light gathering efficiency.

1.1.3 Detecticn Equipment. The spectrum of the light emission

was obtained where possible using a Perkin-Elmer single beam doible
pass spectrometer. Background noise was kept to a minimum ¢/
chopping the incoming light beam on its sezond pass at a fixed
frequency of 13 cps. The a.c. signal resulting at the detec”or was
then fed into an amplifier tuned to this frequency. The spectrum
region under observation wa: scanned automatically at a predetermined
specd. The spectra were recorded using a Le2ds and Northrup 10
millivolt recorder. The detector used was an E.M.I. 9558B photo-
multiplier tube fitted with a quartz window anc was designed for

use in the region 2500 to 7500 &. A special preampiifier was used

to minimize electrical pick-up.

On occasion, particularly with the low pressure apparatus, it

was desirable to measure the intensity of the over-all light emission.

These measurements were made with either a RCA 1P28 photomultiplier

(S5 cathode) or EM1 9558B photomultiplier (520 cathode) coupled to




L

a Victcreen microarmeter. <Checks were made to ensure that the micro
ammeter and photomultiplier gave linear readings over the scales in

which they were employed.

1.2 RESULTS

1.2.1 The Reaction of Ltomic Oxygen with Acetylene. It is well

known that the main emission occ:ring as a result of the reaction
arises from CZ’ CH, and OH radicals and a consider hly lesser contri-
bution from the CHO radical. 1In addition, there is significant
continuous emission from an unidentified source with a shert wave-
length cut off at approximately 3965 g. Further emission occurs

outside the wavelength range covered in the present studies, namely

in the infrared and in the vacuum ultraviolet spectral region.

While the studies described in the last Final Report were
carried out in the presence of large quantities of molecular oxygen,
it was one of the aims of the present study to investigate the
reaction in the absence of molecular oxygen and to determine the

effect of 0, on the light emission. As was mentioned earlier, this

2
was accomplished by discharging a 99:1 ratio of argon and oxygen or
by making the oxygen atoms by titrating atomic nitrogea with nitric
oxide. Most of the results were described in detail in the semi-

annual report under this contract dated 20 January 1964, and 20 July

1964. Hence, it suffices to give a brief summary here.




The rate of formation of the excited species in the absence of
molecular oxygen was investigated using the medium pressure flow
apparatus. Spectra were obtained of the light emission at regular
time intervals up to 15 milliseconds after mixing. The area under
a band system as measured by a2 planimeter was taken as being pro-
portional tc the light emission from the particular radical at that
time. A typical plot of the results is shown in Figure 3a. It was
found in all cases investigated that *he maximum amcunt of excited
CH is formed at earlier times than the maximum amount of the unknown
emitter of the continuum. The C2 swan bands are formed by a slower
reaction than either of these. The fall off of the CH system at
%300 X and 3900 R is identical within experimental error and the
same also holds true for the 02 bands at 4700 X and 5100 X. It is
thus suggested from the above that the CH systems at 3900 X and

o

4300 A were formed from the same reactions at the same rate. Simi-

larly, it is suggested that the C, bands are formed predominantly by

2

one reaction.

The addition of molecular oxygen upstream of the mixing region
had two effects: (a) the C2 bands, the CH bands and the continuum
were strongly quenched and (b) the OH system at 3064 X became
evident. A typical plot of the data is shown in Figure 3b which is

the sister graph of Figure 3a. It is seen that the maximum excited

CH is formed at a time between that of 02 and the emitter of the

10
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continuum. Similar results were obtained also when atomic oxygen was
produced by discharging a 99:1 mixture of argon and oxygen (for detail

see semi-annual report dated 20 July 1964).

A few experiments were also made using molecular oxygen as the
predmiinant third body. It was found that the order of formatiom of
the species was similar to that found using the other two methods,
indicating that the mechanism of chemiluminescence is not basically

different in the presence of large amounts of O, when compared to

2

its absence.

1.2.2 Quenching of Emission by Molecular Oxygen, Nitric Oxide

and Carbon Dioxide. A series of experiments were carried out to

investigate the quenching efficiencies of molecular oxygen and nitric
oxide (which are free radical scavengers) and carbon dioxide (which
is not). Additions of each gas were made in turn in amounts up to
approximiately 2% of the total flow and the intensity of the various
bands was measured. It was found that carbon dioxide gave only a
slight quenching effect which was of the order of 5%, but oxygen

and nitric oxide were both very efficient quenchers. The relative
efficiency of nitric oxide as a quencher is shown in Figure %. It
should be noted that in addition to its effect as a gquencher, nitric
oxide gives rise to CN and NH bands at 3590 2 and 3360 X. No detailed

investigation ot he relationship has been performed but the impli-

cations were discussed in a previous wceport. The relative efficiency

13
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of molecular oxygen as a quencher is shown in Figures 5a and 5b for
reaction times of approximately 3 and 8 milliseconds, respectively.
Comparison shows that the quenching is less at the later timer. Also
shown in the figures is the rate cf OH emission produced. A linear
relationship with oxygen concentration is evident. Since in these
experiments oxygen atoms were produced by discharging an oxygen -
argon mixture, some molecular oxygen was already present even when
no additional O, was admixed. This accounts for the observation

2

that the OH emission dces not drop to zero as the flow of 02 admixture
is shut off. These results are consistent with the following inter-
pretation: (a) the OH emission is due to the reaction CH + 02 -

CO + OH*, the CH radical being in the ground state, (b) quenching of

the other emitters upon admixture of O, or NO is produced by radical

2
vcavenging, involving an as yet unidentified intermediate species.

This has teen discussed in detail previously.

1.2.3 Effect of Chemi-ionization upon the Emission. The

possible effect of i- -~ %nown to be produced in the oxygen atom —
acetylene reaction as a consequence of chemi-ionization has been
briefly investigated. For this purpose, a flow tube was con-
structed containing two parallel electrode plates in the vicinity
of the reaction space, the spacing being 1 em. The voltage across
these plates was varied from 0 - 200 volts while the reaction was

in progress. No changes in the light emission could be ncted

15
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concerning the C_, CH, OH bands or the countinuum. When the voltage

2’
was increased to more than 200 veolts a breakdown occurred resulting
in a gas discharge. This experiment demonstrates that the principal

emissions are not the result of ion reactions, and also that ions

are not involved in producing the cont.inuum.

1.2.4 Effect of Discharged Argon upon Acetylene. It has

recently been noted that if argon was passed through a microwave
discharge and then mixed with acetylene 2 luminescence resulted.(3)
It is believed that some high energy states of argon which possess
a long lifetime are responsible for the decomposition. 1n a brief
study of this phenomenon, it was found that the main emission
occurred from the CH and C, systems and the continuum which was in

2
agreement with the previous investigation.(3)

The intensity of

this emission is at least a factor of 103 less than that observed
with atomic oxygen and argun and so does not interfere in any way
with those measurements. It is interesting to note from Figure 6
that the order in which the emissions appear as a function of time
is the same as in the O-atom acetylene reaction. This would seem

to indicate that essentially the same mechanisms are respv.uasible for
the emission in both cases. Significantly, the OH band at 3064 X

could also be produced by the addition of molecular oxygen. There

were some marked changes in intensity of the bands, however. Never-

theless, these observations indicate that the emitter of the continuum

18
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does not contain oxygen and, hence, the likely emitter is a fragment

of the acetylene mclecule itself.

