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INTRonucrrroN 

The trend. .of modern science is toward the 

study of the very fundamentals of things. Just as 

"modern physicsn is the study of matter in its most 

elementary state, one of the more advanced fields of 

chemistry is the study of reactions in their most 

elementary formo 

The reactions studied by early chemists were, 

kinetically speru~ing, of rather a complicated nature. 

Early experience showed that a process could or could 

not be made to go, but why it took place and what path 

it followed was beyond the ken of early investigators. 

From Berthollet's age until the time of Hinshelwood 

progress was slow, but the last decade has seen the 

study of reaction mechanism grow into a field by itselr. 

When the science of kinetics had just been well opened 

everyone was anxious to explore the new domain. Many 

"would be" kineticists soon lost their zeal, because 

even the investigations of homogenous monomolecular 

decompositions yielded little more than a few tables of 

reaction velocities and activation energies. The best 

theories of Hinshelwood ( 3?) , Rice and Ram.sperger , ( 83) , 

and Kassel (40) were found inadequate to explain more 

than a few classical cases. 
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Other investigators cast about for new 

methods of· attack. Attempts were made to find 

very simple molecular reactions for study. Even 

these presented difficulties. The ·next logical 

step was the study of the most elementary of all 

processes reactions between atoms. With the 

discovery of free radicals by Paneth, and .the proof 

of their importance in reaction by Rice, a new 

branch of kinetics has gro1~ up which deals with 

atoms, radicals, and simple molecules. 

Hydrocarbon chemistry has not lagged in the 

advance. The activity in this field has been en-

hanced by industrial stimulation. The hydrocarbon 

pyrolysis of yesterday has become the decomposition 

kinetics of today; and the study of free radical and 

atomic reactions has probably been carried farther in 

connection with this chemical type than with any other 

group of substances. 

The importance of knowledge concerning 

"elementary hydrocarbon reactionsn is evidento The 

thermal decomposition reactions of these compounds 

generally involve a great many steps which are e~remely 

hard to untangle, and unless the characteristics of 

most of the possible steps are known, the choice of a 

mechanism in many cases degenerates to a case of pure 

speculation. A considerable amount of information 
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about these elementary reactions-can be obtained 

from independent methods such as photodecomposition, 

photosensitization, and straight atomic reaction ex

periments. 

The -experimental work described in this thesis 

deals with the reactions of hydrogen, deuterium and 

oxygen atoms with the simple hydrocarbons. The Hood-

Bonhoeffer technique is employed. It was thought 

that investigations of this kind might also throw light 

on the accompanying free radical reactions. The gen

eral methods of Rice are used as a vehicle of interpre

tation, though admittedly there is some doubt about the 

part played by free radicals in some of the processes 

under examination. 

In view of the interlocking relationship 

between all fields of hydrocarbon kinetic investig

ations,it is necessary that we review all work having 

any bearing on the subject for each member of the series. 

We must also take into consideration the rather com-

plicated decomposition reactionso The primary bond 

split must be considered as an ttelementary processn as 

well as the steps following. In fact, one of the 

chief ends of the study of fundamental processes is 

that the accumulated knowledge may lead to the- form

ulation of satisfactory mechanisms for thermal de-
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composition reactions. 

Therefore, the contempor:ary knowledge of 

the part reactions of the various hydrocarbons and 

their bearing on possible mechanisms for thermal 

decomposition will be discussed under the following 

headings: 

Reactions with atomic hydrogen. 

Photochemical bon~ splitting. 

Photosensitized reactions. 

Thermal decomposition. 
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Current Working Theory and E;perimental Sources 

of Information (a) 

Before discussing the re.actions of the hydro

carbons in detail. it is probably advisable to review 

the current working theory and the various experimental 

sources of information. 

Decomposition Reactions 

Since the discovery by Hinshelwood (3?) in 

1926 that a number of organic compounds decomposed by 

a first order mechanism, a great deal of work has been 

done along this line. The results of many investig-

ations have lead to the genera~ conclusion that the 

stability of organic molecules is really determined by 

the size of the unimolecular velocity constant. The 

temperature dependence of the velocity is usually ex-

pres·sed in te·rms of the Arrhenius equation, i.e., 

k 

or 

- E/RT 
Ae 

E 

2.3 RT 

where A is a constant and E is .the so called energy 

(a) Part of the subject matter of the following 
introductory section has been taken from 
"The Kinetics of Elementary Reactions of The 
Simple Hydrocarbons" by E.W.R. Steacie; 
Chemical Reviews, 22, 311, l938e 
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of activation. 

The modern theory of unimolecular reactions 

is based on the idea that activation is by collision 

but that a time lag exists bet·ween activation and re

action, most activated molecules being deactivated be

fore they have a chance to react. As a result there 

exists a stationary concentration of activated mole

cules, which is calculate~ from the :Manvell-Boltzmann 

distribution, and the rate of reaction is proportional 

to the first po·wer of the concentration of the r~acting 

substance • At low pressures, however, the diminished 

number of collisions will no longer be able to replace 

the activated molecules as fast as they are destroyed 

by reaction, their stationary concentration will fall, 

and hence the r·ate of reaction will diminish with de

creasing pressure. 

