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INTRODUCTION 

The subject of oxygen atoms has a long history 

(1) 
dating back to Becquerel • In 1859, he described a 'long-

lived luminous species 1 produced when an electric current was 

passed through oxygen. In 1891, during an investigation of 

electrical discharges through various gases at low pressures, 

Thomson{ 2 ) observed a luminous glow in oxygen which persisted 

1 some considerable time 1 after the electrical discharge had 

been interrupted. This glow was subsequently called the 

1 oxygen afterglow 1 , but is no~ generaliy referred to as 'air 

afterglow 1 • In the years between 1859 and 1900, a large 

number of investigators round a variety of afterglows from 

discharged air of unknown purity. The first serious 

investigation of the 1 oxygen afterglow• was made by Strutt 

in 1910{)). He showed that a trace of nitric oxide in the 

discharged oxygen was essential for the appearance of the 

afterglow, and that the spectrum of the afterglow was com-
0 

posed of a continuum ranging from 4200 to 6700 A. Reactions 

of the discharged oxygen with various gases were also studied 

spectroscopically in his laboratory( 4 ). He coneluded from 

his experimente that the afterglow was the result or a chemi-

luminescent reaction, and that the active species produced by 

diseharging oxygen reacted with the nitric oxide formed in the 

discharge to produce the afterglow. He believed that these 

active species were ozone. Although there was much interest 

in the subject in the following years, attention was mainly 

directed to the influence of the condition of the walls of 

the diacharge tube on the occurrence of the glow, and on the 
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use of the water vapour to strengthen it. In a more careful 

etudy of the afterglow, Stoddart(5) observed, beeides the 

continuum, 28 to ;o diffuse bands throughout the visible 

region with a maximum intensity in the green. This region 

was found to correspond to the absorption spectrum of thermally 

excited nitrogen dioxide. But the interpretation of the 

nature of discharged oxygen remained that of Strutt, namely 

that ozone was the active species which was responsible for 

all the chemical reactivities of the discharged oxygen. It 

seems now to be well established that oxygen atoms are the 

primary species in the discharged oxygen. The nature of the 

discharge products will be discussed in the later section. 

Kinetic etudies of oxygen atom reactions were first 

carried out by Harteck and Kopsch( 6 ) in 19;1. Oxygen atoms 

were produced by dissociating molecular oxygen in a Wood

Bonhoeffer1s discharge tube(7). This apparatus was found to 

be satisfactory for producing auch atome as chlorine, hydrogen, 

nitrogen, etc. for kinetic etudies. Unfortunately, this 

method was not as eatisfactory for the production of oxygen 

atome beeause of the corrosive nature of oxygen at high 

temperatures, which resulted in the attack of the electrodes. 

The walls of the reaction vessel soon became contaminated 

with particles of metal and metallic oxide. The oxygen atoms 

recombine on these particles giving poor reproducibility in 

the experimental resulta. Obviously, this makes the kinetic 

study of the oxygen atom reactions extremely difficult. 

Resulta obtained in the early etudies were essentially 

qualitative in nature. 
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In recent years, when it was discovered that oxygen 

atoms play an important role in many combustion pro cesses and 

in reactions occurring in the upper atmosphere, oxygen atom 

reactions have received rouch attention, and the investigations 

of this subject have been greatly intensified. However, only 

a relatively few oxygen atom reactions have been reported in 

the literature, and considerable controversy and uncertainty 

with respect to the identity of the elementary processes 

involved and the type of reaction product formed still exist 

between various workers. In order to obtain better under-

standing of the oxygen atom reactions, the need for more 

direct methode for studying the elementary processes became 

apparent. 

PRODUCTION OF OXYGEN ATOMS 

As mentioned above, the success of the study of an 

oxygen atom reaction will depend largely on the relia.bility 

of the atom source. A variety of methode for the production 

of oxygen atoms are theoretically possible, but many of them 

are impractical. Five methode are currently in use for the 

study of oxygen atom reactions. 

(1) Mercury Photosensitized DecomE~si~!~~-of_!itE~~~xide 

This method was first described as a source of 

oxygen atoms by Cvetanovic( 8 ). He reported that normal 

oxygen atoms were formed by the reaction: 

N 0 +Hg* hv( 2537Î~N (lz:) + o(3p) +Hg 
2 2 

and that side reactions resulting in the formation of nitric 

oxide occurred to less than ;%. Since nitrous oxide and 
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nitrogen are largely inert to oxygen atome and most radicale, 

this technique was claimed to be a highly satisfactory source 

of oxygen atoms for etudies of hydrocarbon reactions. How-

ever, the presence of small and somewhat variable amounts of 

mercury and mercury oxide in the system might affect the 

quantitative kinetic etudies of the oxygen atom reactions. 

This is particularly true in systems containing halogen 

compound s. 

(2) Photollsis of Nitro~en Dioxide 

Ford and Endow(9) have prepared oxygen atoms by 

0 
photolysis of nitrogen dioxide at 3660 A. They assumed the 

following mechanism to explain the reactions involved in the 

system 

N02 + hv - NO + 0 . . . . . . . . . . . . . (1) 

0 + 02 + M- 0; + M . . . . . . . . . . . . . (2) 

0 + N0 2 + M- NO; + M .......... (3) 

0 + NO 2 - NO + 02 . . . . . . . . . . . . . (4) 

0 + NO + M - N0 2 + M ........... (5) 

NO; + NO - 2N0 2 . . . . . . . . . . . . . (6) 

0; + NO- N0 2 + 02 . . . . . . . . . . . . . (7) 

By assuming Benson and Axworthy 1 s value(lO) for reaction ( 2), 

the au thors were able to evalua te a number of rate constants 

for oxygen atom reactions. It is obvious that the success 

of this source of atome depends on the validity of the 

mechanism assumed. Furthermore, the presence of the reactive 

products of the photolysis makes an interpretation of the 
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e~~ect of an added reactant highly uncertain. 

(~) Electrode Discharge~~ Water Vapour 

Avramenko(ll) has generated oxygen atoms in an 

electrical discharge in water vapour. He showed that oxygen 

atoms at their ground state were the main product of the dis-

charge. This source of atoms, free from excess molecular 

oxygen, has been used by Avramenko and his co-workers for a 

series of reactions with various hydrocarbons. Undoubtedly, 

hydrogen atoms and hydroxyl radicale are also formed in this 

discharge. The complex nature of these active partiales in 

the system could complicate the reaction and make the 

interpretation of experimental resulta rather uncertain. 

(4) Microwave Discha~e of Oxygen 

This method resulted ~rom the development of very 

intense microwave sources for radar during the Second World 

War. The magnetron oscillator tube, capable of providing a 

very large power output at frequencies above 600 megacycles 

per second, is notable in this respect. When the microwave 

output from auch a generator is directed at a stream of 

oxygen, a discharge can be initiated with a Tesla-coil spark 

(under the proper conditions of pressure and flow). This 

1 electrodeless discharge' has been used as a source of oxygen 

atoms by several investigators(l 2 ,l7,l4,15). Linnett and 

Marsden< 12 ) have concluded that a higher steady proportion 

of oxygen atoms oould be produced by this method than by 

other methode. This procedure seems most suitable for the 

present work and, therefore, was chosen as the source or 

oxygen atome. 
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(5) Titration o~ Nitr~en Atoms with Nitric Oxide 

Very recently, Morgan, Elias and Schif~(l6) 

described a method to produce oxygen atome by titrating 

nitrogen atome with nitric oxide. The reaction of nitrogen 

atons with nitric oxide has been investigated by several 

workers (17,18,19), and the following mechanism seems ~airly 

well establisheda 

+ 0 

N + 0 + M - NO + ~-1 + h v 

0 + NO - N02 + hv~ 

Thus, when nitric oxide is added to the nitrogen atom stream, 

excess of either reactant resulta in chemiluminescence -

greenish-yellow glow with excess nitric oxide, blue glow with 

excess nitrogen atoms. Only when the correct stoichiometric 

proportions of both reactants are present, an intermediate 

1 dark 1 condition can then be obtained. Under these con-

ditions the gas stream contains only oxygen atoms and nitrogen. 

This source of oxygen atoms was used by the above authors to 

study the direct atom recombination 

0 + 0 + M - 0 2 + M 

The success of this method depends largely on the ateadiness 

of the gas phase titration. 

NATURE OF DISCHARGED OXYGEN 

When molecular oxygen is subjected to electrical 

discharge, a variety of species conceivably could be produced. 

The literature on the products of the discharged oxygen has 

been reviewed recently by Linnett and Marsden(l2). They 
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ooneluded that most of the oxygen was present as normal 

molecules and atoms. 

Harteck and Kopsch( 6 ) tried to detect ions a few 

centimeters down stream from the discharge by using an ion 

gauge without success. McCarthy( 20) observed no evidence 

for the existence of ions in the activated oxygen glow under 

magnetic or electrical fields. It seems quite certain that 

ions are not present in discharged oxygen in significant 

concentrations. 

Ozone was believed ta be the primary active species 

in the discharged oxygen(;). Tanaka and Shimazu ( 21 ) showed 

that ozone and nitric oxide reaot to produce a red g1ow, and 

not the greenish-yellow glow produced from the reaction of 

nitric oxide with discharged oxygen. It was therefore con-

cluded that ozone is not the major active species in discharged 

oxygen. In 19;;, Harteck( 22 ) measured the amount of ozone 

0 
present in discharged oxygen by its absorption at 2537 A. He 

reported that under normal conditions about 0.1% ozone was 

present at room temperature, and about 2% at dry-ice 

temperature. From a recent study of the thermal decomposition 

of ozone, Benson and Axworthy( 10 ) have determined the rate 

constants for the following reactionsa 

k
1 

• 6 x 107 e600/RT oc 2 mole- 2 

k 
0 + 0; _:g,202 

-1 sec 

k 2 06 1010 -6000/RT l -1 -1 
2 

• ./ x e cc mo e sec 
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Using these two rate constants, the steady-state concentration 

of ozone is estimated to be 0.29% of the oxygen molecules in 

the flow system at room temperature and at pressure of 1 mm 

Hg. More recently, in a maas spectrometrie study of dis

charged oxygen, Herran and Schiff(I4) found that ozone is not 

present in activated oxygen in concentration greater than 

0.02% up to pressures of 2 mm Hg. The authors suggested 

that the discrepancy between their work and Benson and 

Axworthy 1 s result might be mainly due to the fact that ozone 

formed has been rapidly destroyed by the excited oxygen 

molecules present in discharged oxygen. 

Schumacher( 2 3) has shown, from the photolysis of 

1 
nitrogen dioxide, that molecular hydrogen reacts with D 

oxygen atoms, but does not react with 3p (ground state) atoms. 

Harteck and Kopsch( 6 ) found that discharged oxygen does not 

react with hydrogen. This indicated that the concentration 

of excited atome is very low in the discharge products of 

oxygen. 

Kurt and Phipps( 24 ) measured the magnetic moment of 

the discharged oxygen and found that their results were con-

sistent with the assumption that the atome are in ground 

state. 

Rawson and Beringer(
25) studied discharged oxygen 

by the paramagnetio resonance method. They found transition 

correeponding to 3p but not to 1n atoms. 

Herran and Schiff(l4) have reported an appearance 

potential of 13.9 ev for oxygen atome from the discharged 
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oxygen. Since no appeàrance potentials below the ionization 

potential o~ ;p atome were ever observed, they concluded that 

metaetable atome are not present in appreciable quantities. 

Severa! investigators have present~d spectroscopie 

evidence for the existence 
1 + 

of' the r g and ;1:u states o~ 

oxygen in 1active oxygen 1 • Kaplan( 26 ) 1 'C"'+ -ob served the L. g 

;I-g transition while both Branscomb(27) and Broida and 

Gaydon< 28 ) observed the ;Lu - ; rg transition. No co~cen-

tration estimates were reported. Each author assumed that 

the species concerned were f'o~med from the reaction: 

0 + 0 + M - 02 * + M •••••••••••••• ( 1) 

Because the rate of' this reaction is probably extremely 

small(lO), the concentration o~ these species wou1d be 

necessary 1ow. 

In two maas spectrometrie etudies, Foner and 

Hudson(29) and Herran and Schif'~(l4 ) reported a species with 

an appearance potentia1 about 1 ev be1ow normal oxygen in 

activated oxygen. Since Herzberg(;o) has reported the 

excitation energy of' the 16g state oxygen to be 0.98 ev, it 

was suggested that the presence of' this electronically 

excited molecule would account for the resulta. The concen-

tration of' 1 6 state oxygen was estimated at about 10% of' the 
g 

total oxygen when the pressure was 1 mm Hg with an electrode-

lesa discharge. Since the concentration of this species 

exceeds the initial oxygen atom concentration, Herran and 

Schif'f(l4) suggested that it was probably not a product o~ 

the oxygen atom decay, but rather a primary species produced 

in the discharge. Very recently, in the study of discharged 

• 
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oxygen by means of an isothermal calorimetrie detecter, Elias, 

Ogryzlo and Schiff(l5) have presented evidence for the existence 

of the exeited molecules. They found that these species did 

not appear to be vibrationally excited molecules. Based on 

the energy liberated from these species, it was suggested that 

1 
the excited molecules are in the Âg state. 

No direct evidence exista for the presence of 

vibrationally excited molecules in discharged oxygen. However, 

in the flash photolysis study or nitrogen dioxide, ozone and 

0102 , Norrish et al.\,l,32 ' have recently observed fairly 

large amounts or vibrationally excited oxygen molecules. 

They assumed the excited molecules were formed from the 

reactions: 

0 + N0 2 - NO + 02 • 
• 0 + 0; - 02 + 02 

0 + 0102 - 010 + 0 * 2 

It was also reported that the excited molecules produeed by 

either reaction have sufficient energy to dissociate ozone in 

the following manner: 

The authors also reported that the deaotivation of the species 

requires more than 107 collisions with nitrogen and argon, 

7000 collisions with carbon dioxide, and less than 500 

collisions with nitrogen dioxide. 

In the study of recombination of oxygen atoms, 

Linnett and Greaves(;;) have reoently reported that the 

measurement of relative concentrations, using a eatalytic 
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probe, showed a direct proportionality over a wide range of 

atom percentages to absolute atom concentrations as measured 

by a Wrede-Harteek gauge. They concluded that the oxygen in 

the region where the measurements were made does not contain 

appreciable quantities of exeited atome or molecules or 

ozone. However, Kaufman(~4 ) has recently obtained additional 

evidence for the existence of the 18 oxygen. g 
The energy of 

a 18 oxygen is about 2~ Kcal per mole which is too small to g 

initiate most chemical reactions. It can therefore be safely 

assumed that the ground state oxygen atome are the primary 

active species which account for most of the chemieal 

aetivity in the discharged oxygen. 

REACTIONS OF OXYGEN ATOMS --
Most of the early studies of oxygen atom reactions 

were carried out by Harteck and Kopsch( 6 ), Geib and Harteck(~5~~6 ) 
Geib and Voidya(~7 ) and Geib(~B). The oxygen atoms were 

produced by means of a Wood-Bonhoeffer type of discharge, and 

were reacted with a variety of organic eompounds. Resulta 

obtained from these experimenta were mainly qualitative in 

nature and the mechanism of any of the reactions could not be 

satisfactorily determined. 

For reactions with formaldehyde, formic acid, 

methanol and ethanol, products found were frequently carbon 

monoxide, carbon dioxide, water and hydrogen*, but no decisive 

*Reaction of oxygen atome with formie acid was the only one 

containing no hydrogen in its reaction products. 
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mechanism could be formulated. Spectroscopie evidence for 

the presence of hydroxyl radicale was also obtained for these 

reactions, but it was not known whether they were formed in a 

primary or a secondary reaction. In a discussion of the 

mechanism of the reaction with formaldehyde, Geib(;9) 

favoured the process 

H' 0 + /0 = 0 -OH + OHO 
H 

as a primary step in the reaction, on the basie of Rice and 

Teller 1 s principle of least motion(4o). It was generally 

considered that the abstraction of a hydrogen atom was a 

possible primary step in the reactions with all OxHyOz type 

compounds. 

For reactions with unsaturated hydrocarbons, CO, 

CH, OH and CHO bands were observed spectroscopically in the 

reactions with acetylene and ethylene(;?), although the 

products for the acetylene reaction were reported to be water, 

carbon dioxide, carbon monoxide and hydrogen( 6 ). No 

explanation for the occurence of those bands could be found. 

It was considered that the addition of an oxygen atom to a 

double bond of an unsaturated compound might be the possible 

primary step, and the consequent decomposition of the primary 

product at low pressures, as operated in the flow systems, 

would be responsible for the appearance of the emission bands 

and the formation of the final stable products. Accordingly, 

it was believed that, by decreasing the temperature of the 

reaction vessel to suppress the decomposition reaction, 

additional products could be obtained. Hence Geib and 
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Harteck(55,;6) performed experimenta with acetylene, ethylene, 

benzene, trimethylamine and methylamine at liquid air 

temperature and reported that additional products were found 

for all these reactions. The following reactions were 

therefore considered primary steps of these reactions: 

0 + c6 H6 - o6H6 o 

0 + (CH;);N- (CH;);NO 

0 + CH NH - CH NH 0 ; 2 ; 2 

However, according to Steacie(4l), these reactions were 

probably surface-catalized on the walls of the reactor vassel. 

Furthermore, ozone might have been the reacting species at this 

temperature. Therefore it is doubtful whether this is evi-

denee for the addition reaction at room temperature. 

For reactions with saturated hydrocarbons, 

considerable eontroversy exista between different workers 

regarding the nature and the amounts of the products. This 

is true even for the simplest compound, methane. Hart eck 

and Kopsch(42,6) found that the products were water and 

carbon dioxide and that they were in a ratio of 2 to 1. In 

addition to water and carbon dioxide, Steacie and Parlee( 45) 

found carbon monoxide was among the products. They suggested 

the following equation to represent the primary step: 

0 + CH4 - CH2 + H2 0 

However, Kuschnerev and Schechter(44} have investigated this 
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reaction with similar experimental techniques and found that 

formaldehyde was about 50% of the gas produets. They 

believed that it was formed direotly from the reaction 

and that tb1s was followed by further oxidation of OH
2

0 

to give carbon dioxide and water. In the study of the 

oxidation of methane, Norrish(45) suggested 

as a possible step, but this mechanism 1s no~ generally 

aeeepted. 

The reactions with ethane, pentane and hexane were 

investigated by Harteck and Kopseh( 6 ). They reported that 

carbon dioxide and water were the major products and that 

OH bands were observed spectroscopically for every reaction. 

Hence, the abstraction of a hydrogen atom was assumed to be 

a primary step for all these reactions. 

The reactions of oxygen atoms with chloromethane 

were only briefly investigated by Harteck and Kopsch. Equal 

amounts of phosgene and chlorine were found to be the only 

products in the 0014 reaction. 25% reaction was first 

reported< 42 ), but in a later and more detailed paper(6) only 

2 to 5% reaction was reported under the same experimental 

conditions. The reaction could be simply represented as 

However, Steacie(4;) did not consider this mechanism to be 

particularly plausible. Reactions with chloroform, methylene 

chloride and methyl chloride were also studied. Reaction 
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products reported were phosgene, hydrogen chloride and small 

amounts of chlorine for the ehloroform reactions; phosgene, 

hydrogen and some chlorine for the methylene chloride 

reaction; and hydrogen chloride, ohlorine, water, carbon 

dioxide and carbon monoxide for the methyl chloride reaction. 

At room temperature, lOO% reaction was reported in the first 

paper(42) and only 10 to 25% reaction in the final 

publication(6) for these three reactions. Ohemiluminescenoe 

was obeerved for reactions with chloroform, methylene 

chloride and methyl chloride, but no information regarding 

the mechanism of theee reactions was given. 

Since 1952 Avramenko and his co-workers have 

reported a series of qualitative experimente on the reaction 

of oxygen atome with formaldehyde, acetaldehyde, ethane, 

methane, ethylene, propylene and butadiene. Oxygen atoms 

were obtained from two sources. Atoms from the electrioal 

discharge in water vapour were ueed to provide systems con-

taining no molecular oxygen, and atoms from the eleotrical 

discharge in oxygen vere used to provide systems containing 

excess of oxygen molecules. Most of the experimente were 

carried out at temperatures between 100°0. and 250°0. 

Resulta obtained from their investigations are quite 

different from those obtained from the previous workers. 

In the reaction of oxygen atome with formaldehyde, 

Avramenko and Lorentso< 46 , 47) found carbon monoxide and 

carbon dioxide to be the main products but observed no 

hydroxyl radicale spectroscopically. Therefore they 
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concluded that the primary step in this reaction is not the 

abstraction of a hydrogen atom, but rather the reaction 

0 + HCHO - CO + H20 

is the primary step. However, Steaciel4l) pointed out that 

the OH radical would not have been observed if it were 

removed very rapidly by another reactive species. 

In the reactions with saturated hydrocarbons, 

Avramenko and Kolesnikova have found that formaldehyde, 

methanol, carbon monoxide and carbon dioxide were the products 

for the reaction with methanel 4 e) and that formaldehyde, 

ethanol, methane, carbon monoxide, carbon dioxide and ethy

lene were the major products for the reaction with ethane( 49), 

while acetaldehyde and an organic peroxide were found in 

small quantities. Based on the products obtained, a variety 

of primary steps were suggested to account for their 

formations. Consequently, the following generalizations 

were formulated by the authors for the reactions of oxygen 

atoms with the saturated hydrocarbons and aldehydes: 

(1) Abstraction of one hydrogen atom with the formation of 

OH radical. 

(2) Rupture of the C-C bond. 