1.2.5 Spectral Distribution of the 0 + CZEZ Chemi luminescence.

In these experimentc the spectra obtained were corrected for the
spectral response of the instrument. The spectrometer was first
calibrated over the spectral region 3600 2 to 700C X using a stable
source of known flux and spectral distribution. This source which
was a tungsten ribbon filament lamp had itself been calibx.ited by

a N.B.S. standard light source. A check on our calibration was
made by recording the spectrum of the atomic oxygen — nitric oxide
light emission over this wavelength -_-ion. The spectral intensity
at various wavelengths was corrected by multiplying by the ratio

of the N.B.S. response of the tungsten lamp to that of the spectro-
meter response at the same ‘7avelengch. The resulting curve for the
spectral distribution of the O + NO chemiluminescence was compared

(4)

with the known data and was found to be in good agreement.

The true spectral distribution of the O + C2H2 chemiluminescernce

over this wavelength range was measured in the same manner. The

results were preseu.ed in the semi-annual report dated 20 July 1964.

The considerable variation of the intensity distribution with reaction

time does not warrant republication at this place.

20




1.2.6 Infrared Radiation. A qualitative investigation was

undertaken to examine the possibility that the reaction of acetylene
with atomic oxygen produced significaut vibrational excitation and
hence infrered radiation. A lead sulfide detector was used and any
signals wece detected on an oscilloscope, It was found that the
renction gave significant radiation even beyond 2 microns. No
attempt was made to identify the emitter or emitters but this is
obvicusly in the fundamental frequency range and one can tentatively

suggest caroon monoxide as a likely source.

1.2.7 The Reaction of Atomic Oxygen with Etnylene. The light

emission produced by the reaction of atomic oxygen with ethylene is
well known to be considerably less than that from the corresponding
acetylene reaction. However by suitable adjustment cof spectrometer
settings, it has proved possible to make some spectroscopic cbser-

vations of the emission.

It was found that, under all conditions, the only detectable
radiation between 3000 and 6300 X arose from the Ol band systems,
the 430C X CH band and a very weak emitter of what is probably a
continuum in *the visible. The spectral distribution of the radi-

ation is shown in Figure 7.

The addition of molecular oxygen considerably quenched the CH

o
emission at 4300 A but had a much smaller =2ffect on the OH emission

21
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which showed a lesser decrease. The additicu of carbon dioxide
quenched both CH and OH emissions at approximately the same rates,
which were approximately equal to the quenching rate of the CH when
molecular oxygen was added. It was also found that the CH end OH
bands were quenched at approximately the same rate on addition of
varying amounts of nitric oxide which was approximately as effi-
cient a quencher 2< molecular oxygen. The fact that only in the
case of 02 is the OH less preferentially quenched may be takcn as
evidence that there is some prodiction of excited OH from the
reaction, 02 + CH = OH* + CO. It should be noted, however, that
unlike “he acetylene case we were unable to observe the CN bands
upon addition of nitric oxide which somewhat weakens this argument.
The ma jor reaction leading to OH emission is evidently entirely

different from the one involved in the acetylene case since it does

r.ot depend on the presence of molecular oxygen.

The rate of quenching by molecular oxygen of the CH band at
4300 X was compared in the acetylene and ethylene cases. The flow-
ratz2s of acetylene and ethylene were adjusted and the atomic oxygen
flowrate was maintained at a constant value such that, ia the ab-
sence of molecular oxygen, the CH emission had equal intensity in
each case. Various amounts of molecular oxygen were cdded and the
decrease in emission from the CH was neasured. The results are
shown in Figure 8. It may be seen from this figure that the CH

emission from the acetylene reaction is ruenched much more readily

23
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than in the ethy 2ne case. Since it ic believed that the queaching
action of 02 in the acetylene case is really the attack of molecular
oxygen on a free radical precursor and since it seems that both

free radical scavenger and "inert' gases quench approximately
equally in the ethylene case, the more rapid quenching cf the
acetylene CH compared with that of ethylene may be taken as evideunce
that coliisional quenching is the dominant removal mechanism in the
ethylene quenching. This is indirect evidence that the 4300 X

CH emissions are the result of different secondary reactions in the

two cAases.

1.2.8 The Reaction of Atomic Oxygen with Methane, It was

found that luminescence from this reaction was - ry much weaker
than that from either of the unsaturated hydrocarbon reactions.
Using the flowrates apparatus a two hour exposure was raquired to
detect any emission at all. Under these conditions there seemed

to be a slight emission at 3064 R which was undoubtedly due to the
OH radical. Heating the reaction to several hundred degrees centi-

grade seemed to increase the emission only slightly.

This reaction was not pursued since it was evident that it
could not contribute significantly to missile launch chemilumin-

escence.

25




1.2 9 Chemiluminescence from the Reactions of Acetylene and

Ethylene at low Pressures. It would appear from the work described

here that the 3064 X band of the hydroxyl radical contributes signi-
ficantly to the total emission in botn the acetylere and ethylene
reaciions. It therefore seemed relevaut to attempt to measure the
proportion cf radiation whick is in this band and if possible to
give a quantum yield for the over-all reactions. The low pressure

apparatus was used in this study.

rthe quantum cfficiency of the reaction of atomic oxygen with
nitric oxide has been measured with a reasonable degree of accuracy(Q)
It has recently been shown that the quantum efficiency of that re-
action remains unchanged even down to pressures of 1 micron Hg.(S)
It ist - -Zcve pussible to make rough comparisons of the relative
efficiencies for light emission of the reactions of acetylene and
ethylene with atomic oxygen by comparing their light emissions with
that of the atomic oxygen — nitric oxide reaction over the same
wavelength range and under the same conditions. In practice there
are several problems involved in the method. Ideally one needs a
detector which has a uniform response over the entire wavelength
range which is studied. This is not readily available but over the
range 3000 - 6000 R the 1P28 photomultiplier (S5 cathode) approxi-

mates to this. Hence, in this work, a 1P28 photomultiplier was used

as the detector. The second difficulty is that the reactions of

ethylene and acetylene with atomic oxygen are so fast that appreciable

; ?
|
|




quantities of the atc-‘c oxygen present in thz reaction vessel are
used up and efter a certaia point the light emission actually shows
a decrease as the hydrocarbon partial pressure is increased. The
reaction vessel we have used functions on the steady stat:. stirred
reactor principle. Hence in order to make the principle operable,

the added partial pressures of hydrocarbon were very simall,

Most of the experiments in this study were carried out in the
pressure range 6-8 microus Hg. An attempt was made to work at some-
what higher pressures but this proved to be impracticable since
increasing the pressure ¢ “.ich was effect=d by throtting che val-
betwe=n the reaction vessel and the pumps) meant that the residence
time of the species in the reactor was also increased. The reactions
were so fast that this lead to a decrease in light emission as the

amount of hydrocarbon added was increased.