The theory so far is wholly in accord with 

experiment, but incompleteo The main test of any 

theory of monomolecular reactions:is whether it can 

predict where the velocity constants of a certain re

action will fall off as pressure is diminished and 

whether it can give the shape of the rate-pressure 

curve at this critical point. 

Obviously some assumptions must be made 

about the other variable, activation energy, which 
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appears to be intimately connected With the nature 

of the molecule itself. The older type of theory 

of 1vhich Hinshelwood vYas the chief exponent, assumes 

that if a molecule has an energy~E, it has a definite 

probability of reacting, independent of its excess 

energy over and above Eo This theory seems some-

what to oversimplify the case and appears now to be in 

disagreement with most e.xperirnental facts. f]he other 

type of theory asstunes that for reaction, energy must 

be concentrated in one particular degree of freedom, 

or in one vibrational bond of the molecule (4,5). On 

this basis it is obvious that the chance of getting 

energy equal or greater than E into one bond will be 

a function of the total energy of the molecule, and 

will increase rapidly with excess of the energy of the 

molecule over E. This type of theory gives results 

which are in excellent agreement ·vn th facts. There 

are a number of different forms of the theory, but 

all are essentally·the same. That of Kassel (4) is 

much the·simplest and is the one which is usually em-

played. 

The essence of Kassel's theory is that act

ivation energy is merely the total energy of that 

number of quanta which must be located in the pertin-

ent bond before reaction can occur. In other words 

activation energy is a measure· of bond strength. 



-8-

Obviously, for the purpose of predicting the products 

of decomposition reactions, it becomes a matter of 

major importance to discover any possible correlation 

between the activation energy of a reaction and the 

strengths of the bonds formed and broken in it. 

Applying this idea to the decon1posi tion of 

a compound like c2H6 , difficulties are immediately 

encountered. Classical_mechanism considered that 

a split into the final decomposition products occured 

in a single step, 

It was evident that this involved the simultaneous 

rupture of two valence bonds arid the formation of 

two new ones. It was, therefore, obvious that the 

activation energy could bear no very simple relation 

to bond strengths. The other alternative was a 

primary break up into radicals, 

followed by secondary reactions which would ultimately 

lead to formation of the usual products. If this 

mechanism is the true one, and if the secondary reactions 

are fast compared with the first step, the activation 

energy should be a direct measure of the strength of 

the C - C bond. 

Evidence for the existence of free r~dicals 
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v1as soon forthcoming. Paneth and Hofeditz (58) 

showed that methyl and ethyl radicals could be detected 

in & rap~d~y r~oWing gas stream by their reaction with 

a lead mirror to form volatile .organo-metallic compounds, 

F.o. Rice et ~1 (?2,?6) seized upon this idea and made 

a comprehensive search of organic decomposition reactions 

for the presence of free radicals. They found that 

free radicals could be detected in the decomposition 

of almost all organic substances. 

These findings led Rice and his eo-workers 

to formulate a general free radical theory for hydro

carbon decomposition reactions, that has given new life 

to chemical kinetics in general. Postulating that 

the primary step is a split into free radicals, one 

might expect that the activation energy of the hydro-

3arbon decomposition reactions would be' a measure of the 

strength of the C - C bond or the C - H.bond. Though 

there is some uncertainity about bond strengths, there 

is plenty of evidence that the C =C and C =: C bonds 

are stronger than the other bonds in the hydrocarbon 

molecule. Indirect evidence from various quarters 

indicates that the C - H is about 10 - 15 Kcal. strong

er than the C - C bond. 

Rice points out that if two reactions have 

activation energies differing by 4 Kcal., then the 

relative rates at 600°c are in the ratio e-4000/2 X 8?3 
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to ·1 or ·approximately 9:1~ It follows that if there 

are two or more ways of accomplishing a primary break 

in a molecule, the ·one _·vvi th the smallest activation 

energy \till predominate. Trusting then, in the basic 

theory that ac·tivation energy is intimately co11;nected 

with bond strength, Rice concluded that free, radical 

deco1nposi tion. of hydrocarbons '\A.Tould· proceed by a C - C 

split. 

For example, the primary reaction of propane 

decomposition could only be 

+ 

Methyl and ethyl radicals could be detected by the Paneth 

technique. Propyl radicals are unstable at high temper-

atures and therefore undetectable. 

Rice method the mechanism could be 

CH3CI!"-2CH3 ~ CH3 + 

CH3CH2CH3 + R )RH + 

CH3CH2CH2~ C2H4 + 

C~CH2CR2 + R~RH + 

According to the 

CH3CH2 (1) 

C%CH2CH2 ( 2) 

CH3 (3) 

CH3CHCH3 ( 4) 

CH3CHCH3 --7 CH3CII = CH2 + H ( 5) 

assuming, of course, that (2) and (3) had activation 

energies much smaller than the primary split (1). Mak

ing certain reasonable assumptions concerning the 
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relative speed of reactions (2) and (3) Rice's mechanism 

yields the following stoichiometric equation for propane 

decomposition 

This agrees reasonably Vlell vvith experimental results. 