()) Insertion of an oxygen atom into the C-H bond with 

the rormation of alcohol. 

(4) Abstraction of two hydrogen atoms in a single process 

with the formation of water. 

. (50,51) 
In the reactions of oxygen atoms w~th ethylene 

propylene(5l) and butadiene(5l), the reaction products were 
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aleo complex. With the assistance of a theoretical 

method(5 2 ,5;) to determine the sequences of elementary 

reactions the authors were able to explain their resulta on 

the basis of the nature and the rate of formation of the 

products. The conclusions for reactions with uneaturated 

hydrocarbons may be summarized as follows: 

(1) Oxygen atom is capable of disrupting the double bond 

with the formation of aldehyde. 

(2) Oxygen atom may insert into the C-H bond not only at 

the saturated but also at the unsaturated carbon 

atoms. 

{;) Bond rupture coeurs just as frequently at the single 

bond as it does at the double bond. 

From all their evidence Avramenko et al. 

characterized oxygen atoms as having a very great capacity 

for entering into various reactions because of their free 

valencies. However, the more recent work of Cvetanovic has 

cast doubt on some of the above conclusions. 

Since 1955 Ovetanovic started a systematic 

investigation on the oxygen atom reactions(54 ,55,56 ,57,5 8 ). 

The atoos were prepared by the mercury photosensitized deoom-

position of nitrous oxide for most of their experimenta, 

although photolysis of nitrogen dioxide(59,60) and electrioal 

disoharge methods(6l) were also used occaeionally for 

comparison. Most of the experimenta were oarried out at 

room temperature and at relatively high pressures. 

The resulta obtained for reaction with acetaldehyde(56) 
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were strikingly different from thosereported by Avramenko and 

Lorenteo< 46 , 4 7). Whereas Cvetanovic found the main products 

to be diaoetyl and water, with a smaller amount of acetone, 

Avramenko and Lorentso reported formaldehyde, carbon dioxide, 

acetic acid and formic acid. These two resulta cannot be 

compared because of the temperature difference, and the 

presence of molecular oxygen in the experimente of Avramenko 

and Lorentso. Cvetanovic has stressed that the presence of 

molecular oxygen has a marked effect on the formation of the 

reaction products. 

In the reaction with ethylene, Cvetanovic(54 ) has 

shown that aldehydes (OH;CHO, C
2

H
5

CHO and O;H
7

CHO), carbon 

monoxide, methane, ethane, propane, butane, traces of 

formaldehyde and some other substances were the products. 

Avramenko and Kolesnikova(50) reported for the same reaction 

that formaldehyde and carbon monoxide were the basic products, 

while carbon dioxide, acetaldehyde and acetylene were found 

in small quantities. Avramenko and Kolesnikova also reported 

that the presence of molecular oxygen in this reaction does not 

change the eharacter nf the reaction products, but merely 

increases the yield of formaldehyde. 

Very recently, Cvetanovic and Doyle( 62 ) obtained 

resulte for the reaction of oxygen atome with butadiene. It 

was found that the reaction with this conjugated diolefin 

conforme to the general mechanism for the analogous reactions 

of the monoolifins. Only 1,2-addition occurs, and the 

reaction products were butadiene monoxide and 5-butenal, the 

latter readily isomeri~ing to the more stable crotonaldehyde. 
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This is entirely different from the conclusion of Avramenko 

and Kolesnikova(5l} for the same reaction, in which the 

following elementary process was considered a primary step: 

0 + OH2 = CH - OH • CH2 - OH = CH - OHO + OH2 

This reaction resulta in the formation of the primary 

acrolein and the primary radical OH2 , the latter reacting 

with oxygen to give the secondary formaldehyde. However, 

Ovetanovic and Doyle(6 2 ) have observed a very pronounced 

pressure effeet on the formation or the products in this 

reaction. They concluded that the addition products, 

possessing excess energy when formed as a result of high heat 

or reaction, might be decomposed at pressures or a few milli

metera of mercury, and are tnen not observable experimentally. 

This feature and sorne other factors were considered sufficient 

to account for the discrepancies between the two different 

resulta. 

In a series of experimenta with olefine, Ovetanovic 

found that the formation of the addition products was 

favoured by increasing the complexity of the olefine. This 

is supported by the evidence that, in the reactions of butene 

and pentene, approximately half of the product was the corres

ponding epoxy compound, and the other half was a mixture of 

two carbonyl compounds. Fragmentation occurred only to a 

very small extent. In the reaction with ethylene(54), 

fragmentation was great and very little epoxy compound was 

deteeted among the products. Furthermore, Ovetanovie 

reported that in all cases no evidence for hydrogen abstraction 
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was observed with olefine. Cvetanovic generalized the 

following rules for the reaction of an oxygen atom with an 

olefin: 

(1) An oxygen atom adds to one carbon atom of a double bond 

to forma biradical, and the addition occurs in the 

case of unsymmetrical alkenes predominantly at the 

lesa substituted carbon atom. 

(2) Degradation of this triplet state can occur in two 

ways: 

(a) by forming the corresponding epoxide, and 

(b) by forming a carbonyl compound through the 

migration of a hydrogen atom or radical from 

the carbon atom which is carrying the oxygen 

atom to the other carbon atom of the 

original double bond. 

The above generalization can be represented 

schematically as follows: 

R2 - C -
Il 
0 

It is assumed in this schema that the first carbon of the 

double bondis 1less substituted 1 , and R1 , R2 , R; and R4 can 



- 21 -

be alkyl radicale or hydrogen atome. 

MEASUREMENTS OF REACTION RATES 

Because of lack of the quantitative kinetic data, 

accurate information on the rate of oxygen atom reactions was 

essentially non-existent in the early literature. In most 

cases only rough estimates of the collision efficiencies of 

the reaction could be made from a knowledge of the extent to 

which the reaction proceeded. This was done by assuming 

that each primary product formed represented a fruitful 

collision, and the collision yield was then calculated from 

the relationship 

s = 
total number of collisions between reactants per second • 
_________ n_u_m_b_e~r. of_fruitful collisions per sec_o~n~d __ _ 

Since most of the experimente were carried out at only one 

temperature, the activation energy of the reaction was usually 

obtained by assuming a value near unity for the steric factor. 

In 1957 measurements of rate constants for reactions 

of oxygen atome with hydrocarbons were reported by Ford and 

Endow(9). They prepared oxygen atome by the photolysis of 
0 

nitrogen dioxide at 3660 A and reacted them with three hydra-

carbone. On the assumption of the validity of the mechanism 

given on Page 4, the rate of reaction of oxygen atoms with 

hydrooarbon was obtained relative to the rate of reaction of 

oxygen atoms with molecular oxygen. Using the rate constant 

for the reaction 0 + 0 2 + M - o
3 

+ M, obtained by Benson 

and Axworthy{lO) from their mechanism for the thermal 

decomposition of ozone, it was possible to calculate 

indirectly the following absolute rate constants: 
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Cis 2-pentene k - 1.1 10
1

' mole -1 -1 x cc sec 

N-1 pentane k ;.o x 1012 mole 
-1 -1 = cc sec 

;-methyl heptane k = 6.5 1010 mole -1 -1 x cc sec 

It is obvious that the success of this method depends on the 

validity of the mechanism proposed and the correctness of 

the value for reaction (2). 

In the study of oxygen atom reactions, Cvetanovic( 6 3) 

has presented a list of relative rate constante for reactions 

of oxygen atome with olefins. The principle of the technique 

involves the measurements of the relative rates of two 

different olefine competing for the oxygen atoms. The 

reaction scheme can be represented as follows: 

0 + Al - al Pl . . . . . . . . . . . ( l) 

0 + A2 a2p2 ........... (2) 

Where Al and A2 are two olefine competing for oxygen a toms; 

P1 and P
2 

are one of the producta of reactions (1) and (2) 

respectively; a
1 

and a
2 

are the amounts of P1 and P
2 

produced 

per oxygen atom reacting with A
1 

and A
2

, respectively. 

Assuming the rate of formation of the product P
1 

or P
2 

per 

oxygen atom reacting, with either A1 or A2 , was independant 

of the presence of the other reactant, the ratio of the rate 

constants of reaction (1) and (2) could be determined. This 

condition was reported to be satisfied at sufficiently high 

total pressure by most of the products of these reactions, 

since they are mostly formed by direct addition of an oxygen 

atom to the olefinic double bond. The absolute rate con-

etants could then be evaluated from the relative rate 



- 23 -

constants if the rate of one reaction could be determined 

absolutely. It was found that the ratio of the rate constants 

obtained by Ford and Endow(9) with eis 2-pentene and 3-methyl 

heptane eompared favourably with that obtained by Cvetanovic. 

The observed difference of a factor of four in the ratios was 

eonsidered reasonable in view of the use of two eompletely 

different techniques. From his relative rate measurements, 

Cvetanovic was able to demonstrate the electrophilic character 

of the oxygen atoms in their reactions with olefins( 64). 

In the study of the nature of the air afterglow, 

Kaufman(l3) has found that the intensity of the afterglow is 

proportional to the concentrations of oxygen atome and nitric 

oxide, and that the overall process is independant of the 

amount and nature of any third body. Since the reaction 

is very fast, NO is quickly regenerated and thus remains 

essentially constant within each experiment. If the eoneen-

tration of NO is kept small, its contribution to the removal 

of oxygen atome is also small and the intensity of the glow 

becomes a measure of the concentration of the oxygen atoms. 

Therefore, it was concluded that this technique is well 

suited for the quantitative study of the oxygen atom reactions. 

Kaufman produced oxygen atoms in an electrodeless discharge, 

and followed their decay in the presence of a reactant by 

adding a small amount of nitric oxide to the mixture. The 

light emission used to monitor the concentration of the 

oxygen atoms was measured photometrically. Using this 
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method, he was able to measure the rate constants for a 

number of compounds. A rate constant for the reaction of 

oxygen atoms with ethylene has been reported to be 

= 10 -1 -1 / x 10 cc moles sec • This value can be compared to 

that obtained by combining Ford and Cvetanovic 1 s results( 9 ) 

h 4.6 X 1011 1 -1 -1 w ich is cc mo es sec • 

Recent1y, Elias and Schiff(
6

5) have reported the 

absolute rate constants for the reactions of oxygen atoms 

with ethylene and with butane. The measurements were 

carried out in a fast flow-system in which oxygen atoms were 

produced by an electrodeless dischargemmolecular oxygen. 

Since the presence of molecular oxygen does not affect the 

rate of consumption of the hydrocarbon(54), the initial 

oxygen attack was considered to be rate-determining. The 

rate of disappearance of hydrocarbon can then be represented 

by a simple bimolecular equation: 

-d[RH] 
dt = k[O][RH] 

Here [RH] represents the concentration of the reactant. On 

the assumption that RH is neither reformed nor consumed in 

the subsequent reactions, the integration of the above 

equation between time limita t 1 and t 2 are 

[~] Jt2 
ln 1 = [O]dt 

[RH]2 
tl 

[0] can be measured along the length of the reaction vessel, 

which corresponds to the reactiontime, and the integral 

evaluated graphically. The rate constant is then obtained 

from the measurements of lRH] at times t 1 and t 2 and the 
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value of the integral in that time interval. It was 

reported that the ratio of the rate constants for reactions 

with ethylene and with butane was 28 ~ 3 at 25° C; 

Cvetanovic(54) found this ratio to be 22 ~ 5 from the 

relative rate measurements. This agreement was considered 

to be quite satisfactory. Elias and Schiff also reported 

the activation energy and the pre-exponential factor for 

these two reactions, which appears to be the first directly 

measured values for these parameters reported for reactions 

of oxygen atoms with organic compounds. 

THE PRESENT PROBLEM 

Inspection of the literature reviewed in the 

foregoing section indicates elearly that the existing infor-

mation on oxygen atom reactions is still insufficient to draw 

a decisive conclusion regarding the kinetic character of the 

oxygen atoms. Although extensive experimental data have 

been accumulated for reactions with olefine, controversies 

and uneertainties still exist. On the other hand, no 

satisfactory mechanism has yet been proposed for the reactions 

of oxygen atoms with other type molecules. This is 

particularly true for the reactions with the chlorinated 

alkanes. It is the purpose of the present research to 

investigate the reaction of oxygen atoms with carbon tetra-

chloride. This molecule was chosen since it possesses no 

double bonds and hydrogen atoms. It was hoped that the 

reaction products would then be sufficiently simple to permit 

a satisfactory mechanism to be formulated. An attempt was 

also made to measure the absolute rate constant, the 
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activation energy and the steric factor of this reaction. 

It is known that oxygen and nitrogen in their 

atomic ~orm are important constituants of the upper atmos-

phere. ln order to study the composition of the upper 

atmosphere, the measurements of the concentrations of these 

atoms become important. Sobering and Winkler( 66 ) have 

observed that nitrogen atoms and carbon tetrachloride react 

with a bright orange flame, while Harteck and Kopsch( 6 J 

observed no flame in the reaction of oxygen atome with 

carbon tetrachloride. There exists therefore the possibility 

of using carbon tetrachloride as a titrant for determining 

upper atmospheric composition. This is an additional 

reason for a quantitative kinetic study of the reaction of 

oxygen atoms with carbon tetrachloride. 

Since there still were soma discrepancies between 

various methods for measuring the concentration of the 

oxygen atome, it was decided to test various methode in 

order to select the best technique for the present study. 

In conjunction with this study, recombination of oxygen atoms 

was also investigated, since this recombination will occur 

regardless of the presence of another reaction. 
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EXPERIMENTAL 

MATERIALS 
Tank oxygen was obtained from Dinsmore, Canadian 

Liquid Air, Linde Air, Matheson Company and Imperial Oxygen, 

most of whieh olaimed a purity of 99.9% for their product. 

The main impurity is nitrogen. Binee the discharge produces 

nitric oxide from the nitrogen impurity, the intensity of the 

air afterglow gives a very good indication of the purity of 

oxygen used. It was found that the Dinsmore oxygen contained 

the largest nitrogen concentration while Imperial Oxygen had 

the lowest nitrogen content among all the cylinders tested. 

It is well known that small amounts of certain added 

species increase the extent of the dissociation of oxygen 

molecules( 67, 68 ). Very recently, Kaufman and Kelso( 6B) have 

atudied the catalytic affects in the dissociation of oxygen 

in microwave discharges and found that only small dissociation 

oould be obtained from the very pure oxygen, but small amounts 

of added nitrogen (0.01 to 0.05%) increased the oxygen atom 

yield at a rate equivalent to the formation of 80 to 90 oxygen 

atoms for one nitrogen molecule. Although it seems desirable 

to have a small amount of nitrogen impurity in order to obtain 

reasonable amounts of oxygen atoms for the kinetic etudies, 

it was desirable to keep the nitrogen content to a minimum. 

Imperial oxygen was therefore used without further purifi-

cation for the present work, and oxygen from the same cylinder 

was used for the complete series of experimenta. 

Certified reagent grade carbon tetrachloride was 

obtained from the Fisher Scientific Company. This reagent 

was further purified by trap-to-trap distillation under 

vacuum, and only the middle fraction was used. 

Nitric oxide was obtained from the Matheson Company. 
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Aeidie impurities (mainly N0 2 ) were removed by passing the 

gas through a column of ascarite (NaOH - asbestos). No 

further purification was found necessary in this work. 

Nitrogen dioxide was prepared by mixing the purified 

nitric oxide with oxygen, and stored with a small exeess of 

oxygen. It was used only if the solid was pure white in 

colour, when it was condensed at low temperature. 

Chlorine, phosgene, carbon dioxide and carbon 

monoxide were obtained from the Matheson Company and purified 

by simple distillation. 

APPARATUS 

A eonventional flow system, constructed or Pyrex 

glass, was used in the present work, the principal components 

of whieh are shown in Fig. 1. The reaction vassel had an 

internal diameter of 26 millimeters and a length of 40 centi-

meters. It was surrounded by a jacket through which tap 

water could be flowed and an outer vacuum jacket to keep the 

temperature steady in the reaction vassel and to prevent 

frosting whioh would interfere with the optical observations 

and measurements when the vassel was operated at low 

temperatures. 

The reaction vassel was thermostatted at higher 

temperatures by the vapours of appropriate liquida boiling in 

a flask, F, attached to the apparatus and refluxing in a 

condenser, W~C. The temperatures of the reaction vassel were 

measured by a thermometer located at Tm. The oxygen was 

discharged in a quartz tube which had an outer diameter of 

about 1; millimeters, and was located about 20 centimeters 
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FIGURE 1 
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above the reaction vassel to prevent any possible back 

diffusion of reactants into the diseharge zone. 

The reaetants were introduced into the reaction 

vassel through multiple jets, J
1 

and J
2 

situated one centi

meter and five centimeters respeetively below the top of the 

jacket. The multiple jets consisted of a small glass bulb in 

which five equally spaced small holes were blown in a plane 

transverse to the direction of the oxygen stream. 

The flows of gases in the system were controlled by 

Edwards fine-control needle valves, N. The pressure 

difference across a removable capillary, 0, was measured by a 

U-tube manometer, M, filled with mercury. The mercury was 

covered with about one centimeter of 1octoil 1 to prevent 

mercury vapour from getting into the system. The calibration 

of oxygen flow was done by collecting the gas passing through 

the vacuum pump at steady state conditions. This method 

gave very good reproducibility and was found to agree with the 

1 PV 1 method(70) achieved by measuring the pressure drop in a 

known storage volume. The flows of carbon monoxide and 

nitric oxide were calibrated by the 1 PV 1 method, while the 

flows of nitrogen dioxide and carbon tetrachloride were deter-

mined by trapping the gases at liquid air temperature in 

blank experimenta in which the usual 0 flow was maintained 
2 

in the reaction system but without operation of the discharge. 

A constant flow of gas was maintained during an 

experiment by regulating the pressure head. The pressure 

head of oxygen was maintained at atmospheric pressure by 

releasing the excess gas through the bubbler, B
1

. The 
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The pressure heads of carbon monoxide, nitric oxide, nitrogen 

dioxide and carbon tetrachloride were maintained approximately 

constant by the use of large reservoirs, R. In the case of 

high flow rate and long duration experiment, a slight manual 

adjustment of the needle valve was necessary to compensate 

for the small drop in pressure in the ballast volume during 

the course of an experiment. 

The pressure in the reaction system was measured at 

the top and at the bottom of the reaction vassel with a 

1 tilting McLeod gauge 1 , T.M. This instrument, obtained from 

the Virtis Company, New York, measured pressures from .005 to 

5 millimeters with a reproducibility of 1%. The gauge could 

be isolated by stopcock when it was not in use in order to 

exclude mercury vapour from the apparatus. 

The condensable gases were trapped in most 

experimenta with liquid air; two traps, T1 and T2 , arranged 

in series, were used to prevent small amounts of condensable 

gases from eacaping with the exceas of the non-condensable 

gases. The level of liquid air was maintained approximately 

constant in order to keep the flow conditions steady during 

an experiment. 

The reaction system was kept under vacuum at all 

times except when it became necessary to re-grease stopcocks 

or to clean and repair the system. Silicon grease was used 

for all experimenta. A known amount of carbon tetrachloride 

was circulated through the system three times, and no 

appreciable loss of the reagent due to adsorption by the 

grease has been noticed. It is unlikely that other gases in 
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the reaction system would affect appreciably the silicon 

grease under the present experimental conditions. 

The reaction vessel was usually cleaned with 

chromic acid cleaning solution and then washed successively 

with a large quantity of distilled water. 

dried in vacuum under prolonged pumping. 

PRODUCTION OF OXYGEN ATOMS 

The system was 

A 'Raytheon Mierowave Generator 1
, No. KV-1048B, 

was used to obtain an electrodeless discharge. This unit 

generates a continuous 2450 megacycle wave with a maximum out-

put of 125 watts. When the output is directed at the diacharge 

tube through a wave guide, a discharge can be initiated with 

a 1Tesla-coil 1 spark under the proper conditions of pressure 

and flow. A resonance type of wave guide, which was held at 

a fixed position on the discharge tube, has been used for all 

experimenta in order to obtain a constant discharge efficiency. 

It was found that(70), in the absence of mercury in the system, 

the temperature of the discharge tube did not affect the 

oxygen atom concentration eonsiderably. Henoe the discharge 

tube was operated without artificial cooling. 

Because of the large fluctuations in the llO volt 

A.C. power supply, the power output of the generator was 

somewhat unsteady duri the day time. A 1 Sola 1 constant 

voltage transformer, which was rated to keep the voltage con-

stant within 0.5%, was used. The affect of power output on 

the atom concentration has been measured and shown in Fig. 2. 

A change in power output from 25 toll2.5 watts increased the 

atom concentration by only about 20% under the usual operating 
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conditions. 

A slightly unsteady operation of the discharge was 

noted for the first half hour of operation. This might be 

due to unsteadiness of the microtherm unit, or of the 

discharge tube. For this reason, the whole apparatus was 

set in operation for at least half-an-hour before any 

measurements were made. 

MEASUREMENT OF OXYGEN ATOMS 

For a quantitative kinetic atudy of oxygen atom 

reactions, an accurate measurement of oxygen atoms ia primarily 

important. Although a number of techniques have been 

reported for measuring the concentration of oxygen atome, 

much controversy atill existe. A calorimetrie method was 

first employed in the present work. This method was 

originally developed by Langmuir(7l) to measure the rise in 

temperature of a metal surface due to the recombination of 

hydrogen atoms and was later modified by Tollefson and Le 

Roy(7 2 ) for quantitative measurements. It was further 

modified in this laboratory(l5) and used to measure the con-

centration of oxygen atoms. Consequently it was named the 

1 isothermal calorimetrie detector 1 technique. The deteotor 

was oonstructed of a spiral of platinum wire, which was 

coated with a metal of high catalytic activity for recom-

bining oxygen atoms. The spiral was made movable in the 

reaction vessel by mounting it on a rack and pinion. A 

known electrical current~is passed through the wire, and its 

resistance, R, is measured with a Wheatstone bridge. Wh en 

the oxygen is aotivated by discharge, oxygen atoms flow over 
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the detector, recombine on the wire, heat it, and thus change 

its resistance. To compensate ~or the heat libernted by the 

recombination of atoms, the current throueh the wire is 

reduced to some value i, so that its resistance, and conse-

quently its temperature, is restored to the initial value. 