Experiments were carried out for each gas in the complete
absence of molecular oxygen (using the N + NO titratinn technique),
the presence of a small quantity of mclecular oxygen (using argon
as the carrier gas) and with oxygen as the predominant third body.
The total light emission over the region 2C00 - 6000 X was measured
with the photomultiplier and microammeter. The radiation above
3300 X was measured by inserting a short wavelength .ut-off filter.
This latter figure was corrected for transmission losses or the

filter by use of the nitric orxide - atomic oxygen emission. This
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reaction gives no emjssion below 3300 2 and hence any difference
between the readings obtained with and without the filter are due
to transmission losses. Hence these losses may be allowed for in
the hydrocaibon reactivns by multiplying the hydrocarbon light
emission obtained with the filter by the ratio of the nitric oxide
light emission without filter and that with filter, The radiation
below 3300 3 which is due predominantly to the OH band at 3004 &
is then obtained by subtraction of the reading obtained without

filter and the corrected reading wich filter,

In agreement with the flow tube work it was found that when
small additions of molecular oxygen was made tn atomic oxygen pro-
duced by the nitrogen atom titration technique there was an increase
in the OH emission from the atomic oxygen — acetylene reaction but
no such effect was noted for the atomic oxygen — ethylene reaction.
The results of the experiments are shown in Table 1. It may be secen
from this tabie that a higher proportion of the emission lies in
the OH band for the ethylene reaction than for the corresponding
acetylene one, This also is in agreement with the flow tube data.
Tn the case where there is no molecular oxygen present the OH
emission from the acetylene chemiluminescence is low. When the
atomic oxygen and molecular oxygen are present in an approximately
1:4 ratio the OH is increased to up to 20% of the total. The per-
centage is not increased perceptibly whea molecular oxyzen is made

the predominant third body. Our flow tube work showed that there
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was negligibl~ OK .nission when molecular oxygen was absent. Hence
it is likely that these readings are high owing to contributiouns
Zrom the CH band at 33300 X and possibly 'veak ccuntinuous emission,
However it is doubtful whether these errors contribute more than
50% of the total reading. The ethylene case is somewhat different
in that molecular orygen does not seem to play an appreciable role
in the OH emission. It seems fairly consistent that about 30% of
the total emission lies in this band. It is also a sorewhat more
accurate value since there is less contribution from neighbouring
emission systems. It is probably fair to say that under upper
atmosphere conditions a conservative estimate for the percentage of
the emission between 3000 and 6000 R in the OH band is at least 5%
for the acetylene reaction and at least 30% for the ethylene reaction
If we take the known valu~ for the rate constant for light emission
for the atoric oxygen - nitric oxide reaction of 1.7 X 10.17 cc.
molecule.1 sec-1 over the range 3000 - 6200 K we may make reasonable
estimates for the hydrocarbon reactions. The acetylene light
emission is about a factor of 5 greater than that of nitric oxide
under the same conditions whilst the ethylene luminescence is
consistently a factor of 2 less. This enables us to estimate the
rate constant for light emission of the acetylene - atomic oxygen
reaction as 10-16 cc. molecule-l sec-l and that of ti.e ethylene

reaction as 10-1/ cc. molecule.1 sec-l. Curiously, it would seeum

from the way that the light emission drops off as the hydrocarbon
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partial pressure is increased, that the over-all rate constant for
the acetylene reaction is less than that of the ethylene reaction

by perhaps as much as an order of magnitude, Under these conditions
the nitric oxide - atomic oxygen reaction liberates 1 quanta approxi-
mately every 107 collisions. Hence we may estimate that the corres-
poniding acetylene and ethylene reactions give one quanta in the OH
3064 X band for each 5 X 108 collisions and each 2 X 107 collisions
respectively. These estimates are made on the basis that the

reactions are two bedy processes,

1.2.10 Measurement of Atomic Oxygen Partial Pressure at

Low Total Pressures. The nitrogen dioxide titratioa tzchnique and

variations cf the method have been shown to be accurate for measuring
oxygen atom concentrations in flow systems in the 1 mm pressure

ra.ge. Nitric uxide is produced by the rapid reaction

k

1
o+ N02 - NO + 02

and light emission occurs as a resuit of the much slower process

ko
0+NO+M — NC,+ M+ hv
L

It has further becvn shown that there is maximum light emission when

(6] = 2|N0,! and no light emission when [0] = [Nozj.

At the low pressures prevailing “n the stirred reaction diffi-

culties were experienced using this method, because reactiovn {1  does
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not necessarily go to completion within the time periods available.
Accordingly, a modification of the titration technique had to be
worked out. This procedure and its implication was described in full
in the semi-annual repcrt dated 20 January 1964. A Ly-product of
this study was the determination of the rate constani associated with
reaction (1). A valie of 2.5 X 10.12 % 0.6 cc/molecule sec was dc-
termined, from the extent of the asymmetry observed i, the titvration
curve. Thic is in good agreement with that obtained by mass spectro-

(6)

metric methods.

1.2.11 The Cremiluminescence of Atomic Oxygen and Carbon Monoxide

at Low Pressures. Carbon monoxide is one of the most abundant by-

products during a missi’e launch. Since it 1s known that carbon
mcnoxide reacts with atomic oxygen to give light emission

it seemed necessary to investigate the reaction at pressures which are
comparable with these in the 90 km region of the atmosphere. Previous
studies were made in the 1 min. pressure region and the results of

the various workers are not in complete agreement. A major portion
of the obtained results were presented in the semi-annual report

dated 20 January 1964. These results can be summdrized as follows:
(a) under the low resolution employed, the emission appeared to be
continuous, (L) the intensity of the emission is proportional to

the oxyger. atom concentration, (3) it is also proportional to the
concentrzation of carbon monoxide, but independent on the total

pressure. In the experimeutal results reported below will show,
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however, that although there is no dependence on pressurz, the
emission intensity varies with the nature of the main gasecus
constituteant present; i.e., on the nature of the third body. The
various findings will be discussed in the light of results obtained

by other workers.

The recent experiments were performed using the low pressure
apparatus with flowrates of 60 cc/min. Working in the region 10 - 60
microns Hg it was again found that the light emission was independent
of pressure and directlv proportional to the partial pressures of
atomic oxygen and carbon monoxide. We then attempted to determine
the effect of varicus third bodies. There is a3 fundamental difficulty
involved at these low pressures in making absolute measurements of
partial pressures. We have established that one 1s no longer in the
viscous flow region but in the intermediate region between that and
molecular flow. As such, one is not strictly correct in cz’culating
the various partial pressures according to the ratio of the flcwrates
since the lighter gases are pumped faster than the heavier gases.
However if we restrict our attention to nitrogen, argon and oxygen
as the third bodies thea the corrections c¢o not exceed 10% since
atomic oxygen will be pumped as the molecular species. A correction
may be made {or the efrect of non-equal pumping after measuring
directly the pressure due to specific flowrates of gases and added
carbon monoxide. This procedure was adopted. The atomic oxygen

flowrate was measured by titrating with nitrogen dioxide and matching
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the maximum glow with one produced by nitric oxide alcone has been
described earlier. This partial pressure of nitric oxide was also
corrected. In this manner it was possible to measure IO for both
the nitric oxide — atomic oxygen reaction and the carbon monoxide —
atomic oxygen reaction. The results are shown in Table 2. As may
be seen from this table, there is an apparent dependence on the
nature of the third body. One has to exercise caution in stating
this since the differences are very small. Hcwever it is of some
comfort to note that the (Io)NO values are in excellent agreement
with those obtained by Kaufman in the mm. region(7) The ratio of
the (Io)No to (Io)CO values are in reasonable agreement with those
of Clyne and Thzush{s) It therefore seems apparent that the mech-

anism which operates in the 1 mm. region is also the prevailing one

at pressures as low as 10 microns.