Thus, using Rice's mechanisms it is possible 

to predict products. To-be fully successful, however, 

the theory must also explain the following: {a) How 

the overall mechru1ism of organic decomposition appears 

to be of the first order, though the mechanisn1 is really 

a complex series of steps. (b) If, as postulated, 

most reactions occur by the brerucing of a C - C bond, 

why it is that experimental activation energies for 

decomposition reactions are usually far smaller than 

the bond· strengths. 

Rice and Herzfeld (77) answered these questions 

by showing that mechanisms could be devised on a free

radical basis which would lead to a first-order overall 

rate. Furthe~, by suitable choice of activation 

energies of the part reactions, the· apparent activation 

energy of the overall reaction could be made to ~gree 

perfectly with the experimental value. For exrunple, 

consider the following scheme for decomposition of an 

organic molecule M1 (81)_ : 
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E in Kcal. 

Ml >Rl + M2 80 ( 1) 

Rl + M1-7>R1H + R2 15 ( 2) 

R2-7R1H + l\ll3 38 ( 3) 

Rl t R2-7 M4 8 ( 4) 

We thus have a chain process, since steps 2 and 3 can 

repeat over and over againo The chain is finally 

broken when the radicals combine to for.m a stable 

molecule by reaction 4. By setting up equations 

giving the concentrations of the radicals in steady 

state, assuming long chains, and then calculating the 

overall rate of decomposition of M1 we arrive at the 

expression 

(1 .. vk2k3/2klk4 d [M~-= k1 [MJ --
dt 

1"\..1 JW Ml 

4 

i.e. the reaction is of the first order. Also 

so that using the rough value of E given above we get 

E = 62~5 Kcal. which is cons1derably below the C - C 
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bond strength. I.t will be noticed on close examination 

that the prediction of a first order rate depends on the 

method of termination of the reaction chains. 

The authors of the idea admit that mechanisms 

of this sort are highly spectulative but do show that 

the free radical theory can be fitted to experimental 

fact and therefore is very valuable. 

Striking sup]ort for the fundamental idea of 

free radical chain reaction was iwnediately forthcoming. 

Frey (23) was able to start chains in butane at temper

atures below its normal decomposition range by adding 

methyl radi9als t rrom tlle decomposition of dim~thyl 

mercury). This appears to be an important point, for 

the experiments of Rice and eo-workers on the presence 

of free radicals in decomposi t.ion reactions were of 

necessity carried out at temperatures 200 - 300°0 above 

the normal reaction range, which did not necessarily 

prove that the free radical mechanism was all-importan~ 

in the usual temperature region. Simila~ly Allen and 

Sickman (1) and Leermakers (50) produced sensitized 

chain decomposition of a number of organic substances. 

Further evidence for the chain character of 

~his type of reaction is furnished by Stavel~y·and 

Hinshelwood (92) and others (17a,26,lOO). From a 

study of the effect of different quantities of nitric 
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oxide on reactions, they calculated chain lengths 

ranging from two to fifteen for a number of reactions 

Though this is definite evidence for the presence of 

chains, in most cases the chain lengths were far too 

small to be in accord with Rice-Herzfeld·mechanisms. 

Recent work on some ·reactions indicate~ that in 

certain cases there may be a few long chain~ rather 

than a large number of short ones, i.e., that the Rice

Herzfeld mechanism may hold for a small fraction of 

the total reaction, the remainder of the substance 

decomposing by a molecular mechanism. 

It may be said that in gene·ral the evidence 

supports the free radical theory. However, when 

specific Rice-Herzfeld mechanisms are tested the 

situation is quite different. To date three methods 

have been used for the purpose: (a) The stationary 

hydrogen atom concentration during a decomposition re-

action is measured and compared with the value calculated 

from the theory. (b) The activation ener~y of one of 

the part reactions of the Rice-Herzfeld scheme is deter-

mined in an independent way. (c) Deutero compounds 

are used as indicators of the mechanism. 

The above mentioned tests have been applied 

to the decomposition reaction of different hydrocarbons. 

The results are ·discussed in one of the sections follow

ing. 
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Photochemical Reactions 

From the foregoing discussion it is evident 

that methods must be found for studying the individual 

reactions that make up these complex decomposition 

mechanisms. Until we know the rates and activation 

energies of the intermediate steps no great confidence 

can be placed in any particular theory. 

Theoretically at least, photochemical.means 

should enable us to single out.the primary step for 

study. Thermal reaction is not selective; the pro-

ducts as well as the reactants are activated, which 

makes any reaction possible within a certain energy 

range. To activate a molecule photochemically it 

should be only necessary for it to absorb a light 

quaqtum of energy equivalent to its activation energy. 

* + A---7 A 

* A~ products 

* A + A~A + A 

* hv~ A -7A t 

Thus, we can conceive of an ideal experiment where 

light of sufficiently high frequency would be select

ively absorbed by a certain hydrocarbon, causing re

action with the production of substances not absorbing 
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in the region of the incident light. If such an 

arrangement were possible, one would expect to find 

an activation energy equivalent to the strength of 

the primary bond split, for all but the very fastest 

secondary reactions would be cut out. Unfortnnately 

very little information is available, since the simple 

hydrocarbons are transparent dovv.n to the extreme ultra

violet, and the difficulties involved in working in the 

Schum~ region are very great. 