The difference in electrical energy required to maintain the 

wire isothermally ean readily be ealeulated from the following 

relation: 

6W = R{i 2 - i 2) •.••...•..•..••.•• (1) 
0 

Since the detector is operated isothermally, the 

heat ]osses due to radiation, conductivity, etc. in the 

presence or in the absence of atoms, shoulà be unchanged. 

Therefore, if the detector recombines all the atoms from the 

gas stream, the flow rate of atoms, Fo, can be calculated 

from the equation 

Fo = 6 W / n H • • • • • • • • . • • • • • • • • • • • • • • • • ( 2) 

where nw is the difference in electrical energy (cal/sec) 

given by equation (1), 6H is the heat of recombination of the 

atome, 58.5 Kcal per mole of oxygen atome. 

Cobalt, nickel, copper, zinc and silver were tested 

for their efficiency for oxygen atom recombination in this 

1 abo ra tory. Cobalt was considered to be the most suitable 

and was adopted in the preliminary work. Unfortu:nately, 

later experimenta revealed that, although the detector reeom-

bined all atoms present, it also measured the heat from any 

other species present in the gas stream. The additional 

measured beat was attributed to the presence of considerable 

amounts of exeited molecular oxygen(l5). The presence of 
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such species would make the evaluation of measurements of the 

absolute concentration of oxygen atoms erroneous. Furthermore, 

experimenta also indicated that the efficiency of the detector 

was affected by the presence of species from the reaction of 

oxygen atoms with carbon tetrachloride. For these reasons, 

this technique was not used in the present work. 

In the search for another method to measure the 

absolute concentration of oxygen atoms, a chemical method was 

tested. This method was first described by Avramenko and 

Kolesnikova(73) and since then used for their studies of 

oxygen atom reactions. They reported that,in the reaction of 

oxygen atoms with carbon monoxide at a temperature of about 

100°0 and at a pressure ranging from 1 to 20 millimeters of 

mercury, carbon dioxide was found to be the only reaction 

product. By adding sufficient amounts of carbon monoxide 

into the gas stream to react with all oxygen atoms, the amounts 

of carbon dioxide formed would be equal to the amounts of the 

atoms present. The initial concentration of oxygen atoms 

could then be calculated by using the formula 

(002)max 
(0)0 = 

t. s. w 
where (0)

0 
is the initial concentraction of oxygen atoms 

expressed by the number of oxygen atoms per cubic centimeteri 

(oo 2 )max is the amount of 002 formed under conditions in which 

all atoms are consumed by the reaction; t is the time of the 

reaction in seconds; S is the cross-sectional area of the 

reaction vassel in square centimeters; W is the linear 

velocity of the flow in centimeters per second. 
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However, experimenta performed at a temperature of 

100°0 and at a pressure of about 2 mm Hg have shown that the 

reaction of oxygen atoms with carbon monoxide was quite slow 

under the present experimental conditions. It was found 

that the reaction is at least twenty times slower in the 

present system than in Avramenko's experiment. ~he 

differences in the experimental conditions may probably 

account for the discrepancy between the two investigations. 

A large excess of water vapeur was present in Avramenko's 

experiment, while excess of oxygen was present in the present 

system. It is generally regarded that the reaction of oxygen 

atoms with carbon monoxide is a third-order reaction; water 

molecules may serve as a more efficient third body than 

oxygen in this reaction. 

It is obvious that a successful chemical method 

for measuring the atom concentration requires a substance 

that will react very rapidly with oxygen atoms in a strictly 

stoichiometric fashion. It is alec essential that the 

products do not reaet with oxygen atoms at a comparable rate. 

Spealman and Rodebush(74 ) were the first to suggest that 

nitrogen dioxide might come close to fulfilling these 

requirements. The reactions concerned are: 

NO+ 0 - NO + h v 
2 

( 1) 

( 2) 

Acoording to the authors, reaction (1) proceeds with a rate 
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of about 1,000 times faster than reaction (2). Recently, 

the rate of reaction (1) has been measured by three different 

methods(l3,75,76), and is indeed very fast. Therefore, it 

ean be expeeted that oxygen atoms will be entirely consumed 

by the reaction (1) if sufficient amounts of nitrogen 

dioxide are present in the reaction system. 

The fact that reaction (2) is light-producing, 

provides a visual method for determining the oxygen atom 

concentrations. As nitrogen dioxide is added to a gas 

stream containing 0-atoms, the intensity of the glow 

increases to a maximum. At this point, the amount of 

nitrogen dioxide added is probably equal to one-half the 

amount of oxygen atoms. As more nitrogen dioxide is added, 

the intensity of the glow decreases, until it sharply 

retreats to the nitrogen dioxide inlet. This is an end-

point of the oxygen atom titration. At this point the 

nitrogen dioxide flow should equal the oxygen atom flow. 

This method seems quite straight forward, but 

experimenta under the present conditions showed that it was 

not sensitive enough to follow a small change i~atom 

concentrations. When oxygen atorns are passed through a 

reaction vessel, it is expected that the concentration of 

atome should be higher at the top than at the bottom of the 

vessel, due to the decay of atome through recombinations. 

However, by keeping the nitrogen dioxide flow constant, 

differences in the titration end-points along the reaction 

vessel could not be detected visually. Furthermore, 
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because of the corrosive nature of the nitrogen dioxide and 

the formation of N204, the calibration of the flow rate of 

nitrogen dioxide cannot be done acourately. Obviously a 

more sensitive procedure was required for accurate atom 

me a surement s. 

Instead of finding the end-point of the gas phase 

titration visually, a 1N0 2-eleanup1 method was adopted to 

measure the concentration of oxygen atoms. A relatively 

large excess of nitrogen dioxide is admitted into the 0-atom 

stream to ensure complete atom consumption in the primary 

reaction. The nitric oxide formed from the reaction is 

trapped down stream at liquid air temperature. (With excess 

nitrogen dioxide present, NO reacts with N0 2 to form N20; 

which can be trapped quantitatively at liquid air temperature). 

The trapped nitric oxide was determined by the amount of 

oxygen consumed in converting the mixture of oxides to 

nitrogen dioxide through the reaction 

According to reaction (1), the amount of nitrio oxide formed 

should equal the oxygen actom concentration. By this 

technique, small changes in atom concentration could be 

determined (the detailed discussion will be given later), 

and resulta obtained were quite reproducable. Therefore, 

this method was used in the present work for the absolute 

concentration measurements. 

THE DECAY OF OXYGEN ATOMS THROUGH RECOMBINATION 

It is well known that oxygen atome decay at a 
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significant rate through recombination in the gas phase and 

on the walls of the reaction vessel. For a quantitative 

kinetic atudy of any oxygen atom reaction, it is desirable to 

know the relative proportion of atoms recombining to those 

participating in the reaction. Therefore, the measurement 

of the rate of oxygen atom decay through recombinations was 

studied in the absence of added reactant. 

The oxygen atom concentration was measured by the 

1 N0 2-cleanup1 method in the present work. A movable jet 

technique shown in Fig. ; was developed to follow the rate 

of atom decay along the reaction vessel. This jet, of 

similar construction to J 2 in Fig. 1, was joined to a 60 cm. 

length of 6 mm diameter glass tubing. This tube could be 

moved axially along the reaction vessel by rotation of the 

tygon-covered rod T, which pressed against it. The lower 

end of the glass tubing was joined to a amall diameter tygon 

tubing which could be curled in B to give the necessary 

flexibility of operation. An inner guide Q was installed 

to keep the tygon tubing moving in line with the glass tubing. 

The other end of the tygon tubing was connected to an inner 

ground joint I which was further connected to the nitrogen 

dioxide flow-line. To keep the jet aligned in the central 

position in the reaction vessel, a guide, P, consisting of 

three equally spaced glass rods of equal length was built 

around the glass tubing 2 cm below the jet. It was also 

found necessary to place a coil of silver wire at A to 

protect the tygon from being attacked by oxygen atoms flowing 
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Figure 2 
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in the reaction veseel. With this deviee, the jet could be 

located at any position in the centre of the reaction vassel 

and through which nitrogen dioxide eould be admitted into 

the gas stream. The concentration of oxygen atoms at 

various positions (corresponding to various times) could be 

determined. The rate of the atom decay could thus be 

calculated. A photometrie method was also used in the 

present work to follow the atom concentrations. The detailed 

discussion of this technique will be given in a later section. 

THE REACTION OF OXYGEN ATOMS WITH CARBON TETRAOHLORIDE -------------------.. ----··-----------~-----------

Preliminary experimenta showed that the reaction 

of oxygen atome with carbon tetrachloride is slow. In 

order to obtain more accurate rate measurements of the 

reaction, a longer reaction time is necessary. This was 

achieved by reducing the flow rate of the gas stream in the 

reaction vassel. Care was taken to prevent the reactant 

from getting into the discharge zone by back diffusion. 

This restricts the range of reactant which could be used. 

Back diffusion into the discharge was also minimized by the 

design of the reaction system in which the discharge and 

the reaction zone were separated by distances of 20 cm and 

a constriction placed right after the discharge to increase 

the linear velocity in that region. The effect of back 

diffusion could be calculated by the use of Hertz 1 s law(??), 

and could be tested. experimentally. The result will be 

discussed below. 

Another consequence of the slowness of the reaction 
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is that unreacted 0-atoms will pass through the reaction 

vessel and condense in the cold trap as ozone. To prevent 

this, silver wire was placed at the outlet of the reaction 

tube to destroy all the atoms before they reach the trap. 

The effectiveness of the wire was indicated by the sharp 

discontinuity of the glow at this point. However, a change 

in colour of the wire indicated that catalytic reactions may 

have taken place on the surface of the wire. If this 

oceurs, uncertainties would be introduced in the inter-

pretation of reaction products. Therefore, experimental 

conditions were created which resulted in a complete con

sumption of oxygen atoms in the length of the reaction 

vessel. 

The range of flow-rates of the reactant used for 

experimenta were chosen in accordance with the following 

considerations: 

( 1 ) Since the reaction of oxygen atoms with carbon 

tetrachloride is very exothermic and its activation energy 

is high, it is necessary to limit the reactant flow-rates 

to prevent a temperature rise which would increase the rate 

of reactions. 

(2) Beoause of the relatively slow flow of the gas in 

the reaction vessel, the flow-rate of the reactant bas to 

be limited to prevent the baek-diffusion of the reaetant 

into the discharge zone. 

(;) In order to maintain relatively constant flow 

conditions for a series of experimenta, it is necessary that 
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the introduction of the reaetant does not affect the pressure 

and the flow considerably. 

(4) To prevent the formation of ozone in the cold trap, 

which is known to affect the product analysis, a sufficient 

amount or carbon tetrachloride should be admitted into the 

reaction system to result in complete consumption of oxygen 

atoms in the length of the reaction vessel. 

In a typical experiment, the oxygen flow was in 

operation for at least half-an-hour to ensure that steady 

conditions had been achieved. The initial atomic oxygen 

concentration was determined by the 'N0
2
-clean-up' method. 

Carbon tetrachloride was then added through J 2 and permitted 

to attain constant flow. 

for low reactant flows. 

This was particularly necessary 

During tn~s period, the gas 

leaving the reaction vessel was made to bypass the product 

traps. The durat~on of experiment was chosen to obtain 

sufficient reaction products for accurate analysis, and 

usually ranged from 20 minutes to about li hours. The 

condensable gases were trapped downstream in T1 and T2 at 

liquid air temperature. The non-condensable product was 

combusted in a combustion column downstream, and the 

combuated product was then trapped in T) at liquid air 

temperature. When the experiment was finished, the flow of 

the reactant was discontinued, and the gas leaving the 

reaction vessel was again made to bypass the traps. The 

trapped products were then transferred to a measuring system 

for analysis. 
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IDENTIFICATION AND ANALYSIS OF REACTION PRODUCTS 

Preliminary experimenta were carried out to 

identify the products of the reaction at various ratios of 

oxygen atoms and carbon tetrachloride concentrations. The 

formation of chlorine from the reaction could be easily 

identified by the appearance of the light green colour in 

the trapped product in T1 • This product was further 

identified by its reaction with mercury and mercurio sulfide. 

The formation of phosgene was identified by a Nai-acetone 

method( 7 B). After chlorine was removed quantitatively from 

other reaction products by its reaction with mercury, the 

remainder of the sample was transferred into a sample tube 

in which about 20 ml of 2% solution of sodium iodide in 

acetone was previously frozen at liquid air temperature. 

When the transference was completed, the solution was allowed 

to warm up to room temperature and was shaken to absorb all 

the phosgene. The formation of iodine was used as an 

indication for phosgene through the following reaction: 

2Nai + COC1 2 - 2NaCl + I 2 + CO • 

Identifications were also made mass spectrometrically, which 

indioated that chlorine, carbon dioxide and phosgene were 

the only condensable products. This was further confirmed 

by a vapeur pressure-temperature measurement of the 

producte in a Le Roy stil1(79). 

Identification of the non-condensable product was 

carried out in the following procedure. A fraction of the 

non-condensable gas was sampled downstream in a Toepler pump 
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attached to the flow system. Excess oxygen was removed from 

the sample by absorption in a sodium hyposulfite solution 

containing indigo carmine(Bo). The indigo carmine acta 

both as a catalyst and as an indicator of the remaining 

absorbing power of the solution. This solution effectively 

removes oxygen from a gas mixture even at low temperatures 

and does not evolve any other gas. The resulting sample 

was then subjected to maas spectrometrie analysis. The 

resulta showed that carbon monoxide was present in the non-

condensable gas. This product was also identified by 

combusting the gas in a copper oxide furnace. A detailed 

description of this technique will be given in the next 

section. 

The quantitative measurements of the reaction 

products were performed in the analytical system attached to 

the apparatua. The determination of chlorine was first 

accomplished by removing all chlorine from the sample with 

mercury. The amount of chlorine was then estimated by 

measuring the pressure difference in a known volume. 

Preliminary experimenta revealed that mercury reacts elightly 

with phosgene when they were brought in contact for a 

prolonged period of time. Furthermore, there was the 

danger of the measuring system being contaminated by mercury 

vapour during the course of transference of the sample. 

Blank experimenta have shown that mercurio sulfide removes 

chlorine effectively and quantitatively at room temperature 

and does not react with phosgene to an appreciable extent. 
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Therefore, mercurio sulfide was employed instead of mercury 

for all experimenta. The pressures were measured with an 

absolute pressure gauge (ACSO Accu-Vac Absolute Vacuum 

Gauge, Model A-140) which has a range from zero to 40 mm 

Hg and was not affected by chlorine or phosgene. The 

gauge was frequently checked against a calibrated McLeod 

gauge. The carbon dioxide and phosgene were separated by 

the use of a Le Roy still, and the amounts of each component 

measured by a gas burette. When the take-off pressures, 

indicated in Fig. 4, were used for the separations, pre-

pared mixtures containing known proportions of carbon 

dioxide, phosgene and carbon tetrachloride, showed that the 

separation was accurate to within 2 to 3 percent. 

Carbon monoxide was combusted in a combustion 

column, CC (see Fig. 1) which had an outer diameter of 

34 mm and a length of 40 cm, and was packed with copper 

turnings which were cleaned and converted to copper oxide 

at high temperature. This column was operated at a con-

stant temperature of about 350°C. The combustion product 

was trapped in T
3 

at liquid air temperature and was measured 

by the P - V method. Resulta for synthetic samples 

indicated that this technique is satisfactory for the 

measurements of carbon monoxide. 

THE REACTION OF OXYGEN ATOMS WITH PHOSGENE 
~-~----------~··------

In the study of elementary reactions of atoms with 

organic molecules, the overall course of the reaction may be 
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Figure 4 

Vapour Pressure - Temperature Relations 

for Various Substances 
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complicated by the subsequent reactions of the products. 

The reaction of oxygen atome with phosgene was therefore 

studied in the system with conditions approximately the same 

as that described above. Phosgene was distilled once and 

passed through a column of antimony trisulfide to remove 

traces of chlorine(Bl). The gas was then introduoed into 

the gas stream through J 1 and allowed to react with the 

oxygen a toms. The reaction was carried out at 16°0 and at 

a pressure of 2 mm Hg. The initial flow of oxygen atoms 

was about W, mole per second. The change in intensity of 

the excited N02 afterglow in the system was taken as an 

approximate indication of the extent of the reaction. It 

was observed that the intensity of the afterglow decreased 

tremendously when a small amount of phosgene (laas than 

0.5)Umole per second) was introduced into the reaction 

veseel. With a slight increase of the phosgene, the 

greenish-yellow glow was completely replaced by a bright 

purple flame which filled the entire reaction tube down-

stream. With a slight further addition of the reactant, 

the flame retracted to a position a few centimeters below 

the inlet jets. This observation indicates that the 

reaction of oxygen atome with phosgene is very fast. No 

attempt was made at a quantitative analysis of the products, 

but chlorine and carbon dioxide were detected qualitatively. 

THE REACTION OF OXYGEN ATOMS WITH CARBON TETRACHLORIDE ------------------------------IN AN OXYGEN-FREE SYSTEM 

The eustomary method of production of 0-atoms by 

electrical discharge in moleoular oxygen for kinetic etudies 
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may be criticized on the ground that the process might be 

obscured by the readily occurring reactions of any radicale 

produced with molecular oxygen present in excess. For this 

reason, Avramenko obtained 0-atoms from eleetrical discharge 

of water vapour(ll), and Cvetanovic produced 0-atoms from 

mercury photosensitized decomposition of N
2

0(B) for their 

etudies of 0-atom reactions. 

An alternative method for producing 0-atoms in an 

0 2-free system has recently been developed in this laboratory. 

This system is produoed by subjeoting molecular nitrogen to 

a microwave discharge, and reacting the N-atoms produced 

with nitric oxide. Molecular nitrogen was dissociated in 

the manner described previously for molecular oxygen. A 

constant flow of NO was admitted through J1 as shown in 

Fig. 1 to titrate the active nitrogen to a dark end-point. 

At this condition, the reaction system contains only 0-atoms 

and nitrogen molecules, and the concentration of 0-atom 

formed can simply be deduced from the flow rate of NO 

required to titrate the N-atoms. The carbon tetraehloride 

was introduced into the gas stream through J
2 

whieh is 

located about 4 centimeters below J
1

• The rest of the 

procedure for this experiment is essentially the same as 

that desoribed previously. The most important operation 

for a satisfactory experiment is the maintenance of the 

constancy of the NO flow. For a prolonged experiment, 

a slight manual adjustment had to be made occasionally to 

compensate the slight change in the flow. 
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M~UREMENT OF THE RAT~ 99NSTANTS OF THE PRIMARY 
REACTION OF 0-ATOMS WITH CARBON TETRAOHLORIDE 

Although the reaction of 0-atoms with carbon 

tetraehloride is a complex one involving severa! inter-

mediate steps and leading to the formation of a variety of 

products, the primary reaction can be represented as 

kl 
0 + 001

4 
r products. 

If the carbon tetrachloride is neither reformed nor 

consumed in subsequent reactions (the justification of this 

assumption will be given in the later section), the rate of 

disappearanoe of carbon tetrachloride can then be 

represented by a simple bimoleoular equation, 

Interpretation of this equation between time limite t 1 and 

t 2 gives 

"' • • • • • • • • • • • • • ( 2) 

Therefore, to obtain the rate constant k
1

, it is 

only necessary to measure the concentration of carbon 

tetrachloride at two different times, and the o-atom 

concentration as a function of time. As a result of' 

subsequent reactions, the 0-atom concentration is a complex 

function of time. However, in a well-defined flow system, 

time can be related to distance, and the 0-atom concentration 

can then be measured along the length of the reaction vessel. 

As mentioned earlier, preliminary experimente 
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revealed that the reaction of 0-atoms with carbon 

tetrachloride was very slow, and that metallic surfaces 

could not be used in the present system to destroy 0-atoms 

in order to stop the reaction and thus to define the 

reaction time. The experimental conditions were therefore 

chosen to result in a complete consumption of 0-atoms within 

the length of the reaction tube. Since 0-atom concentration 

deeays to zero, no explicit knowledge of t
2 

is required to 

evaluate the integral in equation (2). The values of 

(001 4 )1 and (0014) 2 simply represent the concentrations of 

carbon tetrachloride at the inlet and that remaining after 

all atome are consumed. The former and the latter were 

here referred to as the initial and the final concentrations 

respectively. The initial concentrations could be deter-

mined by blank experimenta, while the final concentrations 

were determined by measuring the unreacted carbon tetra-

chloride. The meaaurements of carbon tetracbloride were 

made by a P-V method which was found to agree with the 

gravimetrie determination. Excellent mass balances were 

also obtained, as will be shown later. For greater 

accuracy and convenience in the measurement of the final 

concentration of carbon tetrachloride, the values of 

(0014)2 were obtained by subtracting the amount of the total 

product from the initial concentration of carbon tetra-

chloride. This method was found to be more reliable than 

measuring the unconsumed reactant directly. 