Rate Constant for Light Emission.

It is possible to use the above data to make a reasconable
estimate for the rate constant for light emission of the atomic
oxygen — carbon monoxide reaction. It is known that over the range
3000 - 6200 & the rate constant for light emission from O + NO is

-17 -1 -1 ,
1.7 X 10 cc/molecule ~ sec . If we were able to obtain a photo-

multiplier with 2 'flat'" response over this entire region then a

direct comparison of the reaction rates cculd be made. Unfortuanately,
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TABLE 2. Values for Light Emission for Different ihird Bodies
Third (I )yo (1) (I)no, (T )NO (I nos
4 8 arb trary
Body x 10 amps. x 10 amps. (IO)CO Units (Io)CO
(Kaufman 7) (Clyne and Thrush 8)

02 0.20 0.60 3327 6.4 3300

A 0.24 0.73 3347 6.7 5000

Nz .27 0.74 3593 7.3 ~-
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the photomultiplier response falls off rapidly above 5000 g and 1is
down by a factor of four at 6000 X. Little emission can be ohkserved
a2t longer wavelengths. Hence, under our conditions a better value
for the rate constant would probably be 1.0 X 10-17cc/molecu1e_1sec_1_
This conclusion was reached from a study of the spectral distribution
over the range 300G - 6200 X. Below 5000 X in the "flat response"
region the light emission is proportional to approximately 5000.
Between 5000 X and 6200 K the light emission is proportional to
approximately 18000 but this would be reduced to 9000 as a result cf
the lower sensitivity of the photomultiplier. Hence, the effective

rate constant for light emission is

3000 + 9000\ ; 7 x 10-17c:c:/molecu1e-lsec:-1 = 1.0 X 10-17cdh01ecu1 -%ec_{

5000 + 18000

The carbou monoxide emission has a maximum intensity iu the "flat
response’ region and can be compared directly. It was found that the

ratio of IO(NO)/IO(CO)=z 3300, in reasonable agreement with that found
(8)

by Clyne and Thrush. This gives us an over-all rate constant for

light emission cf

1 17 -1

=21 -1
3300 = 3.0 Xx10 cc/molecule “sec

X 10~

which is not likely to be in error by more than 50%.
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1.3 DISCUSSION OF RESULTS

1.3.1 Discussion of Results Pertaining to 0-C0 Chemiluminescence.

In order to discuss and interpret the results which we have obtained, it

is necessary, as a first step, to understand the results and interpreta-

(8,9) At this point, therefore, we will give

tions of the other workers.
a full account of their observations @nd what their interpretations en-

tail.

(8)

1.3.2 Results of Clyne and Thrush. Their results are similar

to ours although carried out in the 1 mm pressure region. The mechanism

which they propose to account for their observations is given belcw.

Stabilization and Redissociation
k, o
0+4+CO+Me2 co +M . (1)
k-lv 2(v)

Vibrational Erergy Transfer

* k / *
o +M =S CO +M . (2)
2(v) %, 2(v’)
v/,v
Radiation
* k3v
o, —=> €0, +hv (3)

Collisional Electronic Quenching

k
o +M -2 co. +M (4)
2(v) 2 ’

Applying a steady state treatment we get:

/ [ %]
"k colfo X 1 CO

.
ko + [M] <k_1v *i, +E kv’v,)
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The total emission is given by

I *_
=3k, LCOZJV

Rate of formation of CO, is given by

d’ Cco J )
dt2 =, (k3v ko [MJ> {coﬂv

L
Now if k3v << than all other terms in the denuminator of Equation (4),
then the observed I depends on the nature of M but not on the pressure of

the carrier gas.

However, if this is the case, then the rate of formation of carbon
dioxide is dependent upon M; this :+ in disagreement with the results

of Mahan and Solo.(%’

The over-all combination reaction is spin forbidden,

co<1>:+> + o<3p>- co, ( 14; y

Spin reversal occurs either:

(1) in the stabilization of a CO2 molecule by a third bedy. This, it
is claimed, would yield an increised intensity when oxygen is the major
third body since oxygen (which has a triplet ground state 32&) would
vacilitate spin reversal. On the other hand, it might be argued that
the 002 would not be produced in an excited state and, if it were, then

the molecular oxygen might be a more efficient quencher of the excited

species to the ground state than, say argon.
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(2) in the radiationless transition between two states before or
after radiation. This transition could occur before or after the
emission process; however, if it occurs after emission, it implies the
presence of a very low-lying triplet state for COZ’ since the emitcing
state cannot lie more than 130 kcal/mole above the ground state of 002
and emission is observed below 30008 {95 kcal/mole). No low-lying
singlet or triplet state of CO2 has been detected spectroscopically
and none is expected. Clyne and Thrush, therefore, concluded that the
emission is a singlet-singlet transition to the ground state of CO2 and
that spin reversal occurs in the radiationless transition between two

excited states before emission.

(3) in the radiative process. This, however, would be expected
to decrease 1 by accelerating the rate of quenching of triplet 002

molecules relative to the rate of emission.

Hence, Clyne and Thrush favor the second explanation given below.
However, if one accepts all the data in the Mahan and Sclo paper, then
this mechanism cannot be correct since the rate of production of 302
would be dependent on the concentration of M unless the major portion
of carbon dioxide is formed by an additional simple two-body process

yielding CO, in the ground electronic state. It is also clear that in the

2

low pressure region in which we have worked it is unlikely that
k9v << the rest of the denominator of Equation (A) and hence the light

emissicn should become three body dependent.
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1 3.3 Results of Mahan and Solo.(g) These workers claim that an

increase in the total pressure (over the range 0.56 to 1.9 mm Hg) de-
creases the quantum yield = the quantum yield is defined as the light
emitted per unit amount of carbon dioxide. The data from which they
draw this conclusion are reproduced in Table 3 . However, as can be
seen from Figure 9, the data can equally well show that the light
emission is directly proportional to the amount of carbon dioxide pro-
duced. This would indicate that the light emission was not pressuie de-
pendent over the pressure range 0.56 to 1.9 mm of Hg. It is thought
that, within these workers' probable limits of experimental uncertainty,

this may bea legitimate straight line plot.

Further studies by these workers indicate that the light emission
is quenched considerably by the addition of small quantities of molecu-
lar oxygen when the predominant third body was argon. This quenching
was in apparent agreement with the Stern-Volmer quenching law. It was
also found that small amounts of molecular oxygen increased the amount
of carbon dioxide formed, indicating to them that there was a secondary

reaction between the excited carbon dioxide and molecular oxygen, thus:

- Co, + 20

+
C02 + 02 2

and

*

CO2 + 02 - CO2 + 20

When the molecular oxygen reached a value of approximately 10% cf
the total amount of third body present, then the production of carbon

dioxide became independent of the molecular oxygen.
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It was round that the pressure range 0.18 tc 1.44 mm, the rate
of production of carbon diuva‘de was independent of the third boyd M.
They, therefore, conc :ded ttat the over-ali rate of production of CO2

went according to the equation d(COo)/ét = k(C0)(0).