Photo.sensi tized Reaction 

A selective effect something like the ideal 

case mentioned in the previous section may be attained 

by photosensitization. In work of this kind, mercury 

vapour is mixed· with the reactant gas and the mixture 

illuminated with the mercury resonance line at 253? A.U. 

This is absorbed by the mercury vapour in the system, 

normal mercury atoms being raised to the 23p1 level. 

This lies 4.8 volts or 112 Kcal. above th~ grolmd state. 

Such excited mercury atoms may then transfer their energy 

by collision to other molecules. If such transfer 

takes place efficiently, a wide variety of reactions is 

possible (109,12), since 112 Kcal. is greater than the 

activation energy of almost all chemical reactions. 

Cadmium (104) and zinc photosensitized reactions 
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__ are also being studied in this laboratory, the 

objective being the attainment of greater selectivity. 

In general the scheme of activation and re

action is like this when mercury is used: 

Hg(llSo) + hV ----7 _Hg ( 23P1 ) 

Hg(23Pl) A~ Hg(l1S
0

) * t + A 

* A --7 products 

Kemula, Mrazek and Tolloczko {47) used a cir

culating system, passing the reactant alternately past 

the lamp and through a cooled trap. This teclmique 

removes products, and prevents the slower secondary re-

actions which require large concentration of certain 

products. Since the coldest trap does not remove 

hydrogen, hydrogen atoms may be produced in large quan-

tities and thus introduce complications. However, as 

the selectivity of the method is many times greater than 

the thermal decomposition it is especially important. 

Atomic Reactions 

Photosensitization can also be used for the 

production of hydrogen atoms for studying their effects 

upon hydrocarbons. In the presence of hydrogen and a 

reacting substance we have 
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Hg (23p1 ) + H2 -----7 Hg (118 0 ) + 2H 

H t X ~ products 

2H t (a third body) ---7' H2 

( 2) 

(3) 

(4) 

Under these circumstances a stationary concentration of 

hydrogen atoms exists. Knowing the rate of reactions 

2 and 4, we can calculate the velocity constant of re-

action 3. ( 2) This method is of '\'V'ide applicability 

although the results are not always easy to interpret. 

T~ere appears to be only one direct method of 

investigating reactions between atoms and hydrocarbons. 

This is the Vlood-Bonhoeffer method. Wood sho·w-ed that 

it was possible under certain circumstances to pump 

hydrogen atoms out of a hydrogen discharge tube and carry 

them considerable distance before recombination occur.ed. 

Bonhoeffer adapted the idea to the investigation of hydro

gen atom-hydrocarbon reactions by mixing the reactant 

with the atoms in a flow system. Many reactions have 

been investigated by this technique, but the experiments 

are limited to a narrov1 pressure range between 0.1 and 

1 mm. and a reaction time of the order of a second. 

Atomic reactions in general may be classed as 

follows; 
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Recombination (M) + A + A--;) AA t 0JI) (1) 

Addition (:M) i- A t BC -7ABC t (11) (2) 

Metathesis A + BC -'-7 .ABC ----7 AB t C ( 3 ) 

where .i-1 is an atom and BC a compound. Types ( 1) and 

(2) are "dreierstoss" processes and theoretically re

quire a third body to carry off the excess energy. The 

three body collision restriction has been gradually los

ing ground and it is now admitted that even the complex

ity of the ethane molecule may be great enough to allow 

the recombination of methyl radicals without the ~resence 

of a third body. Rabinowitsch (70) has recently studied 

the ·efficiency of triple collisions in atom recombination 

using He,A,N2 ,o2 ,cH4 ,co2 and C6Hf> as "third bodies". The 

old estimate of "1 collision in a 1000 a dreierstoss at 

atmospheric pressure" was found to hold for helium as the 

third body. In the case of the iodine atom recombination 

when M : H2 every collision in three hundred is a recom

bination, if lvl = co2 efficiency is one in sixty, and with 

c6H6 as the third body every two body collision in ten is 

effective. Thus, it would appear that even collisions 

of atoms are "stickier" than previously believed; and 

thus, where free radicals are concerned the Dreierstoss 

theory may no longer be used so freely as a "vveeder" of 

mechanismso 
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The metathesis type of atomic reaction may 

be written 

or 

A + BC ----7 AB. + C 

* --7' ABC --7 .AB t C 

where ABC might be called a quasimolecule, in which 

case it v1ill be seen that a collision between A BC 

might result in addition. This would require the 

stabiliz~tion of the activated complex ABC. 

Experiments by Geib and Harteck (28) on 

atomic reactions at very low temperatures have shown 

that reactions like 

H t N0--7ENO 

are possible and that unstable compounds like HgH 

which have little more than a quasimolecular existence 

at high temperatures, could be isolated under their 

experimental conditionso It is to be emphasized that 

these findings are not without influence on the atomic 

reactions of the hydrocarbons. 
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Elementary Reactions of the Simple Hydrocarbons 

In the following sections the data or 

previous investigations on the reactions of the 

simple hydrocarbons will be reviewed. 