The 0-atom concentrations were measured 



photometrically in the mannar suggeated by Kaufman(l'). 

Since the trace of NO, formed from the nitrogen impurity in 

the oxygen discharge, provides sufficient light intensity 

for accurate phototube readings, measurements carried out in 

the present work were made without further addition of NO 

except in experimenta in which the affect of NO on the 

reaction was tested. A 1P21 photomultiplier tube was used 

in eonjunction with an Eldorado PH200 electronic unit which 

amplified the photocurrent and registered it on a meter. 

The phototube housing was mounted on rails and could be 

moved parallel to the reaction vessel. A collimating slit 

was used to limit detection of light from a 2-mm section of 

the reaction tube. Since the reaction of 0-atoms with 

carbon tetrachloride proceeds without any visible reaction 

flame, no filter was required. To convert the relative 

photometer readings to absolute atom concentrations, the 

atom concentration at the inlet J 2 was determined chemically 

by 1N02-clean-up' technique as described previously. This 

value was set equal to the maximum phototube reading 

obtained, and the other 0-atom concentrations arrived at by 

proportion. The integral on the right-hand side of 

equation (2) was then evaluated graphically by measuring 

the area under the decay curve of a plot of 0-atom concen

tration versus time. Since all the parameters in this 

equation are known, the rate constant k 1 can be obtained. 

In order to obtain detailed information regarding 

the kinetics of the reaction, it was studied at various 
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reactant concentration ratios, temperatures and total 

pressures. Resulta will be shown in the later section. 

MEASUREMENT OF THE RATES OF THE OVERALL 
DISAPPEARANCE OF THE 0-ATOMS 

It is well known that secondary reactions play an 

important role in the gas phase reactions. The initial 

reaction products may react with other active species in the 

system to complicate the overall course of the reaction. It 

is therefore of interest to investigate the overall reaction 

rate of the active centres, in the hope of shedding light on 

the mechanism of the reaction. Beeause of the complex 

nature of the overall processes, resulta may not give 

accurate quantitative information, but qualitative trends 

may still provide valuable information. The overall 

reaction of 0-atoms with carbon tetrachloride can be 

represented schematically as follows: 

+ ••••• 

k2 • 
0 + pl • pl + . ..... 

k; 1'1 
0 + p2 pl + . . . . . . 
0 + x • ? etc. 

If 0-atoms are consumed mainly as the result of reaction 

with carbon tetrachloride by processes which are first order 

in 0-atoms, such as those indicated in the scheme above, the 

overall reaction rate for the first order disappearance of 

0-atoms ean be represented by 
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. . . . . . . . . . . . . . . . . . . . ( ~) 

where k 0 is the overall rate constant o~ the reaction, which 

is a complex ~unction of all relevant rate constants. Since 

the reaction of 0-atoms with carbon tetrachloride is very 

slow, at relatively high initial concentrations of carbon 

tetrachloride, the change in concentration of carbon tetra-

chloride with time is negligibly small. Consequently, 

under these conditions, the concentration of carbon tetra-

chloride is praetically constant during the course of 

reaction. Integration o~ equation (5) between limite of 

{0) : (0) 0 at t : 0, and (0) : (O)t at t = t, gives 

(0) 
ln (o): = k

0
(Ccl 4 )t ••.••...••••.••.•••• (4) 

where (0)
0 

and (O)t are the initial concentration and 

concentration at time t respectively. A plot of log 

againat t should be linear if the first order deeay of 

0-atoms in the reaction is predominant. The slope of the 

If (0014 ) is put equal 

to the initial concentration of carbon tetrachloride, k 0 

can be calculated. 

The 0-atom profiles in the oxygen discharge 

systems were measured in the mannar described in the fore-

going section. In the oxygen-free system, a slight excess 

of nitric oxide wae admitted into the reaction system in 

order to produce chemiluminescence for the photometrie 

meaeurement of 0-atoms. Since excess NO will also consume 
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0-atoms through the processes 

0 + NO + M - NO 
2 

+ M 

and N02 + 0 - NO + o2 

a high value for k 0 will be obtained. An approximate 

method was adopted to correct for this effect. The method 

involves adding known quantities of NO to the system and 

1 ' measuring the effective k 0 • The true value of k 0 was then 

estimated by extrapolation. Sinee equation (4) is a typical 

first order equation, only relative atom concentrations were 

required to evaluate k 0 • 

It should be noted that the natural decay of 

oxygen atome through recombination prooeeds with a 

significant rate. In addition to this, the rates of 

reactions 

0 + 0 + M ... 0 2 + M 

in the presence of carbon tetrachloride and the products 

resulting from the reaction of oxygen atoms with carbon 

tetrachloride, which may serve as a third body for the above 

reactions, are virtually unknown. Renee, the overall 

reaction rate constant determined by the present method is 

only an approximate indica~~on of the rate of disappearance 

of the oxygen atoms. 

Some of the typical overall first order decay 

curves are shown in Fig. 5· The reasonably linear plots of 

these graphs indicate that first order decay processes of 
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Figure 5 

FIRST ORDER PLOT OF THE OVERALL 0-ATOM DECAY 

IN THE PRESENCE OF CARBON TETRACHLORIDE 
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the oxygen atoms are predominant in this reaction system. 

The rate constants obtained over various conditions are 

given in Table I. Experimenta from A to D series were per-

formed in the oxygen-containing system, while experimenta 

in E series were perforroed in the oxygen-free system. It 

should be noted that the rate constants obtained in experi-

ments E-l and E-2 have been corrected for the excess of 

nitric oxide added to the reaction. 

MEASUREMENT OF THE HEAT OF REACTION 

For an exothermic reaction, heat is generated 

during the course of reaction, if the heat of reaction is not 

rerooved sufficiently rapidly by collisions with the walls of 

the reaction vessel, the temperature of the gas stream could 

be elevated. Such a rise in temperature could conceivably 

affect the rate of reaction and yield a high value for the 

roeasured rate constant. This is particularly true when the 

reaction under study has a high activation energy, as was 

found to be the case in the present reaction. Aocording to 

thermodynaroic data (see Appendix A), the reaction of oxygen 

atoms with carbon tetrachloride is quite exothermic. For 

this reason, the experimenta were performed with low 

concentrations of both reactants. 

The rise in temperature resulting from the heat of 

reaction was roeasured by a thermocouple placed in a well 

which was introduced from the bottom of the reaction tube 

into the reaction zone. This well was constructed from a 

length of ; rom O.D. Pyrex glass tubing, with the upper end 
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TABLE I 

RATES OF THE OVERALL DISAPPEARANOE OF 0-ATOMS 

Expe:ri- Tempere.- (001 4 )
0 

x1o- 15 ko x 1015 
mental ture Pressure 

No. oc mm Hg molecules cc-l cc mo1ecules- 1 sec-1 

-----------·---N-~---------·~---- -- ---------··~ -··----------------
A-l 10 4.2 ;.26 1.86 

2 10 4.2 2.17 2.51 

B-1 100 2.2 4.22 0.82 

2 100 2.2 ;..;o 0.98 

C-1 4 2.2 5·95 0.46 

2 4 2.2 4.67 0.42 

D.-1 19 ;.o 5·50 0.92 

2 19 ;.o ;.90 1. 01 

*E.-1 19 ;.o 6.21 0.10 

2 19 ;. o· 4.27 0.14 

*This series of experimenta was carried out in the 

oxygen-free system. 
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elosed and the lower end ring-sealed to a ;4/45 tapered 

joint which could be attaohed to the bottom of the reaction 

tube. The top of this well extended to a few millimeters 

below the 0014 inlet jets. Through the glass tubing, a 

ealibrated Ohromel-Alumel thermocouple could be freely moved 

along the reaction tube. This offered a means of measuring 

the temperatures of the gas stream at the centre of the 

reaction zone as a function of the distance from the mixing 

The presence of the thermocouple well in the 

reaction zone resulted in a small decrease in oxygen atom 

concentration due to wall recombination, but was found to 

have a negligible affect on the flow condition. 

Experimente were performed at a pressure of about 

2 mm Hg. The temperature was measured under the following 

conditions: 

(1) 02 flow 55,Almoles per second 

(2) 0 2 flow 55)Lmoles per second 

0-atom flow l~mole per second 

(;) 02 flow 55..Al mol es per second 

0-atom flow ;Ji mole per second 

001 4 flow ~moles per second. 

The temperatures measured as a function of the distance from 

0014 inlet jets are shown graphically in Fig. 6. It is 

found that the maximum temperature increase in the reaction 

Regarding the shapes of the curves shown 

in Fig. 6, it seems quite possible that the temperatures 

registered for curve ; might include part of the heat due to 
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Figure 6 

TEMPERATURE PROFILE OF REACTION TUBE 

UNDER THE FOLLOWING CONDITIONS 

(1) 0 2 flow 5~moles/seo. 

(2) 0 2 flow 5~moles/sec. 

0-atom flow ~mole/sec. 

(:;) 02 flow 5~moles/sec. 

0-atom flow l.).tmole/sec. 

CCl4 flow lj)j mol es/ seo. 
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the recombination of oxygen atoms on the surface of the 

glass whioh surrounded the thermocouple. Furthermore, it 

should be noted that the temperature recorded is the 

temperature in the centre of the reaction tube. The 

temperature would expect to be lower near the walls of the 

reaction vessel. Therefore, the aotual temperature rise 

resulting from the heat of reaction should be oonsiderably 

lower than 1.5°0. 
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RESULTS AND DISCUSSION 

THE RECOMBINATION OF OXYGEN ATOMS 

Preliminary experimenta have shown that the 

natural decay of oxygen atome was slow under the normal 

pumping conditions, and the concentration changes along the 

reaction tube were thus small. In order to increase the 

accuracy of the measurements, the flow rates were reduced by 

placing a constriction in front of the pump. 

In the first series of experimenta, the deeay of 

oxygen atome was followed by two different techniques, namely, 

the 1 N0 2-clean-up 1 method and the photometrie method. The 

1 N0 2-clean-up 1 method, which involves the use of the movable 

jet, measuree the absolute atom concentration changes, 

whereas the photometrie method measures only the relative 

concentration of the atoms. The measurements were carried 

out at 10°0 and at a pressure of 2 mm Hg. An arbitrary 

zero was ehosen at a position five centimeters below the top 

of the reaction tube, and the decay of the oxygen atoms was 

determined as a ~unction o~ distance down stream along the 

reaction vessel. The data recorded in the typical experi-

ments are given in Table II (Experimental Series F). The 

first eolumn indicates the distance from the arbitrary zero 

in centimeters. For purposes of comparison, the readings 

were normalized to one at the zero position and are shown in 

the third and fifth columns for the resulta obtained by the 

photometrie method and by the 'N0
2
-clean-up 1 method 

respectively. 
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TABLE II 

EXPERIMENTAL SERIES F 

- 55-~mo1es sec-1 

Total pressure - 2.0 mm Hg 

Temperature 

Photometrie 
Reading 

Arbitrary 
Unit 

40.0 

39.2 

38.5 

37. 5 

36. 0 

35.0 

33·7 

32.8 

31.6 

29.:; 

27.3 

NO -Oleanup 
Normalized 2 _1 Reading .,Almoles seo 

1 

.980 

.962 

-938 

.900 

.875 

• 840 

• 820 

.790 

.733 

.683 

• 866 

• 830 

• 780 

.7:;0 

.690 

.615 

-------------

Normalized 
Reading 

1 

.928 

.890 

• 836 

.66 
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The typical first order oxygen atom decay curve 

obtained from this series of experimenta is shown in Fig. 7, 

where the open circles represent the resulta obtained by the 

photometrie method and the closed circles by the 1 N0 2-clean

up' method. The graph shows that a single straight line 

can be drawn through all these circles. This indicates 

that these two methode are in mutual agreement. 

The use of the movable jet technique for 

determining the atom concentrations along the tube was con

sidered justifiable for the following ressons: 

The jet was introduced into the reaction zone 

through the bottom of the reaction vesse!. Under the 

1 clean-up 1 condition, the reaction is essentially completed 

at the top of the jet. Therefore no significant amounts of 

atoms would be consumed through recombination on the surface 

due to the presence of the jet. The effect on the flow 

conditions, due to the introduction of the small diameter 

glass tubing associated with the jet into the reaction 

vessel, is negligibly small, as indieated by the oonstaneies 

of the total pressure and the total flow in the system in 

the presence or absence of the jet. It was also observed 

that the 1 air afterglow' was uniform and well-defined in the 

reaction region. This suggests that mixing was adequate 

and that the flow was largely annular. 

The decay of the oxygen atoms vas studied over a 

range of pressures to separate the contribution from the 

heterogeneous and gas-phase decays. Experimente were 
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Figure 7 

FIRST ORDER PLOT OF OXYGEN ATOM DEOAY 

MEASURED BY TWO DIFFERENT METHODS ---·-------

Experimental Series F 

Open eircles 0 - Photometrie Method 

Olosed eircles e - N0 2-clean-up Method 
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carried out at two different temperatures, 10° and 100°0. 

Since Series F showed that oxygen atome could be measured 

equally well by both the 1 N0 2-clean-up 1 and the photometrie 

method, the latter method alone wae used in this series of 

experimenta. Resulte obtained are formulated in Table III 

(Experimental Series G) and Table IV (Experimental Series H). 

Some of the typical decay curves are given in Fig. 8. The 

values of k 0 shown in the last column in both Table III and 

Table IV were the slopes of the corresponding first order 

plots. 

Similar plots were obtained by Elias, Ogryzlo and 

Schiff(l5) who concluded that the overall decay is first 

order with respect to the oxygen atome and that the following 

mechanism was consistent with their resulte 

0 + wall ..... to2 + wall ( 1) 

0 + 02 + M ..... 0; + M ( 2) 

0 ..., 0; - 20; (;) 

where M is any third body. Recently, Linnett et al. 
(82) 

studied the oxygen atom recombination with the experimental 

methode similar to those described by Elias, Ogryzlo and 

Schiff(l5) and reported that the decay process was first 

order in oxygen atome, but second order in molecular oxygen. 

This is essentially the same conclusion drawn by Schiff et 

al. if M is put equal to o2 • 

This mechanism gives the rate of recombination of 

a toms: 
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TABLE III 

RATES OF THE lrATURAL DECAY OF 0-ATOMS 

Experimental 
No. 

G-1 

2 

; 

4 

5 

6 

EXPERIMENTAL SERIES G 

Temperature - 10°0 

o2 flow 

-1 .)J. mol es sec 

172.0 

14;. 5 

116.0 

78.5 

55·5 

22.; 

(02) x 107 

moles cc-l 

2.;2 

2.04 

1. 78 

1. ;9 

1.14 

.7;6 

TABLE IV 

(02)2 :x 1014 

mo1es 2 ee-2 

5.;8 

4.16 

;.18 

1.9; 

1.;o 

0.54 

RATES OF THE NATURAL DEOAY OF 0-ATOMS 

EXPERIMENTAL SERIES H 

Temperature - 100°0 

o2 flow Experimental _1 No. ..A}.molee sec 

H-l 

2 

; 

4 

180.5 

157.0 

116.2 

94.0 

1. 86 

1.68 

1.;8 

1.19 

(02)2x 1014 

moles2 cc- 2 

;.44 

2.80 

1.89 

1.4; 

4.08 

;.47 

2.8; 

1.88 

1.65 

0.74 

;.87 

;.69 

;.;7 

;.oo 
-------------
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Figure 8 

FIRST ORDER PLOT OF THE OXYGEN ATOM DEOAY 

Experimental Series G 

vs. Position 
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If a steady state concentration for (0;) is assumedr 

. . . . . . . . . . (2) 

If equation (2) is substituted into equation (1), the 

following equation resultsa 

d(O) - dt = k
1 

(o)(w) + 2k
2
(o)(o

2
)(r.1) ••••••••••••••• (;) 

Equation (;) can be rearranged and integrated between limite 

of (o). (0)
0 

at t = 0, and (0)::: (O)at t = t. 

The resulting equation is 

(4) 

As shown by Schiff et al.(l5), if the mechanism 

proposed for the decay process is valid, a plot of the left-

hand side of equation (4) against the (o2 )(M) should yield a 

straight line with intercept equal to k 1W (the rate constant 

for oxygen atom decay on the walls of the reaction vessel, 

and hereafter referred to as k 1 for simplicity), and with the 

slope equal to 2k
2

• 

Since the left-hand side of equation (4) is the 

measured overall rate constant, equation (4) oan be written 

as 
k 0 = k 1 + 2k 2 (o 2 )(M) •••••••••••••••••••••••• (5) 

In the present experimente, M was assumed to be 02. The 

values for k 0 , shown in Tables III and IV are plotted 

Reasonable straight lines were 

obtained for both temperatures. 
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Figure 9 

Experimental Series G and H 
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The rate constants obtained from these plots are: 

From Experimental Series G 

-1 
k1 = 0.7 sec 

k2 = 0.~2 x 10
14 

oo 2 
mole-

2 -1 
sec 

From Experimental Series H 

k1 = 2.5 sec 

= 0.21 x 1014 oo 2 mole- 2 -1 seo 

The surface recombination coefficient on Pyrex 

ean be calculated from k 1 • The fol1owing re1ationship is 

obtained from kinetic theory: 

. . . . . . . . • • • . • . • • . • • • . • . • • . . • • ( 6 ) 

where 
k 1 • wall decay rate constant 

r : radius of the reaction tube (1.~ cm) 

R • gas constant (8.~14 x 107 ergs per degree per mole) 

T : absolute temperature 

M : molecular weight of oxygen atom 

0 = average velocity of oxygen atome 

The surface recombination coefficients calcu1ated in this 

mannar were found to be o.;o x 10-4 at 10°0 and 0.9~ x 1o-4 

The surface recombination coefficient has been 

measured by a number of workers by various methode. The 

-4 present results can be compared with the value of 1.2 x 10 

obtained by Linnett and Marsden(l 2 ); 0.2 x 10-4 by 
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Kaufman(l;), and 0.77 x lo-4 by Elias, Ogryzlo and Schiff(l5). 

Kistiakowski and Volpi(l 7 ) deduced a minimum value of 

2 x 10-4 from indirect measurements of nitrogen atom 

reactions. Herron and Schiff{l4 ) reported a value of 

1.1 x lo-4 based on the assumption that all reeombinations 

occur on the walls only, and their figure therefore represente 

an upper limit. A11 these values for Y were presumably 

determined at room temperature. However, the value reported 

by Harteck and Dondes(B;) from the study of decomposition of 

ozone on glass woo1 is completely out of lina with other 

resulta. The value of Y at 100°0 was found to be 0.9; x 10-4 

in the present work, while Harteck and Dondas found this 

value to be 0.1 at the same temperature. Based on their 

results, Greaves and Linnett( 84 ) have concluded that the 

figure obtained by Harteck and Dondas was an impossible one. 

The values of k 2 obtained in the present work are 

in agreement with the value of 0.79 x 1014 cc 2 mole- 2 sec-1 

obtained by Benson and Axworthy( 10) from the study of the 

thermal decomposition of ozone, but is s1ightly lower than 

that of 1.0 1014 2 -1 -1 obtained by Elias, x cc mole sec 

Ogryzlo and Schiff(l5) and 
14 2 

mole -1 -1 that of 2 x 10 cc sec 

reported by Kaufman( 13). It is surprising that the recent 

result of Linnett et al.(8 2 ), using experimental methode 

essentia1ly the same as those uaed by Elias, Ogryzlo and 

Schiff( 15) gave a value of 4.6 x 1014 cc 2 mole- 2 seo-1 for k 2 • 

Moreover, if this value is corrected for diffusion, it 

b 6 14 2 -2 -1 ecomes .0 x 10 cc mole sec • No exp1anation was 
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given by these authors to aceount for the difference in 

their result from those of other workers. 

In the present work, reaction 2 was found to have 

a negative temperature coefficient. + A value of -0.50-.15 Kcal 

per mole was obtained for the Arrhenius activation energy of 

the process. This figure is in good accord with the value 

of -0.6 Kcal per mole obtained by Benson and Axworthy(lO) 

from the study of the thermal decomposition of ozone, and 

with the value of -0.1 Kcal per mole reported by Schiff et 

al.(l5) from the study of atom recombination by means of an 

isothermal calorimetrie detecter technique. 

An inspection of Fig. 9 shows that the wall 

reeombination process is also temperature dependent. This 

suggests that the surface activity of the Pyrex in the 

reeombination proeess increases three-fold in the temperature 

range from 10° to 100°0. Elias, Ogryzlo and Schiff(l5) have 

investigated the effect of temperature on the rate of oxygen 

atom recombination at two temperatures, 20° and -60°0. 

They concluded that the temperature coefficient for both the 

overall gas phase reeombination and wall recombination is 

zero. However, it is doubtful whether the assumption of a 

steady-state ozone concentration, on which the evaluation of 

the rate constants was based, is justified at a temperature 

of -60°0. In the study of oxygen atom recombination at low 

pressures with the side-arm technique, Linnett and Maraden< 12 ), 

using a catalytic probe for atom measurements, reported that 

the rate of the atom recombination increases only slightly 
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between temperatures ranging from 20° to 400°0. However, 

in the etudy of reoombination of oxygen atoms on silica, 

Greaves and Linnett< 82 ) have found that the surface activity 

increases about eighty times from temperatures 20° to 600°0. 