The following mechanism was used by them to explain their results:

0+ CC -~ COZ nonradiative (5)
%
0 +CO~ CO2 radiative 6)
+
co, +M-+-CO, + M (7)
2 2
*
CO, + M- CO +M (8)
2 z
CO* h a9
5 ™ CO2 + hv (9)

k GJ]LCco]

[co-] k7m
<o)

[2] '9_

d[002] /dt = i, [M] [-;o;f]+ kg M] [co;]+ kg [co’;]
[(M][0]{co] Kk ky[0][CO]
keke 69
= kg[ol{co] + kS[W TRy ' kg(M] ¥ Ky
[0](co + kg
= k[0][c0] + ](B
kg(M] + kg

(k +L> ]{co]

Hence, tue =ate of producrion of carbon dioxide is independent of M.

I=k [&0 1

1( k [0] LC0]

M]

8 9
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It can be seen that the light emission is depandent upon [M].

The abcve mechanism can explain all the results of Mahan and Solo;
but as can be seen, it cannot be re-~onciled with the results of Clyne
and Thrush or with our own results, since the ligiit emission is depen-
dent upon pressure. However, as we have shown, these results may also
be interpreted as showing that the light emission is not pressure depen-

dent. (See Figure 9.)

1.3.4 New Mechanism. We think it is therefore necessary to give

a mechanism which will explain both our observations and those of the
other two sets of workers. We attempt to do this with the following

mechanism.

The over-all combination reaciion is spin forbidden:

C0<1)3+)+ OCP)-* CO2 CZ;) .

1f, however, spin reversal occurs in the stabilization of the excited

CO2 molecules by a third bodyv, then we might write the mechanism as

0+ CO - co“zF (10)

:oZ -0 +CO (11)
+ *

ol + Mool +M (12)
2 2
*

cor +M-col +u (13)
2 2
%

CO, + M > CO, + M (14)
L
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COr + M= CO, +M (15)

2 2

Co' -+ CO. +h (16)
9 - 2 + hy

co,’; ~ €O, + i (17)

If molecular oxygen is present in any significant amount, then
reactions (12)and (15) arc facilitated since the ground <32é> state of
oxygen would be expected to facilitate spin reversal. Hence, while it
is possible for the stabilization te give CO2 in an excited singlet
state, as in reaction (12), it is also possible that reaction (15) will

occur, which gives CO, in its ground singlet state. It would seem that

2
the statement of Clyne and Thrush that the stabilization of the excited
C(‘.2 molec tle by molecular oxygen would lead to an increased I value is
not necessarily correct since the "quanching" effect of reaction (15)
would also become more evident. Tt might be argued also that it is
difficult to avoid the moleculcr oxygen or the atomic oxygen playing a
cominant part as the third body, zince if it is only present in small
quantities, then it might still be several orders of magnitude more
etficient thar an inert gas. Our results (i.e., the light emission is
increased with argon as the apparent predominant third bedy) ie, there-
fore, not in disagreement with this theory since reaction (15) would

decrease at least in relation ton reaction (12) even if atomic and molecu-

lar oxygen were not present in significant quantities.

It is necessary at this point to see if our mechanism wiil fit the

observations of Mahan and Solo. These will be taker in turn.

45




(1) The absolute quantum vield decreases with pressure over the

range 0.56 to 1.9 mm Hg. As we have shown in Figure 9, we believe that

these results may be interpreted as showing that the quantum yield is
independent of pressure. However, one can take another approach. The
relative amount of molecular oxygen present in these workers' experi-
ment {Table 3) varies from 3.5 to 8.4 percent. This is probably suffi-
cient to make the molecular oxygen play a major role as the third body.

It can be argued that even if one agrees that the quantum yield decreases,
then from the limited amount or cata available, if 1 is assumed rconstant,
the amount of CO, formed increases as O, increases. This also would not

2 2

be contradictory to our observations.

If we accept our observations that the i.:ht emission is independent
of pressure, :hen vur mechanism is consistent with this since in the

steady starte:

1- k16[CO§] + 1k, [C07)
: +
o) - e
13 14 16
k, [0]{CO] + k., [M]ICO.]
[COZJ Tk 10+ k,.[M] + i3 [M] -2k
11tk 15 17

Substituting
1 -/ . - [ +
[co+] _ klO[O,[COJ \k13[M] + klA[M] kig * K5 k13[M]‘M][C02]
= 7 g 2 ] 1
20 GkyaMMT 4k, ] ko) (kg ko [M) 4k S [ME 4K D)
Ir
klO[O;LCO] (k13[M] + klA[M] +-k16)
2

hi 3 Y 1, ;’ - 1
(k13[MJ + le[MJ t k) (k11 + klz[M] + “isly] + k17) k12k13[M,
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- Kok, (01(C0; (3]

M] + k16) (k11 + klz[M] + le[M] + kly) kukn

13 14
L. k10k12k16[ jlco][HM] + k10k17 (0][col (k13[M} + km[M] + k16) |
(k13[M] + km[M] + k16) (k11 + klz[M] + kls[M] + k17) klzk“f 12
.. k;o[01COT (k,k ,(M] + k), (kp5M] + kil M) + &, )] |
(km[M] + k16) (kyy t ki, + 12[M] + kls[M] + k13[ ] (kyy 15[M] + kg

k10 and k11 are unknown. k16 is an allowed transition ~106 -108 sec-l,

deactivation by coilicion is expected to be an efficient process and hence
it is assumed to occur at the collision frequency, i.e., k12 = k13 = klA =
-10 3 -1 -1

k15 = 10 cm_ molecule sec

Now at low pressures (say 1l micron hg.)

=3 x 1013 molecules/cc, k,, > k., [M] + k13[M]

16 14
. kigl0llCO] (k) ok 16‘M] koK)
= T 7 7
kllyy t ey + MG, H ko) + k4 [M] Gopy + ko + k(M)

Since k is not an allowed transition it is not unreasonable to assume

17
a lifetime as long as 10 E sec for it. Hence k, . << klz[M] and if ky, is
small:
. Kyo* k6 (01 [CON M)
kMl k., + Xk )
i.e.,

) kloklz[O]LCO]

(ky,

ky5)
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That is, our mechanism suggests the light emission should be independent
of pressure in the region 1 micron to 10 mm, and should vary inversely
as the pressure above this. At low pressures the light emission would
however be dependent ~n the nature of the third body, sincec k,, and k

12 15

would vary with M.

(2) The relative quantum yield decreases in apparent agreement with

a_Stern-Volmer quenching law as small amounts of molecular oxygen are ad-

ded. Again, it is noted tnat the molecular oxygen is never present in
quantities of less than 1.5 percent and is gradually increased to 20 per-

cent. Hence, in the reactions

+ Lk

C02 + 02 - LOZ + 02 (18)
cot +0, »co, +0 (19)
279, 2 T 95

somewhat more of the COZ may be preferentially placed in a nonexcited

singlet state.

(3) Small amounts of molecular oxygen increase the amount of

carbon dioxide formed. This is interpreted by Miahan and Solo as evidence

for the chain-branching mechanism

+
O2 + CO2 = CO2 + 20

*
O2 + 002 i C02 + 20

It may not be necessary to postulate this explanation, however.