Methene --
The Reac~ion of Hydrogen Atoms with Methane 

The first serious investigations of re

actions of the various hydrocarbons with hydrogen 

atoms were made by Bonhoeffer and Harteck (9). They 

found methane surprisingly stable. Similar work 

by von Wartenburg and Suhultze(l20) and Chadwell and 

Titani (13) confirmed the inertness of methane toward 

hydrogen atoms. 

Geib and Harteck (29) extended experiments 

to 183°0 and found no reaction. This suggested a 

primary step something like 

+ + H (1) 

with an activation energy of at least 1? Kcal. follow

ed by a faster secondary process 

+ + H ( 2) 

If reaction (2) were very fast, the absence of ethane 
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in the products, the null stoichiometric result, 

and the observed regeneration of hydrogen atoms 

would be explained. The activation energy of 

this reaction had been estimated at 8 Kcal. by von 

Hartel and Polyani (121). However, other and 

later estimates of the act.i vat ion energy ( 90, ?3·, 

49, 62) range from 15 to 23 Kcal. The most direct 

source of information concerning this reaction is 

found in the work of Paneth, Hofeditz and Wunsch 

(59). They investigated the rates of recombination 

of the methyl radicals in inert gases and hydrogen. It 

appears certain that reaction (2) is the all import

ant process for v;h_ich they calculate the very reason

able value of 15 Kcal. 

It follows from this discussion that little 

trust can be rested in Geib ·and Harteck's mechanism, 

due not only to the uncertainties about the speed of 

secondary reactions but also to the doubt of the ex

istence of any reaction of methane vdth hydrogen atoms. 

Geib and Steacie (30,31) investigated the 

reaction of deuterium atoms vrlth methane and found no 

products up to looOc, indicating an activation energy 

for the exchange reaction of not less than 11 Kcal. 

Their investigation indic~ted that the reaction vvas 

the analogue of the ortho-para hydrogen conversion 

+ D -~) Gfl3D t H 
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This explanation made it unnecessary to assurne the 

existence of secondary reactions to account for the 

absence of ethane and the regeneration of atoms. 

Preliminary experiments on the exchange at 1000° K 

by Farkas served to support Geib and Steacie's 

suggestion. 

The results obtained by various other in

vestigators for the activation energy of this reaction 

are tabulated belo·w: 

Investigators Method 

Steacie and Phillips (94) Mercury photosen
sitization 

Farkas and l\1e1 vi11e ( 20) Wood-:3onhoeffer 

:a.esult 

llo? Kca1. 

13 

Morikawa, Benedict 
and Tay1or (56) Mercury photosen-

sitization at 100°C 12.5 Kca1. 

Steacie 

Trenner, Morikawa 
and Taylor 

(95) Wood-Bonhoeffer 
up to 50o0 c 

(116) Wood-Bonhoeffer 
25° to 208°C 

12.9 2 Kca1. 

)15.6 Kca1. 

In Farkas and Ivle1 vil1e 's investigations, the atom 

concentration was deternuned by using 0 - deuterium-

methane mixtures and measuring the rate of the 0 - P 

conversion as well as the exchange. They found that 
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at high temperatures the deuterium atom concentration 

fell off greatly and they suggested that the atom 

consuming reaction might be 

+ + BD ( 3) 

At first sight one might expect some ethane formation. 

It will be noticed, however, that the relative overall 

CH3 concentration would probably be too small for any

thing else but the recombination 

+ 

Morikawa, Benedict and Taylor found that the temper

ature coefficient was very low in the range lOO - 200°C 

and concluded that the mechanism was ditferent from 

that postulated by Steacie and j?hillips and by ],arkas 

and l,:Lel ville. They are of the opinion that the many 

secondary processes possible in the mercury photosen

sitized n1ethod make it impossible to gain any accurate 

information about the primary process by this means. 

The large value of E found by Trenner, Morikawa and 

•r•aylor for the reaction is partly due to the fact· that 

they assume reaction (3) to be the one under investi

gation and partly because they \vere uncertain of' their 

atom concentrati.ons at high, temperatures. 

In general it may be said that the evidence 

favours an activation energy of about 12 to 13 Kcal. 
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for the reaction 

CH4 + D~ CH3D + H 

and somewhat greater values of E for the reactions 

CH4 t D~CH3 + BD 

and CH4 + H ---7 CH3 + Hz 

The Photodecomposition of Methane 

region. 

1\tiethane is transparent dovm to the Schumann 

Spectroscopic observations by Liefson (52) 

and Scheibe (88) show that diffuse bands appear in the 

neighbourhood of 1600 A.U. 

that the primary reaction is 

Bonhoeffer (8) suggests 

+ H 

followed by formation of ethane and the usual atom

free radical recombinations. 

Direct expe.rimental investigation of the 

photodecomposition has been done by Leighton and 

Steiner (51) using hydrogen light near the limit of 

flourite. Hydrogen and unsaturates are produced. 