By using a simple equation 

Y Y -E/RT 
• oe • • • • . • . • • • . • • • • • • • • • • • • • (7) 

the validity of which is open to question, the 'activation 

energy' was found to be about 1 Koal per mole at room 

temperatures, whieh increases to 1; Kcal per mole at about 

;oo0 0 but decreases thereafter at about 400°0. Therefore, 

it was concluded that there is no single activation energy 

for the process. Similar resulta were also obtained by 

Lavrovskaya and Voevodskii( 85) from observations of the 

temperature rise of a silica-cQated probe. They reported a 

value of 6.5 Kcal per mole for the 'activation energy' for 

temperatures in the range of ;o0 to 270°0. If equation (7) 

is applied to the present resulta, a value of about 1.; Kcal 

per mole can be assigned for the 'activation energy 1 at 

temperatures between 10° and 100°0 for the process. In 

view of all these evidences,it seems reasonable to believe 

that the Pyrex surface recombination would have a con-

siderable temperature coefficient. However, in the study 

of the reaction of oxygen atome with carbon monoxide, 

Avramenko(ll) found the yields of carbon dioxide to decrease 

with increasing temperatures. The author attributed this 

effect to the higher temperature recombination coefficient 
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of oxygen atome on the walls of the reaction vessel, as 

compared with the temperature coefficient of the reaction 

of oxygen atoms with carbon monoxide in the gas phase. 

This impliea that the activation energy for the surface 

recombination process is considerable. 

A new treatment for the evaluation of k 1 and k2 

has reeently been suggested by Linnett et al.( 82 ). The 

method involves the correction of the axial diffusion in the 

flow system for the evaluation of the rate constants. The 

theoretical model employed by the authors assumes one-

dimensional flow and includes axial diffusion, but neglects 

radial diffusion. For a first order reaction, the equation 

of continuity for the reacting species in a steady state is 

d 2
n dn ( ) - D ---;=; + V0 - + k 0 n = 0 • • • • • • • • • • • • • • 8 

dx~ dx 

where D = the binary diffusion coefficient 

V0 • the linear flow velocity 

n • concentration of the reactive species 

k 0 • rate constant for the reaction. 

Neglecting the small change in V0 due to the reaction and 

subject to boundary conditions 

n : 0 at x = x, n = n 0 at x : 0 

the solution of equation (8) is 

n • 
-kx/V0 n0 e •••••••••••••••••••••••• (9) 

where k 
0 

: k ( 1 + kD /V 
0 

2) •••••••••••••••••••• ( 1 0) 

kD/ Obviously, when the value of y0 2 becomes much less 
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than 1, equation (10) is reduced to 

. . . . . . . . . . . . . . . . . . . . . . . . . (11) 

where k is the rate constant of the reaction without the 

diffusion correction. It was claimed that this treatment 

deseribes the experimental situation more adequately. 

The experimental resulta obtained in Experimental 

Series G were subjected to this correction. A value of 

D = 2.69 x 102/P, (P : pressure in mm Hg) which was estimated 

theoretically by Andrussov< 86 ), was used. The corrected 

2 
data are shown in Table V. A plot of k 0 versus (02 ) is 

given in Fig. 10. The intercept of the graph gives a 

value of 0.6; sec-1 for k 1 • This, in turn, corresponds to 

a value of 0.27 x 10-4 for the surface recombination 

coefficient. The slope of the curve yields a value of 

14 2 -2 -1 o.;4 x 10- cc mole sec for k 2 • However, these 

resulta are well within the experimental error of the values 

o.;o x lo-4 for Y and 0.;2 x 1014 ee 2 mo1e- 2 sec- 1 for k 2 

obtained without the diffusion correction. It appears that 

the axial diffusion is not an important effect under the 

present experimental conditions. The diffusion correction 

would be even smaller at higher linear flow velocities; 

hence, corrections were not made for resulta obtained in 

Experimental Series H, which were carried out at 100°0. 

The rate constants in the foregoing discussion 

were evaluated with the assumption that the recombination of 

atome by second order proceas is negligibly small in 

comparison with that by first order processes. However, 
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Table V 

EXPERIMENTAL SERIES G (WITH DIFFUSION CORRECTION) 

Temperature 10°C 

Experi- 0 2 flow (02)2 x 1014 
mental 

No. ~mole sec -1 moles 2 cc- 2 kD/Vo 2 x 102 
ko 

-1 sec 

-------------------
G - 1 172.0 5.;8 1. ;7 4.15 

2 14;.5 4.16 1.47 ;.5; 

; 116.0 ;.18 1.62 2.88 

4 78.5 1.9; 1.85 1. 91 

5 55·5 1.;o 2.20 1.68 

6 22.; 0.54 4.70 0.78 
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Figure 10 

Experimental Series G 

{with diffusion correction) 
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the rate constant of the reaction 

0 + 0 + M - 0 2 + M (4) 

has been measured recent1y by severa1 workers. Golden and 

Myerson(S7) inveetigated this reaction in a static system 

and reported a value of ; x 1014 cc2 mole-2 eec- 1 for k4 • 

Kretschmer and Peterson(SS) in a somewhat similar experiment 

14 2 -2 -1 
obtained an upper limit value of 2 x 10 cc mole sec 

for the rate constant of the reaction. Harteck et al.(S9 ) 

have studied reaction (4) in a flow system with the oxygen 

atome produced in a discharge through oxygen-argon mixtures. 

They found a value for k4 of 1.0 x 1015 cc 2 mo1e- 2 sec-
1 

at ;oo0 0. More recently, Morgan, Elias and Schiff(l 6 ) 

measured the direct atom recombination in an oxygen-free 

system. They reported a value of ;.2 x 10
15 cc

2 
mole-l 

sec- 1 for the rate constant of the reaction. If one 

accepte these values, then it follows that the oxygen atom 

decay through the second order process is significant in 

the present study. 

If reaction (4) is ineluded in the oxygen atom 

recombination meehanism and M is put equal to 0 2 , the 

overal1 rate of decay is 

d(O) 
dt = k 1 ( 0) + k 2 ( 0 ) ( 0 2 ) 

2 + k; ( 0 ) ( 0; ) + 2k 4 ( 0 ) 
2 

( 0 2 ) •• ( 12) 

Assuming a steady state concentration for ozone, 

equation (12) becomes 

d(O) { (0)} 2 - ~= k 1 (o) + 2 k 2 + k4 (0
2

) (0)(02 ) .••••••.••••••• (1;) 



- 81 -

This rate expression has the form equivalent to equation (;) 

which was obtained by assuming the rate of reaction (4) as 

insignificantly small. Thus k 2 in equation (;) is not 

1 
constant but can be written as k 2 where 

k' 
2 

••••••••...•••••• , • • • ( 14) 

1 Here k 2 is the true rate constant, while k 2 is the measured 

rate constant for reaction (2). Equation (14) indicates 

that k~ depends on the ratio of (0)/(02 ). Oonsequently, 

this might account for the very large value reported by 

Linnett and co-workers(B
2
). These authors obtained a very 

high dissociation of oxygen by introducing water vapour into 

the diseharge but neglected direct reeombination by 

reaction (4). Variations in the value of k 2 reported in the 

literature by other workers might also be aecountable by the 

differences in the percentage of atoms used in the investi-

gations. The percentage of atoms used in the present work 

was very low (about 1.;%). The rate constant of reaction (2) 

obtained, whioh is the lowest among values reported in the 

literature, ia therefore likely to be more reliable. 

If the present measured k~ is used, 0/(02 ) is put 

equal to 0.01;, and Harteek 1 s value is used for k4 (1 x lo15 

ee2 mole-2 sec-1), the true k 2 can be ealeulated to be 

0.19 x 1014 ee 2 mole- 2 see- 1 • However, if k4 obtained by 

Schiff et al.(l6 ) is used, the true k
2 

will have a negative 

value. This implies that either Schiff 1 s value is too high 

for k4 or the present value is too low for k~. In order to 
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resolve this discrepancy, further work is required. 

The rate of oxygen atom recombination through 

reactions (2) and (5) relative to that through reaction (4) 

when M : 0 2 is 

• . . . . . . . . . . . . . . . . . . . . . . ( 15) 

If the above-mentioned values are used, the ratio in 

equation (15) is equal to 1.45. The rate of atom deeay 

through reaction (1) eompared with that through reactions 

(2) and (5) ean also be related in a similar way: 

. . . . . . . . . . . . . . . . . . . . . . . . . ( 16) 

Using the present resulte, the ratio in equation (16) has 

a value of 1.42 for the oxygen pressure at about 2 mm Hg. 

A simple calculation shows that 22.5% of atoms would deeay 

through the second order recombination process at 10°0 in 

the present system. Of course this pereentage would change 

slightly with pressure, as evident from equation (16). 

Elias, Ogryzlo and Schiff(l5) compared the rates 

in a similar manner based on their resulte and conc1uded that, 

if 10% of the recombination had occurred by the second order 

process, curvature wou1d have been found in the first order 

plots. Therefore, they deduced a maximum value of 

4 14 2 -2 -1 x 10 cc mole sec for k4. The upper limit value 

of k4 reported by Kretschmer and Petersen(BB) was determined 

by the aame principle, name1y, determining the curvatures 

of the first order plots. 
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The affect of the second order process on the 

overall atom decay may be realized more readily by 

eonstructing an overall rate equation which includes 

reaction (4) in the atom decay mechaniem and examining the 

sensitivity of the rate expression for the first order plot. 

Integration of equation (1:3) gives 

Here C is an integration constant. This equation is 

equivalent to equation (4) which was generally used for the 

first order plots, providing that the sum of 

[k1 + 2k2 (o 2 )
2 + 2k4(o 2 )(o)] maintains relatively steady 

with the change of the oxygen atom concentration. It was 

found to be the case under the present experimental 

conditions• The characteristic of equation (17) leads to 

the conclusion that the usual first order plot is not 

sensitive enough to show the deviation due to the occurrence 

of the second order process under the usual experimental 

conditions. Therefore, it is obvious that the order of 

the decay proeess eannot be tested adequately by the first 

order plots and that k 4 , estimated by determining the 

eurvature of the first order plots, would be in error. 

!li.LRE!CTI 0!!_ OF OX_!GE!_!_ATQ!!S i'II TH_QARBON 
TETRAOHLORIDE --------

The reactions of oxygen atoms with carbon 

tetrachloride were carried out in a flow system shown in 

Fig. 1. In order to maintain constant flow conditions, 
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the concentrations of each reactant in the reaction system 

were kept relatively small in comparison with that of the 

carrier gas which was oxygen in the case of the oxygen

system, and nitrogen in the case of the oxygen-free system. 

The flow rates of the carrier gas were held constant for 

each series of experimenta. The atom concentration 

measured by the 1N0 2-clean-up 1 technique at the outlet jets 

J 2 was taken as the initial concentration of the oxygen 

atome. This initial atom concentration was also kept con-

stant throughout the entire series of experimente by 

maintaining constant discharge conditions (i.e. power, wave 

guide position, gas flow rate and pressure). Measurements 

of the atom concentrations during the course of the series 

indicated that these conditions were fulfilled. 

No visible reaction flame was ever observed to 

accompany the reaction under any of the experimental con-

ditions tried in the present work. When the reaction was 

performed in the oxygen-free system, the 1air afterglow 1 

was co~pletely suppressed. Under these conditions, any 

reaction flame should be easily identified, but none was 

observed. No appreciable amounts of products, which were 

liquid or aolid at room temperature, were obtained from the 

reaction of oxygen atoms with carbon tetrachloride. This 

is evidenced by the observations that no deposits were ever 

seen on the walls of the reaction vessel or remaining in 

the traps after transference of all condensable products. 

This was true even after an experiment in which a large 
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excess of carbon tetrachloride was used. The wall 

condition was frequently examined with respect to the 

destruction of oxygen atome by measuring the natural oxygen 

atom decay in the reaction vesse!. The resulta indicated 

that the surface condition remained unchanged during the 

course of the work. 

The identification of the reaction products was 

made by various methode and over a considerable range of 

reactant concentrations. It was found that chlorine, 

carbon monoxide, carbon dioxide and phosgene were the only 

products. 

VARIATION OF PRODUCTS WITH THE REACTANT 
CONCENTRATIONS ------

This series of experimente was carried out at a 

pressure of about 2 mm Hg and at a temperature of 4°0. The 

flow rate of oxygen was 55 .A. moles per second. The initial 

flow of oxygen atome estimated by the 1N0 2-clean-up 1 method 

was 0.931~moles per second and was kept constant for the 

entire series of experimente, while the flow rate of carbon 

tetrachloride was varied from 0.~4 to 4.12~ moles per 

second. Resulta are recorded in Table VI (Experimental 

Series I). The total chlorine equivalent shown in the 

seventh column representa the combined products of chlorine 

and phosgene formed in the reaction. Similarly, the total 

carbon equivalent in the eighth column represente the 

summation of products of carbon monoxide, carbon dioxide 

and phosgene formed in the reaction. The amount of the 



TABLE VI 
EXPERIMENTAL SERIES I 

o2 flow - 55~moles sec-l 
-1 0-atom flow - 0.93~moles sec 

Total pressure ,..; 2 mm Hg 
Temperature - 4°C 

Total 
Total Cl2 carbon 

CCl4 Cl2 CO 002 COCl2 equivalent equivalent 
. 10-6 10-8 10-8 10-8 10-8 10-8 10-8 

Exper~-mental molès moles moles moles moles moles moles co2 + COC12 
No. sec-l sec-l sec-l sec-l sec-l aec-1 sec-l %CO %C02 %COCl2 CO ~ 

0\ 

1 - 1 4.13 2.91 .515 .515 .458 3.368 1.488 34 34 31 1.89 
2 3.83 2.56 .487 ·570 .485 3.045 1.542 32 37 31 2.16 
3 3. 4 5 - - • 513 • 346 
4 3.42 2.56 .427 ·542 ·342 2.905 1.:511 32 41 26 2;06 
5 2.72 2.55 .363 ·511 .299 2.849 1.173 32 43 26 2.23 
6 2.55 1.93 .320 ·516 .280 2.205 1.116 29 46 25 2.48 
7 2.25 2.05 .311 .448 .235 2.285 .994 32 45 24 2.20 
8 1.90 1.55 .242 -435 .243 1.793 .920 26 47 26 2.80 
9 1.43 1.47 .230 .386 .214 1.689 .830 29 47 26 2.60 

10 .39 .97 .115 .301 .129 1.046 ·545 20 55 23 3.74 
11 .34 .82 .098 .280 .098 0.921 .477 20 59 20 3.84 
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total eh1orine equivalents should be twice that of the 

total carbon equivalents. Hence, the comparison of the 

values listed in the seventh and eighth eolumns representa 

the mass balance between the chlorine-containing and the 

carbon-containing compounds. Colums 9, 10 and 11 indicate 

the percentage of product formed for carbon monoxide, carbon 

dioxide and phosgene respectively. The percentage of 

product was calculated by dividing the amount of product 

formed by the corresponding total carbon equivalent, which 

was taken as an indication of the amount of the carbon 

tetrachloride reacted. The ratio of the combined amounts 

of carbon dioxide and phosgene to the amounts of carbon 

monoxide is shown in column 12. The rates of formation of 

each product with the variation of the flow rates of the 

carbon tetrach1oride are shown graphical1y in Fig. 11. 

The total chlorine equivalent and the total carbon equivalent 

formed as a function of the carbon tetraehloride flow rates 

are plotted in Fig. 12. 

MASS BALANCE 

In order to ensure that all the carbon tetrachloride 

consumed in the experiment was aecountab1e in the products, 

it was essentiel to determine the mess balance. Three 

separate experimenta were carried out with conditions about 

the same as those given in the Experimental Series I, but 

with special care in the analysis of the unreacted carbon 

tetrachloride as well as of the products formed. Resulta 

are shown in Table VII (Experimental Series J). In 
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Figure 11 -----

PRODUCT YIELD AS A FUNCTION OF 

CARBON TETRACHLORIDE FLOW RATE 

Experimental Series I 
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Figure 12 

TOTAL PRODUOT EQUIVALENT YIELD AS A 

FUNCTION OF CARBON TETRAOHLORIDE FLOW RATE 

Experimental Series I 
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E:x:peri-
mental 

No. 

E - 1 

2 

3 

CC14 flow 

TABLE VII 
EXPERIMENTAL SERIES J 

Temperature 
Total Pressure 
o2 Flow 
0-atom Flow 

- 4°C 
Al 2 mm Hg 

- 55~ moles sec-l 
- 0.93ljU moles sec-1 

cc14 consumed Product formed 
lo-6·moles sec-1 10-8 moles sec-1 10-8 moles seo-l 

4;.00 1.50 1.47 

3· 715 1.50 1.40 

2.05 1.00 0.98 

" deviation \{) 

0 - 1 

2.0 

6.6 

2.0 
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eolumn 4, the total carbon equivalent was taken as the 

amount of product formed from the reaction. The last 

column gives the deviations between the amounts of carbon 

tetrachloride reacted and that of product formed. The maas 

balance indicates that the carbon tetrachloride reacted 

yields an equivalent amount of products. Oonversely, it 

may be inferred that no major product has escaped analysis. 

EFFEOT OF REACTION TEMPERATURE 

A change in temperature might affect the 

proportion of various products because of possible 

differences in the activation energies of secondary reactions. 

Such changes might afford an insight into the mechanism. 

For this reason, a series of experimenta were carried out at 

100°0 while the total pressure was maintained at about 2.1 mm 

Hg. The flow rate of oxygen was 55)Lmoles per second, and 

the flow rate of oxygen atoms was 0.267)tmoles per second. 

Resulta obtained are formulated in the manner similar to 

that in the Experimental Series I, and are shown in 

Table VIII (Experimental Series K). It must be noted that 

the products obtained from reactions with low flow rates of 

carbon tetrachloride were not reported because of the 

formation of ozone in the product traps, which affected the 

accuracy of the analysis. The product formed is shown 

graphically in Fig. 1) as a function of the flow rates of 

carbon tetrach1oride. The rate of formation of the total 

product equivalent with the flow rates of carbon 

tetrachloride are plotted in Fig. 14. 



TABLE VIII 

EXPERIMENTAL SERIES K 
-1 o2 flow - 55)C.moles sec 

-1 0-atom flow ..;. .267.» moles sec 
Total pressure N 2.1 mm Hg 
Temperature - 100°C 

Total Cl Total 
CCl Cl CO COCl 2 carbon 

4, 2 CO 2 2 equi valent equivalent 
. 10-6 10-8 10-8 10-8 10-8 10-8 10-8 

ExperJ.-mental. moles moles moles moles moles moles moles co2 + COC12 -1 -1 -1 -1 -1 -1 -1 % %CO %COC1 \() No. sec sec sec sec sec sec sec ~~co 2 2 CO 1\) 

1 

K - 1 4.54 3.77 .742 .514 .800 4.50 2.056 36 25 39 1~77 

2 4-42 3-65 .734 .514 -757 4.407 2.005 36 25 39 1.74 
3 4.08 - .710 -490 .782 - 1.982 36 26 39 1.80 
4 3-71 3.19 .640 -533 .660 3-85 1.833 35 29 36 1.87 
5 3.61 2.82 -575 ·533 .640 3.46 1.748 33 30 37 2.00 
6 3-45 2.94 -560 -512 .634 3-574 1.706 33 30 37 2.05 
7 3.05 2.57 -494 .472 -536 3.106 1.502 33 32 35 2.04 
8 2.33 2.20 -430 ·451 .430 2.630 1.311 33 34 32 2.05 
9 1.85 2.07 -341 ·457 -371 2.441 1.169 29 39 32 2.43 

10 1.52 1.76 .313 .427 -342 2.107 1.082 29 39 32 2.45 
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Figure lj 

PRODUOT YIELD AS A FUNCTION OF 

CARBON TETRAOHLORIDE FLOW RATE 

Experimental Series K 
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Figure 14 

TOTAL PRODUCT EQUIVALENT YIELD AS A 

FUNOTION OF CARBON TETRACHLORIDE FLOW RATE 

Experimental Series K 
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EFFEOT OF TOTAL PRESSURE 

The total reaction pressure usually plays an 

important role in the gas phase reaction. This is due to 

the fact that certain products formed, which possess excess 

energy because of the heat of reaction, require deactivation 

by collisions. Ovetanovic( 62 ) has emphasized the pressure 

effect on the reactions of oxygen atome with olefine. The 

experimenta in the Experimental Series L were carried out 

at 10°0 and at a pressure of approximately 4.1 mm Hg, i.e. 

at twice the pressure of Series I. The initial flow rate 

of oxygen was 171 )J. moles per second and that of oxygen 

a toms 1. 99 )J. moles per second. The rates of formation of 

each product were also measured as a function of the flow 

rates of carbon tetrachloride. Resulta obtained are listed 

in Table II, and are shown graphically in Fig. 15. The 

total product equivalent yields plotted against the flow 

rates of carbon tetrachloride are given in Fig. 16. 

Figures 11, 1; and 15 show similar eharacteristics. 

The yields of carbon dioxide increase rapidly at low 001 4 

flow rates, but much more s1owly at higher flow rates. 

The yields of phosgene and carbon monoxide do not show a rapid 

initial rise, but rise continuously. At high 0014 flow 

rates, their rate of increase is greater than that of carbon 

dioxide. The yields of ch1orine show rapid initial rise 

and then rise with an approximately constant slope at high 

0014 flow rates. Figures 12, 14 and 16 show that the 

yields of the total chlorine equivalent and the total carbon 



TABLE IX, 

EXPERIMENTAL SERIES L 

o2 flow 
0-atom flow 

- 171JL moles sec -l 

.::. 1.9~moles sec-l 
Total pressure N 4.1 mm Hg 
Temperature - 10°C 

Total. 
0 OC Total Cl2 carbon 

CC14 °12 CO C 2 C 12 equivalent equivalent 
. 10-6 10-8 10-a 10-s 10-B 10-8 107'"8 

Experl.-t 1 moles moles moles moles moles moles moles co2 + COC12 "' 
men a -1 -1 -1 -1 -1 -1 -1 %CO %COC1 o-. 