We can again argue that on our mechanism the additi-u: of small amounts of
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of molecular oxygen will increase the degree of importance of reactions
(18) and (19), and herce by the arguments given in the previous paragraph

the required increase in 002 would be produced.

(4) The reaction is first order with respect to toth oxygen atoms

and carbon monoxide, but zerc order with respect to total pressure. Our

mechanism yields the following expression for the production of carbon

dioxide:

] * + * +
d(COz)/dt = kl [MJ[COZ] + le[M][COZ] + k16[coz] + hll[coz]

4

* + )
= [COz] (k16 + klA{M]) + [COZ] (k17 + le[Mj)

At low pressures k16 >> klA[M] and k17 << le[M]

* +
d(C0,)/dt = k (CO,) +k,  [M][CO,]

] k16k10k12[0][co][M] + le[M] klo[o][co] (k13[M] + kla[M] + k16)

(k13[M] + kla[M] + k16) (k11 + klz[M] + le[M} + k17) - k12k13[M]

2

= klo[o]{co]

The rate of production of carbon dioxide is independeat of M provided
that any additional carbon dioxide is formed in a non-radiative state
by a simple two body process. Hence cur mechanism does not conflict with

the data of Mahan and Sate in this respect.

1.3.5 Conclusions. It is interesting to note that ours is the third

mechanism to be proposed for this reaction. However it is capable of being

reconciled with all of the experimental data. It 1s difficult to interpret
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our data or pressures as low as 10 microns on any other mechan.sm since
there is an apparent nature of the third body dependence which is not
compatible with the Mahan and Salo scheme and the light emission is in-
dependent of pressures which should not be the case with thie Clyne-Thrush
mechanism at pressures much below 1 mm. It seems evident that the same
mechanism must be proposed fcr the 1 mm data and for our low pressure
results since the ratio of (Io) and (Io)CD found by ourselves and Clyne

and Thrush are in good agreement. Also it seems that there is no fall-off

(5)

in the (Io)NO at pressures down to 1 micromn.

This mechanism may be applied with only slight modification to ac-

count for the light emission from the atomic oxygen - nitric oxide re-

(10)

action. The original mechanism proposed suffers frem the dirficulty

that it predicts the light emission should become pressure dependent
in the 10 micron region and also that the light emission should arise

from two electronic states since the lifetimes of the states suggested

(11)

are sufficiently close that neither should be neglected. Since we

5)

have shown( that the light emission does not become pressure dependent

at pressures as low ag 1 micron, it is interesting to note that this
mechanism provides a possible explanation. It has been suggested tu.at
initially the nitrogen dioxide is formed in a high vibrational level of

the ground electronic state and then is transferred with the excited

(12)

electronic state from which it emits. If this suggestion is correct

+
2

ground electrcnic state. The lifetime of this 1s anticipated to be of

then we may use our mechanism where NO_ is the vibrationally excited
-2 . , :
the order of 10 = sec and hence identical arguments to those forwarced

for the carbon monoxide reaction may apply.
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The conclusion from the present study is however that the reaction
of atomic oxygen with carbon monoxide cannot contri*ite significantly
to the chemiluminescence during missile iauaches owing to its low rate

constant for light emission of 3 x 10-21 cc molecule.1 sec-l.
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SECTION 2

MASS SPECTROMETER STUDIES

2.1 INTRODUCTION

The principal objective of this part of the experimental prugram
was to investigate chemiluminescent reactions with respect to their
kinetic mechanisms, placing specific emphasis upon the determination of
the initiation reactions and the associated rate constants. For this
purpose an apparatus incorporating a mass spectrometer attached to a
flow reactor had been constructed under the previous contract. Jduring

the period covered by the present contract, the mass spectrometer was

further improved, and a series of investigations carried out on reactions

involving atomic oxygen. Specifically, the reactions of oxygen atoms
with acetylene, ethylene and carbonyl sulfide were studied. A major
portion of the results obtained were presented in the two semi-annual

reports issued during the last year.

2.2 APPARATUS

A detailed description of the mass spectrometer construction and

associated equipment was given in the Final Report on Contract No.
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AF19(628)-231, and improvements were described in the first Semi-Annual
Report dated 20 January 1964 under the present contract. The principle
experimental arrangement is sketched in Figure 10. A measured flow of
dried oxygen was passed through a microwave-powered discharge producing
about 5% dissociation, before entering the reactor. (Other methods of
producing ~Xygen atoms are described in the subsequent section.) The
other re- t was fed into the partially dissociated 02 flow via a
multi-hole jet inlet with the holes being directed perpendicular to the
main gas stream in order to ensure good mixing. The jet head could be

moved along the axis of the reactor so that the duration of the reaction

was controlled by the distance from the MS sampling orifice.

The MS ion source was designed to minimize wall collisions thus
favoring the detection of free radicals. The central portion of the
broad molecular beam developing at the sampling orifice was directed
into the porthole of a moderately fast diffusion pump, traversing the
ionization region on its way. The relative.y large openings required
in the ionization box were fitted with 907 transparent screens and guard
rings which prevented excessive field penetration. It was also found
necessary to cover the outsice surface of the reactor opposite the ion-
ization box with a metallic shield in order to eliminate perturbing
charge-up effects. A system of cylinder lenses focussed the resulting
ions onto the euntrince aperture of a 60 degree mass analyzer employing
a permanent magnet. The mass range covered by variation of the ion ac-

celeration voltage extended from mass 12 tu mass 65 with an observed
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resolution of about M/AM = 30. This was sufficient for the present work.
Rhenium filaments were found tc be most suitable to withstand the rather
severe conditions imposad by the strongly oxidizing atmosphere. MS sen-
sitivities for the various constituents were determined before and after
a series of runs. For this purpose, the reactor was filled with the
desired gas, the static pressure measured with a McLeod gauge, or a CEC
Diaphragm Manometer and the signal strength at the pertinent mass number
recorded. In addition, the signal strength on all mass numbers was

checked repeatedly for each run.

2.2.2 Oxygen Atom Concentration Measurements. Oxygen atoms were

produced by three different methods: (a) by discharging tank oxygen

(b) by the use of a helium-oxygen mixture instead of pure oxygen to

reduce the 02 partial pressure to less than ten percent of the totzl
pressure, and (c) by discharging nitrogen and adding sufficient amounts

of NO behind the discharge to convert the resulting N atoms quantitatively
into oxygen atoms by virtue of the fast reaction N + NO—)N2 + 0. This

latter method gave O-atoms in the presence of N, with molecular oxygen

2

virtually absent.