Groth and Laudenklos (32) used a.Harteck Xenon lamp 

as a .source. The 1295 A.U. line was very strongly 

absorbed by methane. Tha products of the reaction 
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were found to be n1ainly hydrogen and acetylene, vvi th 

some ethane and traces of ethylene and c3 to c5. hydro-

carbons. The results of these experiments are strong-

ly in favour of a mechanism like the following: 

Comparatively recent work on the photolysis 

of methane by Kemula and Dyduszynski (48) led these 

authors to conclude that the first step is 

+ 

Their argument, however, is not entirely conclusive. 

Spectroscopic exrunination of the discharge 

(69) shows that at least a part of th~ methane under

goes all possible dehydrogenation steps, yielding CH3 , 

CH2 , CH and c. This means that a great variety of 

products is possibleo 

The Thermal Decomposition of Methane 

Holliday and E :x:ell ( 38) and Holliday and 

Gooderham (39) made the first investigations of any 

kinetic importance. They noticed the retarding 
) 

effect of hydrogen upon the reaction and assumed that 
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the initial step was 

+ -91,000 cal. 

Kassel (50) has shown that this mechanism cannot be 

right, since it would require an activation energy 

greater than 91 Kcal. which is contrary to fact. 

Kassel investigated the reaction throughly 

and found it to be homogenous and first order from 

1.3 to 29.6 cm. initial pressure and confirmed the 

strong retardation by hydrogen. From his measure-

ments he calculated the initial rate 

k 1.0 X 1012 e-?9385/RT sec.-1 

The rate in the later stages of the reaction was 

found to be approximately proportional to the square 

of the methane concentration and inversely proportional 

to the cube of the hydrogen concentration. He 

suggests as the initial step 

CH4 ) CH2 f 

followed by 

CH
2 

t CH4 _ ___,) C 2H6 

C2H6 > C2H4 + 

C2JL± > G2H2 + 

- 47000 cal. (3) 

+360.00 cal. (4) 

- 3 0000 c al. ( 5 ) 

- 48000 cal. ( 6) 
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Acetylene may be assumed· to dissociate as follows 

c~2 >2C + H2 (1.2) 

For the initial stages we have approximately 

d (CH4 ) - 2 k3 (CH4 ) 
dt 

i.e., the reaction is first ordero After a certain 

amount of .hydrogen·has accumulated we get 

d 
2k3k4k5~6kl2 (CH4)2 

--
dt 

where v' s signify velocity c·ons·tants of-·,rever.se: .reactions. 

Kassel's mechanism seems to fit experimental 

results quite accurately. Storch (105) decomposed 

methane on a carbon filament at low pressures in a bulb 

cooled in liquid nitrogen, and showed that the first 

product detectable was ethane. Storch (106) has re-

viewed the work·of various investigators using flow 

methods and has concluded that Kassel's mechanism fits 

them all quite satisfactorily. 

Free Radicals and Methane Decomposition 

Rice and Dooley (95,76) investigated the 

primary process in ·the decomposition of methane by the 

free radical tec:Qnique. They used tellurium mirrors 
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and concluded that, the primary process involved methyl 

rather than methylene radicals. Belchetz and Rideal 

(4,5) passed methane rapidly over a hot filament at low 

pressures and then onto a cold target about one mean 

free path away. They detected radicals by reaction 

w2th mirrors, iodine etc. and concluded that methylene 

radicals were involved in the primary step •. 

There appear to be two mechanisms possible 

corresponding to the results of these two investigations: 

CH4 ---7 C% + H (l) 

H + CH4 7~ + CH3 ( 3) 

CHLL / CH2 + H2 ( 2} ... 

CH2 + CH4 ~ 2 CH3 (4) 

CH2 + CH4 ) C2H6 ( 5) 

If' reaction 2 is the correct primary step, rather than 

reacti~n 1, then either reaction 4 or reaction 5 must 

have an activation energy less than 12 Kcal. to account 

for the absence of methylene radicals at the mirror in 

the experiment of Rice and Dooley. They consider this 

to be much too low, and hence they favour reaction l as 

the primary step. No hydrogen telluride is formed in 

their experiments, as would be the case if hydrogen 

atoms reached the telluride mirroro They therefore 
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conclude that hydrogen atoms must disappear from the 

system rapidly by wall recombination or by reaction 3. 

Kassel (43) favours the mechanism of Belchetz 

and Ridaal, for it seems to explain his results very 

nicely. Moreover, he calculates that if the reaction 

follows the Rice chain system, the relation 

must ultimately holdo This result conflicts hopelessly 

with Rice and Dooley's experiments in which methyl groups 

could be ·detected but no atomic hydrogen. Kassel thinks 

that this factor is too large to.be overcome by wall re

combination and thus rules out (1) as the initial step. 