No. sec sec sec sec sec sec sec %CO 2 2 CO 

L - 1 3.76 2.29 .515 .480 .235 2.525 1.230 42 39 19 1.39 

2 3.42 - ·455 ·556 .193 - 1.204 38 4.6 16 1.64 
3 3.23 1~94 .363 ·533 .235 2.175 1.131 32 47 21 2.12 

4. 2.91 1.93 .386 .470 .214 2.149 1.070 36 44 20 1.77 

5 2.46 1.56 .322. .406 .214 1.774 0.942 34 43 23 1.92 

6 0.28 0.84 .164 .269 .096 .939 0.529 31 51 18 2.22 
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Figure 15 

PRODUCT YIELD AS A FUNCTION OF 

CARBON TETRACHLORIDE FLOW RATE 

Experimental Series L 
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Figure 16 

TOTAL PRODUOT EQUIVALENT YIELD AS A 

FUNCTION OF CARBON TETRACHLORIDE FLOW RATE 

Experimental Series L 
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equivalent increase rapidly at low CCl4 rates and increase 

continuously but more slowly at higher flow rates. In spite 

of some scatter, the ratio between the total chlorine and 

total carbon are reaaonable in all cases. Inspection of 

Tables VI, VIII and IX shows that the percentage of carbon 

dioxide tends to increase slowly with decreaaing cc14 flow 

rate, while the percentage of carbon monoxide tends to 

deorease with decreasing CCl4 flow rate. The peroentage of 

phosgene alao decreases with deereasing cc1
4 

flow rate in 

the Experimental Series I and K, but no definite trend is 

shown in the Experimental Series L. There is, however, an 

t i i t d ~n the rat~o C02 + OOCl2 1· t d i apparen ncreas ng ren ~ • 1s e n co 
the last eolumn of Tables VI, VIII and IX. 

REACTION OF OXYGEN ATOMS WITH CARBON TETRAOHLORIDE ----IN THE ABSENCE OF MOLECULAR OXYGEN 

This series of experimenta was carried out at 4°C 

and at a total pressure of about 2 mm Hg. Three experimente 

were performed and their resulta are given in Table X 

(Experimental Series M). In these experimente, it is noted 

that the yields of carbon dioxide are much greater than 

those of phosgene, and that the peroentages of each product 

do not change with flow rates of carbon tetrachloride. 

This, of course, means that the ratio C02 + 0001 2 will also 
00 

be independent of OCl4 flow rate. This is in contrast to 

the resulta obtained in the oxygen containing systems. 

THE MEOHANISM OF THE REACTION OF 0-ATOMS WITH CARBON 
- T ETFÏAOHL o RIDE----------·---------------

In discussing the resulta of the present study, it 



CC14 Cl2 
. 10-6 10-8 

Experl.- mol moles 
mental =~ -1 No. sec sec 

M - 1 
2 

3 

4.90 3.38 
3.56 2.55 
3.20 2.57 

co 
10-8 
moles 
sec-1 

.624 

.472 

.47 

co2 
10-8 

TABLE X 

EXPERIMENTAL SERIES M 

- 55pmoles sec -1 N2 flow 
0-atom flow N o. 5P. moles sec -1 

Total pressure w 2 mm Hg 

Temperature - 4°C 

Total Cl Total 
coc1 2 carbon 

2 equivalent equivalent 
10-8 lü-8 10-8 

moles moles moles moles 
sec -1 

.91 

.682 

.66 

sec -1 

.;; 

.298 

.256 

sec-l 

;.710 
2.848 
2.826 

sec -1 %CO 

1.864 33 
1.452 33 
1. 386 34 

%C02 

49 
47 
47 

%COC1 C02 + COC1 
2 co 2 

18 
21 
19 

1.98 
2.07 
1.93 

1-' 
0 
0 



- 101 -

will be assumed that atomic oxygen in its ground state is 

the only chemically active species in the reaction of 

activated oxygen with carbon tetrach1oride. In the measure

ments of the dependance of the product yields on the carbon 

tetrachloride concentration, it was implicitly assumed that 

the total flow remained essentially constant and that the 

experimental conditions were reproducible for the entire 

series of experimente. The first assumption seems 

reasonable because the reactions were carried out at very 

low conversions, so that flow conditions would not be 

ohanged appreciably by the formation of the reaction 

produots. Similar1y, since oxygen was the main constituent 

of the gas mixture, the sma11 amounts of carbon tetra

chloride added should not affect the total flow appreciably. 

For the lowest oxygen flow rate used in the present work, 

the error in assuming constant total flow would be about 7% 

for the highest carbon tetrachloride flow rate attained. 

The second assumption is also reasonable from the 

observation that the amount of oxygen atome entering the 

reaction vassel and the rate of its natural decay in the 

reaction tube were reproducible to within 2 to ;% for 

measurements made at the commencement and at the end of the 

entire series of experimenta. This also indicates that the 

contamination of the walls of the reaction vessel, due to 

the formation of solid products,was negligibly small, 

otherwise the rate of atom decay would likely be affected. 
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As noted by Bodenstein and Wolgost(90), ~low 

conditions have considerable in~luence on the kinetic 

behaviour ~or reactions in flow systems. If there is no 

turbulence in the reaction vassel, the composition of the 

reaction mixture will be a function of time (or distance 

from the reactant inlet), and the total amount o~ product 

~ormed in a given reaction will be an integral over all the 

in~initesimalconcentration increments in a given time 

element. This type of flow is known as 1 stream-line ~low'. 

On the other hand, i~ there is complete turbulence in the 

reaction volume, the composition of the reaction mixture 

will be essentially that o~ the gases leaving the reaction 

vassel. The absolute amount of product formed will be 

proportional to the time spent in the reaction volume and 

to the initial concentration o~ the reactants. This type 

of flow is referred to as 'turbulent ~low 1 • These are the 

two extremes possible and, obvioualy, actual conditions will 

be somewhere in between these two extremes. On the other 

hand, any mathematical treatment for intermediate conditions 

becomes too complex ~or practical solution. However, in 

the measurements of the abeolute concentration of oxygen 

atoms for the typical experimenta, the sharp end-point o~ the 

exoited N0 2 glow in the gas phase titration seema to indi

oate that the flow conditions in the present system were 

much closer to stream-line than to turbulent flow. Further

more, in the study of recombination of oxygen atome, it was 

evident that the axial di~fusion was indeed small under the 
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present experimental conditions. In the discussion that 

followe, the flow therefore is regarded as stream-line flow. 

It is generally agreed that reactions involving 

atoms or radicale in systems containing large excess of 

oxygen are complicated by the secondary reactions which 

result from the interaction between radicale formed from the 

primary reaction and molecular oxygen. This effect is 

expected to be more marked at elevated temperatures. In 

his etudies of oxygen atom reactions, Cvetanovic(5B) has 

presented rather convincing evidence for this. However, in 

the present atudy, it was found that change of reaction 

temperatures and change of the oxygen content in the system 

(including experimenta performed in the oxygen-free system) 

produced only a slight change in proportion of each product, 

but did not alter the essential nature of the reaction 

products. The absence of pronounced effect of the presence 

of oxygen molecules and of the reaction temperature suggest 

that radicale do not necessarily play a large role in the 

primary reaction. In view of the similarity in the reaction 

behaviour (such as the absence of a reaction flame, the 

absence of solid product formation, and the constancy of the 

products), it seems reasonable to consider that the primary 

reaction remains the same for al1 experimental conditions 

investigated. 

Inspection of Fige. 11, 1) and 15 shows that the 

general shapes of the eorresponding product yields - carbon 

tetrachloride input curves are simi1ar in these three cases, 
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and that the rates of formation of co2 seem to approach a 

steady value at high CCl4 flow rates in each case, while the 

rates of formation of 01
2

, CO and 0001 2 increase continuouely 

even at the highest 001
4 

flow rates attained. This would 

seem to indicate that the primary reaction was not fast 

enough to consume all oxygen atoms present in the system 

and that 002 was probably formed through secondary processes 

which brought about complete consumption of all oxygen atome 

to produce a saturated yield of co2 • This line of reasoning 

is in accord with the expectation of the 'method of deter-

mination of the sequence of elementary reactions' developed 

by Avramenko and Kolesnikova (52 ,53). According to their 

interpretation, the characteristics of curves obtained imply 

that 01 2 , CO and 0001 2 are the primary reaction products 

which require only a single event of reaction between an 

oxygen atom and a carbon tetrachloride molecule for their 

formation, while 002 is not the primary product, and 

requires more than one event of reaction for its formation 

(see Appendix B). 

The primary step of the reaction of oxygen atome 

with carbon tetrachloride can be represented as follows: 

0 + 0014 - 0001 2 + 01 2 + 97 Keal (1) 

- 00 + 201 2 + 70 Kcal (2) 

However, because of the high electron density resulting from 

four chlorine atoms bonded to a carbon atom, and the 

eleetronegativity of the oxygen atom, a collision complex 

might be formed as an intermediate, and the subsequent 
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decomposition of the complex might yield the primary 

products. Aocordingly, reaction (1) and (2) might be 

modified: 

( 1 1 ) 

- co + 2Cl2 ( 21) 

where X represente the collision complex. 

An alternative scheme may be poatulated for the 

initial reaction to account for the products. 

(;) 

(4) 

* where COC1 2 is an excited COC1 2 which possesses excess 

energy. The subsequent decomposition of the excited 

phosgene then gives CO and Cl 2 • From the stereoscopie 

point of view, one might imagine that the collision complex 

has a form like 

Cl -

Cl 

~ -
1 
Cl 

Cl 
1 
0 < 

Reaction (;) thus resulta from elimination of one chlorine 

* molecule from the complex. Also, the COC1 2 could be 

deactivated by collisions 

OOCl~ + M - COC1 2 + M (5) 

Here M is any third body. Consequently, reaction (4) might 

be suppressed at high total reaction pressures. This, in 

turn, would result in a decrease of the percentage of CO 

formed in the reaction. However, this effect was not 

observed when the total pres~ure was increased by a factor 
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of 2. Furthermore, according to thermodynamic data, 

both reactions (1) and (2), or (l') and (2 1 ), are highly 

exothermic, and the decomposition of the eomplex through 

either path is energetically possible. Oonsidering the 

weak binding of the 0-01 bond, there is no reason why the 

complex could only dissociate through reaction ()) rather 

than through reactions (1) and (2) independently. It 

appears, therefore, unlikely that reaction (') is the 

primary mode of dissociation of the collision complex. 

As noted in the introduction section, the 

abstraction reaction was frequently suggested as a primary 

step in the reactions of oxygen atoms with saturated hydro-

carbons and aldehydes. However, the present experimental 

resulta show that there is no evidence for the initial 

reaction 
0 + 0014 - 001, + 010 (6) 

Should reaction (6) be the primary step, CCl' radical would 

be the primary product of the reaction. The following 

reaction 
(7) 

would be expeeted to oecur to a certain extent. Melville 

et a1.( 9l) have determined the rate constant for this 

10 -1 -1 reaction and reported a value of 5 x 10 cc mole sec at 

The formation of carbon hexachloride from the 

reaction would also be expected to leave some solid deposit 

on the walls of the reaction vessel. This has been 

observed by Sobering and Winkler( 66 ) in the study of the 
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reaction of active nitrogen with carbon tetrachloride. The 

authors ascribed the white solid deposit to the dimerization 

of the CCl; radicale. However, no traces of polymer were 

ever observed in the present study. Moreover, on a 

separate experiment, a large exeess of carbon tetrachloride 

was introduced into the reaction zone in an attempt to 

eliminate all subsequent reactions. But no solid deposit 

was observed. It should also be noted that the mass 

balances between the amount of carbon tetrachloride eonsumed 

and that of the product formed, and the mass balances between 

carbon and ehlorine in the reaction products, seem to 

support the conclusion that no major product has escaped 

analysis. 

Furthermore, if CCl; radicale were the primary 

product, they would react with the large excess of oxygen 

present in the system as 

(8) 

Franke and Schumacher( 92 ) have found the activation energy 

of this reaction to be l to 2 Kcal per mole. Assuming this 

to be the case, it is then difficult to explain the formation 

of 00 in the present reaction, since the thermal decom-

position of phosgene is known to be negligibly small at 

these temperatures. More significantly, should reaction (6) 

be the initial attack, it is almost impossible to account for 

the products obtained in experimenta performed in the 

oxygen-free system. Therefore, it seems reasonable to rule 

out the abstraction reaction as the primary step. Obviously, 
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this would not be in accord with the principle of least 

motion enunciated by Rica and Teller( 4 0). However, in 

the study of reactions of oxygen atoms with olefine, 

Cvetanovic(57) has so far found no evidence for any direct 

hydrogen abstraction by oxygen atoms. For the reactions of 

active nitrogen with alkyl chlorides, Dunford, Evans and 

Winkler( 9;) have ooncluded that the main path of these 

reactions was not hydrogen or chlorine atom abstraction but 

involved direct attack at a ahielded carbon atom. 

In the study of reaction of active nitrogen with 

carbon tetrachloride, Sobering and Winkler(66) have postu-

lated the following mechanism to account for their resulta. 

* where N•CCl4 is the collision complex and CCl4 is the 

excited carbon tetrachloride. By analogy, a similar scheme 

for the reaction of oxygen atoms with carbon tetrachloride 

might be represented as 

* 0 + O•CCl4 - 02 + CCl4 (9) 

ccl: - oc1
3 

+ c1 (10) 

However, based on the arguments presented above, reactions (9) 

and (10) might also be excluded from the meohanism of the 

present etudy. 

In order to explain the formation of carbon 

dioxide as a reaction product, the following reactions may 

be considered at first. 
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CO + 0 + M - 002 + M (11) 

(12) 

The reaction of oxygen atoms with carbon monoxide has been 

investigated by Harteck(6) and Kaufman(l3) and was found to 

be slow at room temperatures. This reaction was studied at 

100°0 and at a pressure of about 2 mm Hg in the present 

study. Experimental resulte indicate that the reaction is 

indeed slow. Hence, the contribution of this reaction to 

the formation of co 2 can be considered to be insignificant. 

This is particularly true for reactions carried out at 

lower temperatures. 

Reaction (12) was investigated briefly in the 

present work. The rapid disappearance of oxygen atoms, 

indicated by the change of intensity of the 1air afterglow', 

seems to suggest that this reaction is very fast. 

Examination of Tables VI, VIII and IX reveals that in all 

cases the percentages of 002 formed increase with decreasing 

input flow rates of carbon tetrachloride, while the per-

centages of 0001 2 obtained decrease with decreasing 001 4 
flow rates. These observations indicate that part of the 

phosgene formed in the primary process is eonverted into 

carbon dioxide by its subsequent reaction with the oxygen 

a toms. Since the concentrations of oxygen atoms are higher 

at lower carbon tetrachloride input flow rates, the rates of 

transformation of 0001 2 to 002 would be expected to be 

higher. This accounts for the higher percentages of 002 
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and lower percentages of 0001 2 obtained experimenta1ly at 

lower 0014 input concentrations. However, the variations 

of the 

ratios with the change in 0014 input flow rates, as shawn 

in the last column in Tables VI, VIII and IX, seem to 

suggest that reaction (12) is not the on1y process 

responsible for the formation of 002 • Sinee the primary 

steps involve only reactions (1) and (2), as diaeussed 

above, if reaction (12) were the only process responsible 

for the 002 yield, the ratios of (002 + 00012)/00 would be 

expected to remain constant over various flow rates of 

carbon tetrachloride. But this ratio was found to increase 

with decreasing carbon tetrachloride flow rates. Although 

the change is small and the resulte show some scatter, a 

definite trend is evident in all cases. This means that 

either the sum of 002 and 0001 2 is increased, or the amount 

of CO is decreased, or there is a greater transformation of 

The reaction 

• 0 + 00014 - 002 + 2012 

was first eonsidered as a possibility, since reaction (13) 

wou1d lead to a higher value for the sum of 00 2 and 0001 2 

at lower flow rates of carbon tetrachloride. Although 

there is no direct information about the rate of this 

reaction, the short life of the collision complex and the 

re1atively 1ow atom concentrations used in the present work 
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seem to make this process unlikely. Furthermore, if reaction 

(13) alone was responsible for the change in 
002 + OOC12 

co 
ratio, the pereentages of carbon monoxide formed should 

remain constant with carbon tetrachloride concentration. 

But %CO was found to decrease with decreasing carbon tetra-

chloride flow rates. Therefore, it seems most probable 

that processes involving the transformation of CO into co2 

may occur in the presence of excess oxygen atoms. Processes 

other than (11) must be considered. 

In the study of recombination of oxygen atome, 

Kaufman(l;) has found a very fast disappearance ~oxygen 

atoms in the presence of chlorine. It was reported that 

the reaction is truly catalytic, a small amount of chlorine 

recombining more than a tenfold excess of oxygen atoms. He 

found the decay to be first order in the oxygen atom and in 

the chlorine and the overall bimolecular rate constant to 

have a value of 6 x 1010 cc mole- 1 eec- 1 • The tremendous 

speed of this reaction led the author to believe that the 

catalytic recombination must involve a very long chain 

mechanism, and the following processes were suggested: 

0 + Cl2 ClO + Cl (14) 

0 + ClO o2 + Cl (15) 

Cl + 02 + iv! - ClOQ + M (16) 

0 + ClOO - CIO + 02 (17) 

If reaction (14) is fast, it can be expected 

that reaction (15), which is similar but much more exothermic, 

is faster sti11. Thus reactions (14) and (15) wou1d produce 
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two chlorine atoms in recombining two oxygen atome. The 

eatalytic efficiency of the added chlorine then requires 

that 01
2 

or ClO be regenerated sufficiently rapidly to sus-

tain the rate of the overall process. The simple 

recombination processes 

Cl + Cl + M - 01 2 + M 

2010 ~ 012 + 02 

(18) 

(19) 

who se rates are known( 94 , 95), are considered too slow to be 

the chain carrying steps. Similarly, 

0 + 01 + M - ClO + M (20) 

is ruled out as not being likely to be much faster than the 

recombination of chlorine atoms. ln the system containinga 

large excess of oxygen,reaction (16) is likely responsible 

for the chain propagation. The rate constant of this 

reaction was thus estimated by Kaufman to be approximately 

16 2 -2 -1 ( ) 7 x 10 cc mole sec • Reaction 17 is highly 

exothermic and should proceed very rapidly. 

A rapid disappearanee of oxygen atoms was also 

evident in the present reaction when oxygen was present. 

This is revealed by comparing the primary reaction rate 

constant, k 1 , of the reaction of oxygen atoms with carbon 

tetrachloride and the overall first order rate constant, k 0 , 

of oxygen atom disappearance. For reactions oarried out at 

4°0 and at a pressure of about 2.1 mm Hg, the average value 

-17 -1 -1 
of k1 was found to be 1.1 x 10 cc molecule sec (the 

detailed discussion of the determination of the primary 

reaction rate will be presented in the later section), while 
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the average value of k
0 

was 44 x lo-l7 cc molecule-! -1 sec 

under the same experimental conditions. The ratio of k 0 to 

k 1 , which is referred to as R1 in the following discussion, 

gives a value of 40. This implies that the actual rate of 

oxygen atom disappearance is 40 times faster than its con-

sumption by the primary process. This figure is high even 

when consideration is taken of secondary reactions. 

Apparently, one of the products has a very marked catalytic 

effeet in the recombination of atoms. In view of Kaufman 1 s 

resulta, chlorine is probably the responsible product. With 

reactions performed at 10°0 and at a pressure of about 4.2 mm 

Hg, it was found that the average value of k 1 equals 

-17 -1 -1 1.6 x 10 cc molecule sec and the average value of k 0 

is about 220 x lo- 17 cc molecule-! aec- 1 • The ratio of k
0 

to k1, referred to as R2 , gives a value of 135. Neglecting 

the effect of the small difference of the temperature in 

these two series of experimenta, the major difference lies 

in doubling the oxygen pressure in the reaction system, which 

brings about an increase by a factor of ;.4 in the ratio of 

It will be shawn later that the partial pressure 

of oxygen does not affect the primary reaction appreciably. 

Therefore, it seems likely that molecular oxygen also takes 

part in the chain propagation reaction, which is responsible 

for the rapid disappearance of the oxygen atoma. 

The effect of temperature on this catalyzed 

recombination of oxygen atoms can be seen by eomparison of 

the resulta obtained from experimenta carried out at 4°0 and 
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those at 100°0, while the total pressure being about the 

same, 2.1 mm Hg, for both series. With experimenta carried 

out at 100°0, the average k 1 is 9.5 x lo- 17 cc mo1ecule- 1 sec-l 

and the average k
0 

is about 90 x 10-17 oc molecu1e-l sec-l 

The ratio 

10. The 

of k
0 

to k 1 , referred to as R3 , is approximately 

value of R
3 

is only about t of R1 which was 
. 

measured at about the same pressure but at 4°0. This indi-

oates that the primary reaction has a higher temperature 

coefficient than the secondary prooesses which are responsible 

for the deoay of the oxygen atome. This may be seen more 

directly from the ratios 

k
1
(at 4°0) Pr 2.1 mm Hg 

= 1.1 x 1o-17 1 
l'V-

9.5 x 10-17 9 
• • • • • • ( 1 ) 

k
0
(at 4°0) Pr 2.1 mm Hg 44 1 (2) - ,.., - ............... -

k
0
(at 100°0)Pr 2.1 mm Hg 90 2 

Equations ( 1) and ( 2) show that kl is more temperature 

dependent th an ko. Since only smal1 amounts of pro du ota 

were formed in the low conversion of 001
4

, these resulta 

indicate that reactions which consume oxygen atome are 

relatively fast and have very small activation energies. 