Using discharged tank oxygen, the initial oxygen atom concentration
was determined by two independent procodures: (a) from the decrease cf
the mass 32 signal when the discharge was excited and (b) by means of
the NO2 "clean up" method which utilizes reaction (3). In case (a) it

was assumed that oxygen atom recomb.nation within the MS ion source is
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negligible. The oxygen atom pressure is then given by

where & H(32) is the recorded cliange in peak height at mass number 32
while S(32) is the corresponding sensitivity for molecular oxygen.
Method (b) assumes that reaction (3) is essentially completed before
sampling becomes effective, so that the consumption of NO2 which is
admixed in excess represents the available oxygen atom conc:ntration.
The loss of NO2 was measured by the d:crease of the signal at mass num-
ber 46. Both methods gave substantially identical results which indi-
cates that th= effect of oxygen atom recombination in the MS ion source
is indeed negligible. With helium-oxygen mixtures the initial oxygen
atom corcentration was determined from the decrease of the 02 parent
peak at mass number 32. When oxygen atoms were produced from the reac-
tion of nitrogen atoms with NO, the initial oxygen atom concentration
was deduced from the consumption of nitric oxide. In the latter two
cases, it was possible to monitor the oxygen atom concentration by means
of the contribution to the mass 16 peak. The sensitivity of atomic

oxygen on mass number 16 was determined from the observed contribution

to the signal on this mass number in the absence of other reactants.
2.3 OBSERVATIONS

2.3.1 Acetylene. Upon the admixture of acetylene to a flow con-

taining oxygen atoms, the occurrence of a reaction was indicated by the
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well known chemiluminescence associated with the oxygen atom-acetylene
reaction. The glow was observed to fill the entire reactor tube down-
stream of the mixing point. The major products observed were carbon
monoxide water vapor and hydrogen. However, no quantitative measure-
ments were made concerning hydrogen due to the somewhat errat:c behavior
of the respective signal which is still not interpreted. Likewise, the
signals observed on mass 17 and 18 which are due to water vapor has not
vet been analyzed in a quantitative manner. A contribution to the mass
12 peak was observed to occur under all investigated conditions. The
size of the signal was beyond that to be expected from the fragmentation
of CO. If taken at face value, this would imply the presence of carbon
stoms, but a contribution to the signal on mass 12 could also originate
from the fragmentation of an unidentified carbonaceous compound. It is

wo-th noting that a similar increase has not beei. found for mass number

24, ruling out the presence of appreciable amounts of C2 radicals as the

cause of the mass 12 signal.

The amount of CO production was thought to be significant. With a
1:1 ratio of acetylene to oxygen atom concentration, about 1.5 times as
much CO was produced as acetylene, but with acetylene in excess, the
amount of CO production was fcund to equal that cf acetylene consumption
under any of the investigated conditions. No information on the amount

of CO developed could be obtained when N, was the major constituent

2

present, because of the overwhelming contribution of N, to the signal

2

at mass 28.
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The present experiments confirmed our :.revious finding that in all
cases studied the consumption of acetylene is much less than that corre-
gsponding to a bimolecular rate law, even under conditions presumably
disfavoring the rapid occurrence of secondary reactions involving oxygen
atoms, namely, when excess acetylene and low reactant concentrations
were employed. This could '« explained in either of two ways: (a) the
reaction is not truly bimolecular, or (b) the oxygern atom consumption is
faster than that of acetylene owing to subsequent reactions. In a sub-
sequent section it will be shown that case (b) is applicable and that
between 1.2 and 2.5 times more oxygen atoms are consumed in the overall
reaction. The observation of bimolecular kinetics combined with the
finding that with excess acetylene the amount of CO production equals

that of acetylene consumption suggests the reaccion

0+ C2H2 - CO + CH2 - 53 kcal

Here, keten is the probably intermediate. The.possibility of keten

formation due to the attachment of oxygen atoms has been demonstiated

) using the matrix isolation method of a

by Haller and Pimentel
temperature of 20°K. From photolysis work, energy rich keten is known

to decompose yielding CO and methylene, so that the pathway of product Y

formation in reaction (1) can be qualitatively understood.

The present data contained no evidence for the production of CH2

radicals. This could be explained, (a) by a very rapid subsequent

radicals, which would keep the CH, concentration

reaction involving CH 2

2
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below the limit of detectior by means of 2 signal on mass number 14;
and/or (b) by a breakup of CH2 in the ion source due to dissociative
ionization. The lack of information concerning the CH2 radical is

disappointing since one would like to track the further course of the

reaction.

(14)

Reaction (1) which was first proposed by Fenimore and Jones
is at variance with the hydrogen abstraction reaction suggested by

(15)

Bradley ana Kistiakowsky in a mechanism to explain results from

shock tube experiments. Hydrogen abstraction could not occur at the

low temperatures prevailing in the present experiments because of the
involved endothermicity of some ten kilocalories, but it could conceivably
play a role at the high temperatures existing in the wake of a shock
fron:. However, the already high value for the rate constant obtained

for reaction (1) to be discussed in a subsequent section demands coun-
sideration of reactior (1) also at the higher temperatures prevailing

in flames, flash photolights and shock tube experiments.

The further course of the reaction can at present only be surmised.
Because of the excess consumption of oxygen atoms over that of acetylene,
even at high acetylene concentrations, it is clear that reaction (1) is
followed by a reaction involving oxygen atoms and methylene radicals.

In order to account for the signals observed on mass numbers 12 and 18

it is suggested that

—-C + H,0 -

(2) o+ CH2 2
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is one of the occurring secondary reactions, although it must be realized

that due to the great variety of energetically possible products several
pathways exist for the breakup of the intermediate formed from atomic

oxygen and methylene. For example, the reaction
(3) o+ CH2 —CH + OH

although 7 kcal endothermic, could nevertheless cccur if some of the

energy liberated in reaction (1) is contained in the CH2 radical.

2.3.2 Ethylene. The reaction of oxygen atoms has been investigated

using discharged O2 as the source of oxygen atoms. This study was qual-
itative, its main purpose to explore the reaction products. In contrast
to the results obtained with acetylene a number of radicals could be

identified as products. In addition to the products CO and H,, which

2!

were manifest by increases of the peaks at mass numbers 28 and 2, signals
were observed at mass numbers 15, 29, 30 and 44, which are intcerpreted

to originate from CH_,, CHO, CH,O and the (C2H 0) complex, in accordance

(3)

4

from studies under somewhat

3’ 2
with the views derived by Cvetanovic,
different conditions. The observation of radicals such as CH3 and CHO
indicates that the apparatus is functioning properly as a radical detector,
showing that the lack of products experienced with the oxygen atom-acety-

lene reaction is real.

Figure 11 shows the results obtained in a series of runs in which

the total pressure — due predominantly to 02 -— was 280 microns and
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the initial oxygen atom concentration 16.5 microns. Since the initial
partial pressure of ethylene uncerwent a decrease from 21 to 15 microns
during the experiments, owing tc a depletion of ethylene in the storage
bulb, the results are presented with respect to ethylene consumption
utilizing the ratio H/PC, where H is the increase in peak heighi ubserved

for a product and P, is the pressure of ethylene consumed.

c

Little dependence on position (i{.e., reaction time) is observed
for the pecks at mass 15 and 29, indicating that the corresponding
pcoducts CH3 and CHO are probably evolved in the initiation reaction.
The ratio for the peak at mass 30 shows a definite time lag, while that
for the peak at mass number 44 decreases with time iadicating that it
belongs to an intermediate. In accordance with the ideas developed by

(16)

Cvetanovic, the results ¢ : be interpreted by the following simple

mechanisnu

*
0+ CZH4 —a(CZHAO) —)CH3 + CHO

0o+ CH3 —9CH20 + H

H + CHO —932 + CO

No determination cf the rate constants involved were performed but the
over-all rate constant for the rzaction of oxygen atoms with ethylene

is known.