He suggests that (4) and (5) are very fast reactions, 

the former producing the det~ctable methyl radicals and 

the latter helping to keep the methylene concentration 

at a very low value. The discrepancy between Rice and 

Dooley and Belchetz and Rideal seems to be largely due 

to difference in experimental method. 
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Ethane 

The Reaction of Ethane with Hydrogen Atoms 

Bonhoeffer and Harteck (9), and von Warten

burg and Schultze(l20) found that luminescence occurs 

on mixing hydrogen atoms and ethane, bands due to C -

H and C - C being observed. They recovered the major 

part of the ethane rmchanged, but formd no methane as 

they had no means of trappi~g it out. Chadwell and 

Titani (13) in a preliminary investigation reported 

the finding of about 4 % methane along with some 

ethylene. 

Steacie ru1d Phillips (94) studied the re

action of deuterium atoms with ethane using the \'J-ood-

Bonhoeffer technique. Thay found that an exchange 

reaction was taking place which appeared to have an 

activation energy of 6.3 Kcal. They considered all 

possible mechanisms for the exchan~e reaction and 

concluded that the correct mechanism was 

( 1) 

(2) 

+ 

+ 

+ HD 

This would account for the catalytic destruction of D 

atoms)found to take place. 

Trenner, N.Iorikawa and Taylor (116) rein-
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ves~1ga~ed the reaction, using the same methodo 

They concluded that at room te1n:perature the main 

reaction was 

t + (E ? .2 Kcal.) 

and that the exchange reaction was only appreciable 

at temperatures of l00°C and upwards, with an activ-

ation energy of 11.4 Kca1. They suggested that the 

exchange reaction above 100°C occurred by 

+ + . HD 

in agreement with Steacie and Phillips. There is a 

large discrepancy in the activation energy of this 

process between the two investigations (6.3 and 11o? 

Kca.l. ) • It is mostly accounted for when it is 

realized that separate products were not isolated in 

Steacie and Phillips' investigation, it being assumed 

from the work of Chadwell and Titani that the formation 

of methane was negligible. Recently Steacie (102) 

has confirmed the production of methane, f.inding 

about 10 1~ ethane decomposition. This, however, was 

not enough to bring the two activation energies into 

line. 

Several qualitative investigations of the 

reacti~n of ethane with hydrogen atoms produced by 

mercury photosensitization have been made (46,108,109). 
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Steacie and Phillips (96) have recently done some 

qu~titative work along this line. In a typical 

experiment using a trapping temperature of -125°0, 

the follo·wing stoichiometric equation is satisfied: 

+ 

( + traces of c3H
8

) 

steacie and Phillips suggested the mechanism: 

Hg (23pl) + H 2 --7> Hg (llSo) + 2 H 

H * c2H6-7 CH4 t CH3 

'H t C 2H6 ----;) H,2 t C2H5 

followed by various radical recombination reactions. 

The Photodecomposition of Ethane 

So far very little work has been done on 

the ethane photodecomposition. Evidence gleane~ 

from rather meagre spectroscopic sources indicates 

that the absorbtion is by the C - H bond. 

The recent photochemical investigation of 

the hydrocarbons by Kemula and Dyduszynski (48) led 

these investi~ators to the general equation: 

+ 
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as the mechanism of photolysis of ethane, propane 

and butane. ~t is very difficult, however, from 

this evidence to say just what the true primary 

-step may be • 

The Photosensitized Decomposit~on of Ethane 

Taylor and Hill (108) were the first. to 

notice that ethane could be decomposed by excited 

mercury atoms. Kemula, Mrazek and Tollocsko (4?) 

carried out the first notable.work on the photosen

sitized decomposition of ethane. They passed the 

reaction mixture through a trap at - 80°C to remove 

products of high molecular weight and thus prevent 

secondary processes. They found hydrogen and 

methane as gaseous products. Rough fractional 

distillation indicated that the nondensable products· 

consisted mainly of butane and octane. This point-

ed toward a C - H rup~ure as the first step, the 

butane and octane having for their origin, the radical 

recombination reactions: 

C4Hl0 ---;JI"7 C4H9 

2 C4Hg -~7 CgH18 

+ H 

The reaction has been recently reinvestigated 

by Steacie and Phillips .( 96, 9?) • They found that by 
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operating with the trap in the circulation system at 

a lower temperature it. was possible to remove higher 

boiling products more efficiently, and thus avoid the 

occ~ence of secondary reactionso They found as 

products considerable amounts of hydrogen, methane, 

propane, butane and some higher·· hydrocarbons; the re

lative amounts depending on the trapping temperature. 

The striking thing about their results with the cir

culating ?Ystem was that at the lower trapping temper

atures, the formation of hydrogen was almost entirely 

inhibited. This indicated that hydrogen was not a 

product of the ethane decomposition itself and that the 

initial split was in the C - C bond. 

Later, Steaoie and Phillips (9?) tried the 

same reaction, this time using a flovl system. By 

this arrangement the ethane was only subjected·once to 

the action of the lamp. Under these conditions, the 

concentration of hydrogen, if formed, would be low and 

hence, the back reaction would be diminished; this 

would permit the hydrogen to accumulate in the products 

if it were formed in the reaction at all. Analysis 

of the products showed a large yield of hydrogen. 