Al1 these observations agree with the mechanism proposed by 

Kaufman. 

This meehanism cannot, however, be operative in an 

oxygen-free system. The overall rate constant for 0-atom 

disappearance would then be expected to be much lower than 

that obtained in systems containing alarge excess of oxygen. 
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-16 -1 -1 The average value of k 0 = 1.2 x 10 cc molecule sec 

obtained in an oxygen-free system can be compared with the 

-16 -1 -1 
average value of k

0
: 9.7 x 10 cc molecule sec 

obtained for an oxygen-containing system under similar 

conditions of temperature and pressure. Thus, the decrease 

of the overall rate by a factor of about 8 can be attributed 

to the absence of the chain propagation process. 

Since k 1 deseribes the rate of disappearance of 

the carbon tetrachloride, while k0 measures the overall rate 

of disappearance of the oxygen atoms, it is interesting to 

compare k
0 

obtained in the 0 2-free system with the rate con-

stant of the primary reaction. However, in an o2-free 

system, the 0-atom decay is relatively slow, and the contri-

bution from the natural 0-atom decays must be considered. 

If the natura1 0-atom decay is assumed to be first order, 

the only reactions which consume 0-atoms in the presence of 

carbon tetrachloride are: 

ka 
0 + '~ __,.~02 + w 

1 

ko 
0 + 0014 ___,. products 

and the overall atom decay can be given by the expression 

This equation can be integrated to give 

1 (O)o 
t ln =ka+ k~(COl4) •••••••••••• (1) 

( O)t 

If the left-hand side of equation (1) is plotted against 

(0014 ), a straight line should be obtained with the slope 
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This was found to be 4.;5 x lo- 17 cc 

-1 -1 molecule sec in the present system. A1ternatively, if 

it is assumed that the only reactions which consume 0-atoms 

in the presence of 0014 are: 

k' 
0 

0 + 0014....,.. products 

The overall atom decay is then 

Integrating the equation resulta 

2.; log 
2k

0
(M)(O) + k~(Col4 ) = 

(o) 
... ( 2) 

r This equation does not permit a direct solution for k 0 , but 

this quantity can be obtained by successive approximations. 

In the firet approximation, k 0 was put equal to 2.7 x 10-;; 

2 -1 -1 (89) f cc molecule sec and the value of k 0 equa1 to 

4.;5 x lo- 17 cc molecule- 1 sec- 1 obtained from equation (1) 

was used. The left-hand side of equation (2) was then 

plotted aeainst t to give a second approximation, etc. The 

k~ obtained by this method has a value of 4.65 x lo- 17 cc 

molecule- 1 sec- 1 • 

The number of 0-atoms disappearine by the overall 

process of the reaction of 0-atoms with carbon tetrachloride 

in an 02-free system relative to the number of 0-atoms 

disappearing by the primary process is given by the ratio 
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1 

k 0 (0 2-free system)T = 292oK, p = ;.o mm Hg 

k 1 ( o2-oonte.ining system)T.= 292 cx, P.: ;.omm Hg 

... 17 
4.65 x 10 • - = 2.48 
1. 88x 10-17 

This indicates that the rate of 0-atom disappearance is 2.48 

times that of co14 disappearance. From the product ana1ysis, 

the overall stoichiometry of a typical experiment in an o 2-

free system can be represented as 

cc14 + 1.49 o - .;;co + .49co2 + .18coc1 2 + 1.82c12 

This implies that the rate of 0-atom disappearance is 1.49 

times that of CC14 disappearance as a resu1t of reaction. 

The difference between these two figures must then be 

accounted for by an increased rate of atom recombination. 

This may be due to CC14 or its reaction products acting as 

more efficient third bodies in the reaction 

0 + 0 + M - 02 + M 

Alternative1y, the rate of atom recombination may be 

increased by the reactions 

0 + 01 2 - 010 + Cl 

010 + 0 ... Cl + 0 2 

which are reported to be fast reactions. 

The catalytic effect of ch1orine on the oxygen 

atom recombinstion in the oxygen-oontaining system has a 

bearing on the shapes of the product yield curves shown in 

Figs. 12, 14 and 16. These curves show an initial fast 

rise in total product for all three cases. At low cc14 
flow rates only small amounts of 012 will be formed, little 

Cl 2-cata1yzed atom recombination will occur and the rate of 
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the initial reaction will be relatively high. At higher 

0014 flow rates, more 01 2 will be produced which will 

deplete the atom concentration by catalyzed recombination. 

Consequently, the rate of 0014 reaction will be decreased. 

For the same total pressure, the slope of the 1 linear 

region 1 (at carbon tetrachloride flow rates above approxi-

mately 0.5)l moles per second) is higher for experimental 

series K at 100°0 than for experimental series I at 4°0. At 

a higher temperature, the rate of the primary reaction will 

increase relative to the atom recombination rate because of 

its higher activation energy. This then accounts for the 

higher slope of the total product curve at 100°0. At 

approximately the same reaction temperature, series I at a 

pressure of 2 mm Hg shows a higher slope than series L at a 

pressure of 4.1 mm Hg. The atom concentration is approximately 

the same in both series and the pressure differa only by the 

extent of the oxygen concentration. Since the catalytic 

recombination of oxygen atoms depends on the 0 2 concentration, 

it will occur to a greater extent in series L than in series 

I, which will account for the lower slope in the former case. 

Applying a steady-state treatment to his 

experimental resulte, Kaufman has estimated the rate con-

stant of reaction (15) to be in between 1012 to 101 3 CC 

-1 sec • Since reaction (17) is highly exothermic and 

ehould proceed without appreciable activation energy, its 

rate constant would be approximately that of reaction (15). 

In view of the rapidity of these two processes, the 
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steady-state concentration of ClO and ClOO radicale should 

be low. According to Kaufman's interpretation, the actual 

concentration of chlorine is also low, since most of the 

chlorine present in the system would be in its atomic form 

(the ratio of {Cl2~ /(Cl) was estimated to be approximately i) 

when the steady-state of 010 and 0100 is reached. It is 

known that the reaction between chlorine atome and carbon 

tetrachloride is negligibly small at room temperature. 

Schwab(96) has found that the addition of carbon tetrachloride 

to a system containinE chlorine atome produced by electrical 

discharge eaused no diminution in the ehlorine atom 

concentration. This means that the reactions 

001 4 + Cl - CClJ + 01 2 (22) 

cc1 3 + c1 - cc14 (23) 

do not occur to an appreciable extent. Aceording to 

Steacie(4l), the activation energy of reaction (22) must 

therefore be greater than about 12 Kcal per mole. This is 

consistent with estimates that reaction (22) is endothermic 

to the extent of about 12 Kcal( 9 7,98 ). 

The reaction of chlorine atoms with phosgene was 

also investigated by Schwab( 9ô). He found that the 

addition of phosgene had very little affect on the chlorine 

atom concentration. Since consumption of atoms would be 

expeeted by the sequence 

Cl + 0001
2 

-COOl + 01
2 

(24) 

Cl +COOl - 0001 2 (25) 
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the activation energy of reaction (24) must also be 

relatively high. In the etudies of the phoagene synthesis, 

reaction (24) is a step in the generally accepted 

mechanism(99). Bodenstein, Brenschede and Schumacher(lOO) 

have given an activation energy of 2).0 Kcal per mole for 

this reaction. Therefore, the reaction between chlorine 

atoms and phosgene under the present experimental conditions 

is unimportant. 

Carbon monoxide is one of the reaction products 

in the reaction of oxygen atome with carbon tetrachloride. 

The reaction of ehlorine atome with CO might therefore be 

expected to occur in the present system. The reaction 

CO + Cl - COOl 

seems to have been well established in the photochemical 

synthesis of phosgene. Bodenstein and his collaborators(lOO) 

have estimated that the equilibrium constant in the reaction 

CO + Cl::= COOl (26) 

is given by 

1 K - ~ 6 7 6 1 770 og COOl • ~ + • 4.571T 

In a reinvestigation of the reaction, Burns and Dainton(lOl) 

found agreement with Bodenstein 1 s mechanism and obtained the 

following expression for the equilibrium constant 

log Kcocl = 6)10 + 2.806 
- 4.571T 

From this figure and their estimates for the rate constant of 

the reverse reaction, the rate constant for the forward 

reaction (26) can be ealeulated to be approximately 
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Of course, the 

equilibrium in reaction (26) depends on the rates of removal 

of COOl radicals by subsequent reactions and on the rate of 

its reverse reaction. 

The reaction of COOl with 01 2 is one of the chain

carrying steps postulated in the mechanism of the 

photoehemical formation of phoegene. 

COOl + 01 2 - 0001 2 + Cl (27) 

Its rate constant was given by Bodenstein et al.(lOO) asa 

log k • - 2612 + i log T + 6.2; 
4.571T 

In a similar investigation, Burns and Dainton(lOl) obtained 

2960 4 
log k = - 4.571T + 9. 

where the k 1 s are expressed in 1 mole- 1 sec-1 • The latter 

4 -14 -1 -1 40 figure corresponds to x 10 cc molecule sec at C 

for the rate constant of reaction (27). 

In the photolysis of mixtures of chlorine, oxygen 

and carbon monoxide, Rollefson(l02 ) postulated the following 

reactions; 

COOl + 01 2 - 0001 2 + Cl 

COOl + 02 - C02 + CIO (28) 

to aecount for the formations of 0001 2 and 002 in the system, 

and estimated that 

E
27 

- E28 = ;ooo + 200 cal/mole 

and P 27 ;P28 = ;o ! 5 
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where E is the activation energy and P is the steric factor 

of the reaction. It is seen that the relative amount of 

0001 2 and 002 formed is a function of the ratio of Cl2 to 

oxygen participating in the reaction and of the reaction 

temperature. This would seem to explain the earlier 

observations(lO),l04) that the proportion of 0~2 formed 

dimitiishes considerably as the temperature is increased in 

similar etudies. 

Adapting these processes in the mechanism of the 

present study, it would be expected that most of the COOl 

radicals would be removed by oxygen which is present in 

large excess relative to chlorine. This would make 

reaction (28) predominate over reaction (27). Of course, 

the importance of reaction (28) would be expected to be less 

at higher temperatures due to the shift in the equilibrium 

of reaction (26), which resulta in a lowering of the 

equilibrium concentration of COOl radicale. However, the 

situation might reverse in the oxygen-free system because of 

the relative abundance of chlorine in the competition for 

the COOl radicals. 

The terminating step in the mechanism of 

photochemical synthesis of phosgene is generally accepted to 

be 

Cl + COOl - CO + 01
2 

(29) 

Bodenstein et al. (lOO) concluded that this reaction goes at 

almost every collision with a very small energy barrier and 

that its rate is given by 
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log k 1940 .l. : - 4.
5

?lT + 2 log T + 9.1)0 

In a reinvestigation of the reaction, Burns and Dainton(lOl) 

obtained 

log k = - 850 + 11.6 
4.571T 

1 -1 -1 Here again, the k s are in 1 mole sec • In spite of' the 

low concentrations of' Cl and 0001 in the system, the great 

speed probably makasreaction (29) compete for the 0001 

radicale to a certain extent. Nevertheless, the overall 

eff'ect of this process is solely the catalytic recombination 

of chlorine atoms by the carbon monoxide. However, 

reaction (29) might play a signif'icant role as a scavenger 

for the removal of' COOl and chlorine atoms in reactions 

carried out in the oxygen-free systems. 

Based on the information just discussed, the 

sequence of reactions (26) and (28) would seem likely to 

occur in the present system as processes involving the trans-

formation of CO to 002 , which aocounts for the variations of' 

of' the (002 + 00012) /CO ratios over the flow rates of' the 

input carbon tetrachloride. Inspection of Fig. 17 shows 

co + 0001 
that the ratios of 2 __g are higher in Experimental co 
Series I than in Experimental Series K, which were carried 

out at roughly the same pressure, 2.1 mm Hg, but at 

temperatures of 4°0 and 100°0 respectively. This seems to 

indicate that the rate of transformation of CO to co2 is 

lower at higher temperature. This experimental fact may be 

explained by taking the sequence of reactions (26) and (28) 
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FIGURE 17 

co~ + COCl2 CCl flow rates , versus 4 
co 
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into consideration, since the rate of transformation of CO 

to 002 depends mainly on the equilibrium concentration of 

the COOl radicale. At high temperature, the equilibrium 

in reaction (26) is shifted to a direction which resulta in 

a lower concentration of the COOl radicale. Consequently, 

the rate of reaction (28) is reduced. FLg. 17 also indi-

cates that the ratios of 
00

2 + 
0001

2 are relatively lower in co 
Experimental Series L, which was carried out at 10°0 and at 

a pressure of about 4.2 mm Hg. At first sight, this seems 

to argue against the inclusion of reaction (28) in tlae 

present mechanism. However, consideration must be made of 

the speed of reaction (17) and the significance of the dual 

affect of oxygen pressure on the reaction which competes for 

chlorine atoms with reaction (26) in the system. It is 

therefore not surprising that the rate of transformation of 

CO to co2 is lower at higher oxygen pressure in spite of the 

fact that higher oxygen pressure would also faveur the rate 

of reaction (28). Regarding the trends of the graphe shown 

in Fig. 17, 

002 + 00012 

it may be seen that the values of the ratios of 

-- co ___ _ will become smaller at higher flow rates of 

carbon tetrachloride. Furthermore, in view of the absolute 

values of the ratio, it may a1so be inferred that the rate 

of decomposition of the collision complex through reaction (1 1 ) 

is not more than twice that through reaction (2 1 ). However, 

this figure appears reasonable from the energetical point of 

view for these two processes. 

Further support of the mechanism is a1so provided 
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from experimenta carried out in the oxygen-free system. 

Table X shows that the percentages of 002 and 00012 are 

quite steady over various flow rates of carbon tetrachloride. 

This may be due mainly to the fact that the rate of oxygen 

atom decay is slow in the oxygen-free system. Thus, the 

concentration of atome changes only slightly with the flow 

rates of the reactant in contrast to the 0 2-rich system. 

The rate of formation of 0001 2 changes slowly with the flow 

rates of carbon tetrachloride due to the slowness of the 

primary reaction. The rate of reaction (12), which depends 

on both the concentrations of oxygen atoms and phosgene, is 

thus expected to change slowly with the concentration of 

carbon tetrachloride. This, therefore, can account for the 

steady change in the percentages of 002 and 00012. The 

relatively greater abundance of oxygen atome in the oxygen-

free system would result in higher percentages of 00 2 than 

resulte. 

This is in agreement with the experimental 

002 + 00012 
The ratios of ----------- in the oxygen-free co 

system are approximately the same as those in the oxygen-

rich system. Apparently, reaction (28), which is 

presumably responsible for the transformation of CO to 002 

in the presence of excess oxygen, is suppressed in the 

oxygen-free system. It might be expected that the ratios 

would therefore be considerably reduced. In order to 

explain this result, the significance of reaction (27) 

should be considered since it competes for the COOl radicale 
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and involves the transformation of CO and 01 2 to 0001 2 • 

This reaction may be promoted in the absence of oxygen. 

However, considering the rate constant reported for this 

reaction and the low concentration of chlorine in the system, 

it is unlikely that this reaction alone can resolve the 

problem. In view of the slow rate of decay of oxygen atome 

through recombination in the oxygen-free system, the con-

centration of oxygen atoms should remain relatively high, 

and the following reaction 

COOl + 0 - 002 + Cl ()0) 

might be expected to occur. As noted before, reaction (29) 

goes at almost every collision with a very small energy 

barrier. Reaction ()0), which is similar but probably more 

exothermic, would also be expected to proceed with little or 

no activation energy. Also, since the reaction of oxygen 

atoms with phosgene was found to be fast, it is likely that 

the reaction of oxygen atoms with the COOl radicale will be 

even faster. Should this be the case, the rate of trans-

formation of CO to C02 may still be maintained in the 

absence of oxygen to account for the magnitude of the ratios 

of co2 + 0001 2 • 
co 

Moreover, the introduction of reaction ()0} 

into the reaction mechanism is found to be consistent with 

all other experimental facts observed. Hence, reaction ()0) 

may be considered as another chain carrying step in the 

catalytic recombination processes in the present system. 

This is also consistent with the experimental fact that the 

overall rate of disappearance of oxygen atoms is higher than 
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the rate of the primary reaction. The constant percentage 

of CO obtained and the roughly constant value of the ratios 

of 002 + COCl2 with the change of the carbon tetrachloride 
co 

flow rates might also be explained on similar grounds. 

To summarize, it aeems probable that the reaction 

of oxygen atome with carbon tetrachloride is consistent with 

the assumption of two primary processes 

( 1) 

- co + 2012 (2) 

and that the rate of reaction (1) is faster than that of 

reaction (2) by a factor of not more than two. It appears 

likely tbat the formation of carbon dioxide occurs mainly by 

the reaction 

COC1 2 + 0 - 002 + 012 (12) 

With a large excess of molecular oxygen present in the 

system, co2 may also be formed from the reaction sequence 

0 + 012 - 010 + Cl (14) 

010 + 0 -02 + Cl (15) 

co + Cl -CCCl (26) 

COOl + 02 002 + 010 (28) 

Vith reactions carried out in the oxygen-free system, 

significant amounts of co2 may be formed through the reaction 

COOl + 0 - 002 + Cl (;o) 

According to the experimental results obtained, the rapid 

disappearance of oxygen atoms in the system can be explained 

satisfectorily in the light of the mechanism suggested by 

Kaufman for the catalytic recombination of 0-atoms. 
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MEASUREMENT OF THE RATE CONSTANTS OF THE PRIMARY REACTION 
OF OXYGEN ATOMS vliTH CARBOlf TËTRACHLORIDE--, 

The first series of experimenta were carried out 

with the aim of establishing the order of the reaction. 

The oxygen flow rate was kept constant at 59~moles per 

second, while the initial oxygen atoms, estimated by the 

1 N0 2-clean-up 1 method, was maintained at 0.578~ moles per 

second. This is equivalent to approximately 1% oxygen 

atoms in the gas stream. The flow rates of carbon tetra-

chloride were varied from 0.)8 to 4.21~ moles per second. 

The change in the total pressure and in the total flow rate, 

due to the introduction of the reactant and the partial 

dissociation of oxygen, were corrected for in the calculation 

of the rate constant. Total pressures were in the range of 

2.95 to ;.15 mm Hg and total flows in the range of 60.0 to 

6;.8~moles per second for the lowest and the highest flow 

rates of carbon tetrachloride input respectively. 

The decay of oxysen atoms in the presence of carbon tetra-

chloride was measured photometrically as a function of 

distance from the inlet jets of the reaatant, at which point 

the atom concentration was taken as the initial concentration. 

A set of typioal oxygen atom decay ourves are shown in 

Fig. 18. The rate constants calculated from equation (2) 

in this series are given in Table XI (Experimental Series N). 

The resulta show no trend in the value of k 1 when the ratios 



Figure 18 

THE OXYGEN ATOM CONCENTRATION (ARBITRARY UNITS) AS 

A FUNOTION OF DISTANCE FROM THE 0014 INLET JETS 

Experimental Series N 
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TABLE XI 
EXPERIMENTAL SERIES N 

Temperature - 19°C 
Total pressure ~ 2.95 to ;.15 mm Hg 
Total flow ~ 60.0 to 6;.8)tmoles sec-l 

CCl 
Experi- 4 6 ( ) -15 (CCl ) J< ) -14 
mental flow x 10 1 ° o x 10 ~ log CC 4 ° x 103 ° dt x lO~ · 

No. moles sec- molecules cc-l ( 14)f molecules cc-l sec 

N - 1 4.21 ·944 1.207 1.46 
2 ;.42 .925 1.256 1.51 
3 2.43 .925 1.355 1.73 
4 1.50 .924 1.551 1.95 
5 1.04 .930 1.778 2.12 
6 0.68 -935 1.940 2.33 
7 o.3a .942 2.100 2.47 
8 4.91 .948 1.177 1.40 
9 4. 56 .954 1.190 1.49 

10 2.56 .923 1.324 1.70 
11 1.58 .920 1.550 1.98 

k x 1017 
1 

cc molecules-1sec-l 
- ...... 

"" 1.90 ...... 

1.92 
1.81 
1.83 
1.93 
1.91 
1.95 
1.93 
1.84, 
1.81 
1.80 
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of the initial reactant conoentrationschange by more than a 

factor of ten. 

The rate constants were also measured over various 

conditions. The resulta obtained are shown in Table XII 

(Experimental Series 0), Table XIII (Experimental Series P), 

Table XIV (Experimental Series Q) and Table XV (Experimental 

Series R). 

It is noted that the value of k1 in experiment 0-7 

is slightly higher than other values whieh were all obtained 

at higher flow rates of carbon tetrachloride in the series. 

It is believed that this is caused by the incomplete con

sumption of oxygen atome in the length of the reaction 

vessel. Indeed, small amounts of ozone were found in the 

product trap, which might have affected the product analysis. 

The incomplete consumption of atome would also invalidate 

the use of equation (2) for the evaluation of the rate eon-

stant. In experimenta 0-2 and R-4, small amounts of nitric 

oxide were added to the reaction to increase the phototube 

readings by a factor of about 10 and 15 respectively for the 

oxygen atom decay determinations. However, the rate 

constants obtained from these experimenta are in agreement 

with other rate constants in the corresponding series, which 

were obtained without the addition of nitrio oxide. 