2.3.3 Carbonyl Sulfide. The reaction of oxygen atoms with carbonyl

sulfide has been briefly studied, mainly to check the capability of the
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mass spectrometer as a radical detector, and to investigate the possibility
of using COS as a titrant for oxygen atoms. The resvits were given in
detail in the semi-annual report dated 20 July 1964. The domirant reac-

tion mechanism was found to be

0+ COS — SO + CO

SO + SU - 502 + S

with the rate constant associated with reaction k = 0.91 + 0.14 x 10'14

-12
cc/molec. sec. and that for reaction estimated as 4.3 x 10 cc/molec.
sec. The results will be published in the "Berchite der Bunsengesellschaft"
in the near future, as a result of a presentation to this society at its

April meeting in Berlin.

2.3.4 Rate Constant for the Reaction of Oxygen Atoms with Acetvlene.

A major effort has been made in performing a quantitative study of the
oxygen atom — acetylene reaction. The basic procedure underlying the
experiments is to measure the decay of the oxygen atom concentration
simultaneously with the consumption of acetylene. If acetylene is
attacked nnly by ai-mic oxygen, its concentration can be derived from

the integrated rate expressio:.

t
2.3 £8(C,H,) /(CH,) = kl: (0)dt

regardless of the rate law which is applicable to the removal of oxygen
atoms. Accordingly, one can deturmine the rate constant k from a measure-

ment or (CZHZ) and (CZH ) , and from the oxygen atom concentration

2%
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integrated with respect te time. The major difficulty in performing
such measurements lies in the ac.urate detzrmination of the oxygen atom
concentration. In the present experiments this was acccemplished by
monitoring the O.atcm concentration on mass 16, using (a) a helium-
oxygen mixture to decrease the contribution of molecular oxygen to the
mass 16 signal, or (b) producing O-atoms from nitrogen atoms by virtue
of the fast reaction N+ NO —» N, + 0. Boi. methods yielded essentially

2

similar results.

As an example for the type of data obtaineg, the variation of
reactant and product concentratiun with inlet jet position is shown in
Figure 12 for a series of runs in which the linear flow rate of the gas
in the reactor was 2430 cm/sec. The initial O-atom concentraticu was
4.4 microns and that of acetylene 28 microns. It is apparent from the
figure that even with large excess concentration of acetylene the con-
sumption of oxygen atoms is about 1.6 times larger than that of acetylene,
indicating that oxygen atoms are cunsumed in a very rapid subsequent
reaction. Table 4 shows, for the same series of runs, the data used in
the derivation of the rate constant. The lack of trends in the numerical
values obtained for the vace constants is taken as evidence that the
reaction between oxygen atoms and acetvlene proceeds as a bimolecular
reaction, providing jugtification for the applied procedure. Similar
data were obtained also uader other experimental conditions. In Table 5
are shcwn the averaged resulting rate constants for 11 series of runs

together with the emplcyed parameters. Although these k values exhibit
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TABLE 4
Calculation of rate constant for the atomic oxygen-acetylene reaction

using the data shown in Figure 1.

Poigiign Time J/ko)dt A CZHZ 222:220 K x 1013
cm millis:c micron sec. microns 22 cc/molec. sec.
2 0.85 3.42 0.50 1.0182 1.596
3 1.28 4.80 0.50 1.0182 1.138
5 2.12 7.58 1.15 1.0428 1.64
7 2.99 9.81 1.23 1.0459 1.385
9 3.85 11.70 | 1.0558 1.40
11 4.70 13.26 1.98 1.0761 1.660
13 5.56 14.60 1.56 1.0590 1.190
15 6.41 15.70 1.68 1.0642 1.210
17 7.27 16.65 1.68 1.0642 1.134
13

average k = 1.37 * 0.22 x 10°
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TABLE 5

‘'Rate Constant for Reaction O + C.H

22

Partial Pressure (Microns)

k (cc/molec.sec.)

©,  (CH) @) 0 () x 10"
3.3 42.2 544 15 - 1.13
4.5 28 462 13.5 - 1.29
4.4 4.56 435 13.0 - 1.79
4.4 28 435 13.0 - 1.37
4.6 17.4 - - 500 1.85
2.3 6." - - 270 1.88
6.0 8.1 - - 530 1.83
2.6 31 - - 245 1.24
3.5 1.68 - - 215 1.22

11 29 - - 940 1.83

10.8 5.62 - - 765 1.35

67

average k = 1.52 + 0.3 x 10~

13




4
A “@4;

a larger spread than expected from the evaluation of a single scries of .
runs, again no significant trends are noticeable. Thus, the reaction

of oxygen atoms with acetylene appears to occur in the same manner re-

gardless of the 2mployed experimental condition. T : associated rate

constant is . 1.52 £+ 0.3 x 10-13 cc/molec. sec. This value is by

about an order of magnitude smalier than that known for the reaction

of oxyger as with ethylene.

2.3.5 Time Dependence of Oxygen Atom Concentration in the Reactio-

of Atomic Oxygen witl. Acetylene. In the analysis of data presented

above it has been found that the time dependence of oxygen atom concen-

tration follows an exponentia. law of the type

0) = (0 -k(C_H £
(0) ()OGXP( (22)0 t)

where f is a factor depending on the ratio (CZHZ)O/(O)O. This factor -
is about 1.2 when (CZHZ)O/(O)O = 10 and increases to about £ = 2.5 for

a 1:1 ratio of acetvlene to atomic oxygen. Further data analysis is

necessary to interpret this finding in the light of the reaction

mechanism.

Y
H
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SECTION 3

CONCLUSIONS

Mich of the discussion and conclusions have already been given
throughout this report. However, it seems worthwhile to emphasize a
few points concerning the data obtained for the reaction of O-atoms

with acetylene and ethylene.

First one must state that it is impossible at this stage to suggest
a complete mechanism for the reaction of either acetylene or ethylene
with atomic oxygen. These reactions are undoubtedly very complex and
more experimentation may be needed to unravel the completed mechanism.
On the other hand, much of the now available data have not yet been
analyzed in detail. Pending a complete analysis, then, the following

conclusions can be made.

(1) It has been established that the principal light emitting
processes in the reaction of oxygen atoms with ethylene are
different from the ones taking place in the reaction of oxygenr

atoms with acetylene.
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(2) The rate constant for the reaction of O-atoms with acctylene
isk = 1.5 x 10-13 cc/molec. sec., while that for the reaction
with ethylene had previously been determined as k = 2 x 10-12

cc/molec. sec. Thus, oxygen atoms react with acetylene about

ten times slower than with ethylene.

(3) ™ has been shown beyond doubt that in the case of the O-atom
acetylene reaction the OH emission requires the presence of
molecular oxygen and that the OH intensity is proportional to

the O2 partial pressure.

(4) Molecular oxygen and nitric oxide act as quenchers of the
other emitters, and this is due to a reaction of oxygen with

a non-emitting precursor or precursors.

(5) The observation of similar emissions in the O-atom —
acetylene reaction and in the excited argon atom — acetylene
reaction indicates that the emission is produced mainly from
hydrocarbon species which do not contain oxygen. The reaction
of oxygen atoms with acetylene thus serves only as a starter

reaction.

-

(6) Ionization phenomena are not involved in producing these

emissions, although they are known to occur in side reactions.

(7) The most impcrtant reactions leading to missile trail

chemiluminescence invoive highly unsaturated hydrocarbons.
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Carbon monoxide and water, although the principal by-products

of the missile trail are not important source: of light emission.
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