The average rate constants of the primary reaction 

of oxygen atoms with carbon tetrachloride over various 

temperatures from the above experimenta are summarized in 

Table XVI. 



TABLE XII 

EXPERIMENTAL SERIES 0 

Temperature - 4°C 
Total pressure - 2.05 to 2.20 mm Hg 
Total flow -· 56.3 to 6l.O.Atmoles sec-l 

. CC14 
k x 1017 Exper1 - 6 (0) x 10-15 (CCl4)o 3 J(o)dt x l0-14 

mental flow x 10 o log 1 ) x 10 ~ 1 
No. moles sec-l molecules cc-lCCl4 f molecules cc-1sec cc molecules-1sec-l 

0 - 1 4. 76 
2* 4.76 

3 3· 74 
4 4.03 

5 3-44 
6 3.23 
7 0.34 

1.165 1.311 3.03 
1.165 1.330 2.93 
1.165 1.630 3-24 
1.165 1.592 3-15 
1.165 1.&86 3·15 
1.165 1. 715 3-55 
1.165 2.60 4.20 

*Small amounts of nitric oxide were added into the reaction 
zone to increase the phototube reading by a factor of 
about 10. 

0.998 
1.05 
1.16 
1.16 
1.10 
1.11. 
1.4.3 

1-' 
\.)1 
\.)1 



TABLE XIII 
EXPERIMENTAL SERIES P 

Temperature - 10°C 
Total pressure ~ 4.17 to 4.2 mm Hg 
Total flow ~ 175 to 177}J. moles sec -l 

CCl 
Experi- 4 

6 ( ) -15 (CCl ) J< ) -14 
mental_ flow x 10_1 0 o x 10~-1-log CC14 o x 103 0 dt x 10~1 

No. moles sec molecules cc ( 4)f molecules cc sec 

p - 1 4.02 1.61 1.421 1.975 
- 2 3.16 1.61 1.541 2.16 

3 3.12 1.61 1.535 2.18 

4 2.68 1 .. 61 1.624 2.34 

k x 1017 
1 

cc molecules-1sec-l 
...... 

'-» 
..J:::-

1.67 
1.65 
1.62 
1.60 



TABLE XIV 

EXPERIMENTAL SERIES Q 

Temperature - 56°C 
Total pressure - 2.2 to 2.35 mm Hg 
Total flow ~ 63 to 66)Umoles sec-l 



CCl 

TABLE XV 

EXPERIMENïAL SERIES R 

Temperature 
Total pressure 
Total flow 

- 100°C 
~ 2.10 to 2.25 mm Hg 
~ 58·5 to 60.5)Lmoles sec-1 

Experi- 4 ( -15 
mental_ flow x 106

1 °)o x 10_ (CCl4)o 3 j(O)dt x l0-14 
log ) x 10 -1 

k x 1017 
1 

No. moles sec- molecules cc-l (CCl4.f molecules cc- sec cc molecules-1sec-l 

R - 1 3.155 
2 4.925 
3 3-445 
4* 4.405 

.254 2.49 ·587 

.252 1.95 .497 

.255 2.19 ·531 

.255 2.05 .500 

*Small amounts of nitric oxide were added into the reaction 
zone to increase the phototube reading by a factor of 
about 15. 

9.75 
9.03 
9.50 
9.4,5 

.... 
~ 
0\ 

1 



TABLE XVI 

1 k x 1017 k1 x 10-7 
Temperature - x 103 1 

oc T cc molecules-! sec-1 cc moles-1 sec-l log k1 

4 3.61 1.10 0.66 6.82 

10 3·51 1.63 0.98 6.99 
...... 

19 3.42 1.88 1.13 7.05 
.....,.. 
-J 

56 3.04. 3-69 2.22 7.35 

100 2.68 9-35 5.63 7.75 
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According to the discussions presented in the 

previous section, it is reaaonable to assume the initial 

oxygen atom attack on the carbon tetrachloride is rate deter-

mining. The other assumptiona involved in the method of 

determining the rate constants of the primary reaction are 

that carbon tetrachloride is neither reformed nor consumed in 

the subsequent reactions. Since, in the mechanism proposed, 

there are no free radicals produced in the primary step, it 

is extremely unlikely that carbon tetrachloride will be 

reformed from any secondary process. The active radicale, 

which are conceivably present in the system, are Cl, 010, 

0100 and COOl. However, as noted previously, the reaction 

of chlorine atoms with carbon tetrachloride is negligibly 

small under the present experimental conditions. Therefore 

the consumption of the carbon tetrachloride throuzh this 

reaction is insienificant. Although there is no direct 

evidence regardinr, the reaction of carbon tetrachloride with 

ClO, 0100 and COOl, it is unlikely that these reactions would 

be rouch faster than the reaction of carbon tetrachloride with 

chlorine atoms. At any rate, because of the great speed of 

reactions (15) and (17), the steady-state concentrations of 

010 and 0100 must be low. Due to the large excess of 

oxygen available in the system, COOl radicals would be much 

more likely to react with the oxygen, whoae rate has been 

measured(l02 ) and found to be much faster than the rate of 

reaction of oxygen atoma with carbon tetrachloride. 

Therefore, it aeems unlikely that the carbon tetrachloride 
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will be consumed by the COOl radieals. It might be argued 

that, in addition to atomic oxygen, other products resulting 

from the electrical discharge of oxygen might react with 

carbon tetrachloride. In view of the information given in 

the Introduction, such products might be ozone and excited 

oxygen. In addition to its law concentration, ozone was 

found to react exceedingly slowly with carbon tetraehloride. 

As a matter of fact, the carbon tetrachloride solution has 

been used as an inert solvent for the study of decomposition 

f 
(105,106) 

o ozone • Excited molecules found in discharged 

oxygen by Herran and Schiff(l4), whose energy is about 

23 Kcal per mole, would have insufficient energy to reaet 

with carbon tetrachloride. Reeently, in the measurements 

of the absolute rate constants of reactions of oxygen atoms 

with ethylene and with butane, Elias and Schiff(65)have 

found that the excited oxygen has no significant effect on 

the rate measurements. The assumptions made in the present 

determination of the rate constants therefore seem to be 

reasonably valid. 

As pointed out earlier, the rate measurements can be 

affected by the flow conditions. However, evidence 

obtained from the N0-0 reaction in the present system indi-

cated very small axial diffusion, and left little doubt 

that the present flow conditions are close to those for 

1 stream-line 1 flow. 

In the determination of the rate of reaction, nitric 

oxide is likely to be the only noticeable impurity present 
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in the system. Its presence was used in the measurements 

of the oxygen atom concentrations required for the evaluation 

of the rate constants. Experimenta 0-2 and R-4 were 

designed with the aim of testing the effect of the nitric 

oxide on the rate measurements. However, the rate constants 

obtained in these experimenta were found to be consistent 

with those obtained in experimenta without the addition of 

nitric oxide. This indieates that nitric oxide has no 

significant effect on the rate determinations, which is in 

agreement with the conclusion of Elias and Schiff(65) in 

their measurements of the rate constants of reactions of 

oxygen atoms with ethylene and with butane. Of course, the 

increased amount of nitric oxide in the system would result 

in a faster rate of consumption of the oxygen atoms through 

the recombination sequence 

0 + NO + M - N02 + M 

but this effect has no bearing on the resulta, since the 

concentrations of oxygen atoms are measured experimentally. 

However, all experimenta reported here were carried out 

without the addition of nitric oxide. Small amounts of NO, 

resulting from the discharge on the nitrogen which was 

present as impurity in oxygen, were too low to affect 

significantly the reaction. 

Since experimenta in the present investigation were 

carried out at very low conversions, the heat generated from 

the reaction is not significant in the rate measurements. 
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Inspection o~ Fig. 6 shows that a maximum rise in 

temperature due to the reaction is about 1.5°0. Part o~ 

this heat is due to the recombination o~ the oxygen atoms on 

the sur~ace o~ the glass surrounding the thermocouple whieh 

measures the temperature. The actual temperature rise 

caused by the reaction should be even lower. Furthermore, 

the temperatures were only measured in the centre o~ the 

reaction tube, while the temperature near the walls o~ the 

reaction vessel would probably be slightly lower, it seems 

likely that the average temperature in the system is lower 

than that measured. There~ore, it may be concluded that 

the heat o~ reaction has no appreciable e~~ect in the 

determinations o~ the rate constants in the present study. 

Resulta obtained ~rom Experimental Series N 

(Table XI) show that there is no trend in the values of the 

rate constants of the primary reaction with about thirteen

fold change in the reactant ratios. This seems to indicate 

that the reaction obeys the second order kinetics, first 

order in each of the reactants. It also suggests the 

validity of the basic assumption o~ the method, viz. that 

the carbon tetrachloride is attacked only in the initial 

atep. Otherwise, a trend would be expected in the rate 

constants obtained over this range of reactant ratios. 

The effect o~ pressure on the reaction can be sean 

in Experimental Series N, 0 and P. Results obtained seem 

to indicate that the rate constant of the primary reaction 

is independant of the total pressure which wae mainly due 
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to oxygen. This is consistent with the conclusion reached 

by Elias and Schiff(ô5) that rate constants for the reactions 

of oxygen atoms with ethylene and with butane are pressure 

independant. In the study of reactions of oxygen atoms 

with olefins, Cvetanovic(54 ) has found that the presence of 

oxygen does not affect the rate of consumption of the 

olefins, which is also in accord with the resulta obtained 

for the present reaction. The absence of appreciable 

pressure effect on the primary reaction would seem also to 

indicate that the reaction has occurred homogeneously in the 

gas phase, since the rate of diffusion of the reacting 

species to the walls of the reaction vessel would be 

different over various pressures. Furthermore, according 

to the discussion brought forward for the reaction mechanism, 

the independance of the rate constant on the oxygen pressure 

might also supplement the conclusion that the primary 

reaction is indeed the rate-determining step in the overall 

reaction. 

The temperature effeet on the rate of reaction ean 

be related by the Arrhenius equation 

k : Ae-E/RT 

where k is the rate constant, E the activation energy of the 

reaction, and A is a constant which is usually referred to 

as the frequency factor. This equation ean also be 

expressed in an alternative form 

ln k : ln A - EfRT 



The activation energy and the ~requency ~actor are thus 

1 obtained ~rom the plot of log k against T• The present 

resulta treated in this manner are shown in Fig. 19. A 

reasonably good straight line was obtained. The activation 

energy calculated from the slope of the plot was round to be 

4.5 ! 0.6 Kcal per mole, and the frequency factor obtained 

( + ) 10 -1 from the intercept of the line is 1.9 _0.8 x 10 cc mole 

There~ore, the rate constant o~ the primary reaction 

can be simply represented by the equation 

k = 1.9 (!0.8) x 10
10 

exp(-4500/RT) 
-1 -1 cc mole sec 

According to the classical or collision theory of 

bimolecular reaction, if the usual collision number is 

ascribed to be 1014 cc mole- 1 sec- 1 , a 1 steric 1 or 1 probability 1 

factor of 1.9 x 10-4 is obtained for the reaction. This 

means that the efficiency of the collision which leads to 

reaction is very low. In view of the structure of the 

carbon tetrachloride molecule and of the mode of the initial 

reaction proposed, auch a low steric factor is not too 

surprising. However, it is now believed that a large number 

of elementary reactions have values of the steric factor 

several powers of 10 less than unity( 4 l). By assuming a 

steric ~actor of one, a common practice in the past, an 

activation energy ~or the reaction of oxygen atoms with 

carbon tetrachloride has been roughly estimated to be 7 to 

8 Kcal per mole by Steacie(41~ based on the resulte of 

Harteck and Kopscb( 6 ). It is obvious that should the proper 

value be used ~or the steric factor, the activation energy 
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Figure 19 

1 log k 1 against T 
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estimated would come closer to the value obtained from the 

present study. Therefore, it can be seen that the 

arbitrary assumption of unity for the steric factor could 

lead to a very erroneou* value for the activation energy 

since they are mutually dependent in the Arrhenius equation, 

and that the direct determination of these parameters is of 

prime importance in describing the kinetics of the 

reaction. 
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APPENDIX A 

THE HEAT OF REACTION 

The beats of reaction have been calculated from the 

standard beats of formation, Q~, of gaseous eompounds. The 

energy values which were obtained from a circular of the 

National Bureau of Standards(lO?) are shovn in Table XVII. 

For the sake of simplicity, the 1Spectroscopists 1 convention 

has been used for all calculations. Accordingly, the beat 

of reaction is written as 

A + B - 0 + D + q Kce.l 

while the value of q is obtained from the relation 

q : Q~(C) + Q~(D) - Q~(A) - Q~(B) 

whereby a positive 1 q 1 value denotes an exothermic reaction 

and a negative 1 q 1 value indicates an endothermic reaction. 

TABLE XVII 

HEATS OF FORMATION, Q; 
Formula 

Qo 
f Keal 

----
0 -59.159 

01 -29.012 

012 0 

0014 15.; 

00012 5;.;o 

co 26.4157 

002 94.0518 
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APPENDIX B 

EXPERIMENTAL DETERl-IINATION OF THE SEQUENCE OF 

ELEMENTARY REACTIONS OF ATOMS AND RADICALS 

A method for determining the sequence of elementary 

reactions of atoms and radicale was developed theoretically 

and tested experimentally by Avramenko and Kolesnikova(5 2 ,5;) 

from their etudies of reactions of oxygen atome with various 

substances. This method provides information about the 

successive elementary reactions of atome and radicale from 

an examination of the final stable reaction products. A 

reaction is classified generally into several elementary 

processest 

(a) Primary reaction: a reaction of an original active 

centre (oxygen atom) with an original reacting 

partner; 

(b) Quadratic reaction: reactions of primary products 

(molecules and radicale) with the original active 

centre; 

(c) Cubic reaction: reactions of quadratic products 

(molecules and radicale) with the original active 

centre; 

(d) Secondary reaction: reactions between primary radicale 

formed in primary reactions and molecular compounds 

having no free valencies, and also the decomposition 

reactions of primary radicale and molecules. 

Hence, primary and secondary reactions are found by 
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a single event of interaction with the original active 

centre, whereas quadratic reactions require two events, and 

cubie reactions require three events of interaction with the 

original active centre. 

Denoting the concentration of the original reacting 

partner by A, the original active centre by 0, primary 

products by B, quadratic products by D, cubic producta by F, 

secondary products by C, radicale by R, and the rate constants 

of the corresponding reactions by k with appropriate indices, 

a general scheme of the overall reaction can be represented 

as follows: 

k4 f k' 4 
0 + B(or C)--+ • 

Dl + R2 k4 

k' ( k' 

' 0 + D---. 
Il 

F1 + a
3 k' 

0 + wall - t0 + 2 
wall ko 

0 + 0 + M- 02 + M kM 

On the basis of this general scheme the following kinetic 

equations can be constructed for A, B, C, D, F and O. 
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!W. - -k1(A)(O) 
dt -

illl = k{(A)(O) - k4(B)(C) 
dt 

ilil dt • k~(R)(02 } - k4(c}(O) 

!ill = k4(B)(O) - k?(D)(o) dt 

illl. 
dt 

k;(n)(o) 

With application of the following boundary conditions 

when A : A
0

, {0) : (0} 0 and B : D : 0 = F : 0; 

the simultaneous solution of the above equations gives the 

expressions for the quantities of B, C, D and F as a funotion of 

A. 

For the primary produet, B, the following expression 

is obtained: 

k' 
1 . • • . . • • • • • • • • ( 1 ) 

Where Br denotes the final concentration of the primary 

product, A0 denotes the initial concentration of the 

original reacting partner, and a denotes the ratio of 

For the secondary product, C, an expression 

similar to (1) is obtained: 
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Where Cr is the final concentration of the secondary product. 

For the quadratic product, D, an expression of the 

following form is obtained: 

Where Dr is the final concentration of the quadratic produet. 

For the eubic product, Ft which does not reaet further 

with atomic oxygen, the following expression is obtained: 

Where Fr is the final concentration of the cubic product. 

For a product formed as a result of both the primary 

and the quadratic reaction, i.e. a mixed product, M, the 

following expression can be obtained: 

Where Mf is the final concentration of the mixed produet. 

The relation between a and A
0 

is given by the 

formula: 
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Where (0) 0 = initial concentration of atomic oxygen. 

a = 

c -

The physical significance of a is auch that it can 

vary from zero to unity. When the rate constants k 1 , k;, 

k 4 , k
0 

and kM are given definite values, the values of a can 

be found for various values of A0 • However, the relation 

between a and A0 can also be measured experimentally, which 

was found to be consistent with that calculated from 

equation (6) for some typical examples. 

By the use of the known dependance of a on A0 and by 

a suitable choice of the rate constants, the relation of Bf' 

Df, Ff and Mf to A
0 

can then be represented graphically with 

the aid of equations (1), (;), (4) and (5). Figure 20 

demonstrates the dependance of the rates of formation of 

products on A for the reaction products, in which curves 
0 

1, 2, ; and 4 represent the dependance of the primary 

product, the quadratic product, the cubic product and the 

mixed product respectively. The differences between these 

curves can be clearly seen: the curve for the cubic product 

benda over toward the maximum value at a lower value of A0 
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Figure 20 

THE DEPENDENCE ON A
0 

OF THE FINAL CONCENTRATIONS 

OF PRODUCTS OF THE REACTION OF OXYGEN ATOMS WITH 

ETHANE (THE EXPERIMENTALLY FOUND VALUE OF a WAS 

USED IN THE CALCULATION). 

Curve 1 

• 
• 
Il 

2 

; 

4 

purely primary product 

purely quadratic product 

purely cubic product 

mixed product 
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than the curve for the quadratie product, which itself bends 

over at a lower value of A0 than the curve for the primary 

product. Also, curves 3 and 2 have maxima but curve 1 has 

only a limiting value. The curve for the mixed product, 

like that for the quadratic product, bends over at a lower 

value of A
0 

than the curve for the pure primary product, but 

with increase in A
0 

curve 4 does not attain a maximum, as 

the pure quadratic product does, but continues to rise 

linearly, like the curve for the pure primary product. The 

physical significance of these curves in a chemical reaction 

can be readily understood by the following considerations: 

when A0 is low, 0-atoms may react not only with A, but also 

with primary and quadratic products. As A0 is increased at 

a constant concentration of 0-atoms, an increasing proportion 

of atoms will react with A and a diminishing proportion will 

reaet with reaction products. Finally, at sufficiently 

high concentration of A, 0-atoms will react only with A, 

which resulta in a limiting value for the primary product. 

The mixed product is a combined function of the primary and 

quadratic products. When the linear part of curve 4 is 

extrapolated to meet the axis of ordinate (broken line of 

curve 4), the intercept formed corresponds to the value of 

the maximum final concentration of the quadratic produet. 

From a mathematical and graphical analysis, it was 

coneluded that whatever ratios of k 1 , k4 and k; may be 

assumed, the conclusions concerning the different forms of 

the functions of Bf' Df' Ff and Mf always hold good. It 
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was also reported that the correctness of this theoretical 

treatment has been very well verified experimentally. 
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SUMMARY AND CONTRIBUTIONS TO KNOWLEDGE 

(1) Various methods for oxygen atom measurement have 

been tested, and the merit of each method was described. 

(2) A movable jet technique was developed to measure 

the atom deoay in the flow system. This technique was 

found to be consistent with the photometrie method for 

oxygen atom decay measurements. 

(3) The recombination of oxygen atoms was studied with 

a very low atom concentration in a flow system at 10° and 

100°C and at various total pressures of oxygen. 

(4) The recombination coefficient (Y) on Pyrex was 

-4 0 -4 0 found to be 0.30 x 10 at 10 C and 0.93 x 10 at lOO C. 

This indicates a considerable temperature coefficient 

for r. The rate constant of the reaction 

(2) 

was measured by assuming that the overall atom decay is 

first order in 0-atom concentration, which is a common 

practice in the evaluation of this rate constant. A 

negative activation energy of about 0.5 Kcal per mole was 

obtained for this reaction. 

(5) Resulta obtained indicate that the direct atom 

recombination reaction 

{4) 

is significant in the overall atom decay. Thue the 
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1 
usually measured 1 rate constant' for reaction (2), k2 , 

is not a constant, but depends on the ratio of (0)/(02 ) 

in the system by the following relation 

(6) The reaction of oxygen atoms with carbon 

tetrachloride was inveetigated in a flow system at 

temperatures from 4° to 100°0 and at total pressures from 

about 2 mm to 4 mm Hg. Atomic oxygen was produced by 

microwave diseharge of moleculer oxygen and by the titration 

of 1 active nitrogen 1 with nitric oxide. 

(7) The reaction was found to proceed without a 

reaction flame. The products of the reaction are 01 2 , CO, 

No compounds containing more than one 

carbon atom were detected. 

(8) The rate of 0-atom disappearance and the rate of 

0014 disappearance in the reaction were measured. The 

ratio of these two rates was found to be much higher in an 

oxygen-containing system than in an oxygen-free system. 

This difference can be explained by a 01 2-catalyzed 

recombination of 0-atoms in the presence of 0 2 • 

(9) Tee initial step in the reaction was found to be 

consistent with the following scheme: 

(I) 

- co + 2012 (II) 
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where (CCl40) representa a collision complex. Evidence 

obtained indicates that the rate of dissociation of the 

collision complex through reaction (I) is faster than that 

through reaction (II) by a factor of not more than two. 

(10) A mechanism is proposed to explain the dependance 

of the products on the flow rates of reactants for this 

reaction. 

(11) The rate constant of the primary reaction, k1, was 

measured under various experimental conditions. The 

reaction was found to obey second order kinetics, first 

order in each of the reactants. The rate constant, k1, 

can be represented by the equation 
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