These findings made it no longer necessary to rule out 

the C - H bond split. Steacie and Phillips, there

fore, decided on the following as the best mechanism: 
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C2H6 + Hg(~1) > C2H5 + H + Hg(lso) 

H2 + Hg(3pl) --7 2 H + Hg(1so) 

H + 02% > CH4 + CH3 (18) 

H + C2fl6 ) C2H5 + H2 (17) 

2 CH3 ) C2H6 

CH3 t C2H5 > C3H8 

2 C2H5 7 C4H10 

2 H 7 H2 

The very high quenching efficiency of hydrogen necessi-

tates the inclusion of the second step. This series 

of reactions explains the experimental facts very well 

providing reaction (18) is at least four times as fast 

as step (17). 

The Ther.ma1 DecomPosition of Ethane 

As this thesis deals mainly with"elementary 

reactions" it is not necessary to completely review the 

kinetics of each hydrocarbon decomposition. The work 

of Pease (67), Frey and Smith (24) and others establish

ed the general :first order nature of the reaction, and 

showed that the overall process was more or less des

cribed by the equation: 
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+ 

Marek and McOluer (53), Paul and lliarel~ ( 63) and 

Sachsse (86) have made somewhat more thorough in-

vestiga~ions. Their rates at rnos·t temperatures 

agree fairly well but the activation energies vary 

from 70 to 78 Kcal. Pease (66) has measured the 

rate of the reverse reaction and has shown that the 

calculated equilibrium constant is in excellent 

agreement~with the experimental value of Pease and 

Deugan ( 64) • 

Recent work by Starch and Kassel (107) 

indicates that the s.ituation is rather more complex • 

They find some methane and propylene production. To 

account for this, they conclude from analogies with 

Frey and Hepp's work (25) on butane, that this hydro

carbon is an important intermediate product leading 

to methane and propylene production in some such 

manner as : 

02~ ) 02H4 t H2 

02H4 + 02% > C4H10 

04Hl0 ~ CH4 + 03H6 

In general Starch and Kassel lean toward a classical 

mechani·sm of this type. 
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Dinzes. Zharkova, Zherko and Frost (14), 

who investigated the reaction at high pressures, 

found much methane P.resent in the products. This 

was attributed to the second order reaction 

+ CzH4 

which would be favoured by high pressure. Dinzes 

and Frost (15) and Travers et al (117 - 119) have in-

vestigated~ the ethane decomposition up to high percent

age reaction and have obtained rather complex results. 

More exhaustive investigation of possible 

part reactions would probably go further toward clarifying 

the mechanism of ethane decomposition than continued 

thermal studies. 

Free Radicals and Ethane Decomposition 

The kinetic investigations discussed above 

have served to show that the important overall reaction 

is: 

+ 

and indicate that butane, propylene and methane may be 
\ 

transitory products of important intermediate steps. 

The question of mechanism was considered by 

Rice who attempted to apply his free radical theories 

in order to bring about a solution. Rice and Dooley 
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(75) had found a value of 79.5 Kcal. for the assumed 

reaction 

by studying the rate at which standard lead mirrors· 

were removed by decomposing ethane at 850°0 to 950°C. 

They concluded that this should_ be the primary step 

in the ethane decomposition, followed by a system of 

free radical reactions leading to the ultimate products. 

Granting that the primary step is a break 

into free radicals, one must go further to prove that 

the ordinary thermal decomposition of ethane at low 

temperatures proceeds by a free radical mechanism. As 

we· have seen, it is necessary to devise a mechanism 

which will lead to a first-order rate equation and an 

activation energy in agreement with experiment. 

Rice and Herzfeld (77) suggested that the 

following mechanism would fulfil these conditions: 

C2lis~ 2 CH3 

+ C2H6 > OH4 

0 2H5 ----7' 0 2I-I4 t 

H + C 2H6 ----7 H2 t 

2 H~H2 

+ C2H5 

H 

02H5 

Activation 
energy 
Kcal. 

80 

20 

49 

17 

Triple 
collision 

(1) 

( 2) 

(3) 

(4) 

( 5) 
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Activation 
energy 
Kcal. 

H + 02H5 ) C2H4 + H2 Small 

or -7' c2H6 

H +. CH3 ~ CH4 Small 

CH3 + C2H5-7 C3H8 8 

2 C2H5~ C4Hl0 8 

By virtue of reactions.3 and 4, reaction chains will 

occur, a large number of ethane molecules being de-

composed for each primary act. Some of these act-

ivation energies are based on experimental data and 

some are frankly assigned to agree with free radical 

mechanisms • Assuming reactions 5,?,8 and 9 to be 

negligible, we get from the scheme 

( 6) 

( '7 ) 

( 8) 

( 9 ) 

E (overall) 73 Kcal. 

in good agreement with the measurements of Marek and 

McCluer. For the overall rate of reaction the Rice-

Herzfeld scheme leads to the expressions: 

d (C2~) = k (C2H6) 
dt 

klk3k4 
log k = ~ log 

2 k6 
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i.e., the reaction is first order as found experiment-

ally. Rice and Herzfeld evaluate the velocity constants 

roughly by assuming that first order reactions have con

stants given approximately by 1014 e-E/RT sec:l, and 

all bimolecular constants are 109 e-E/RT litre mo1:1 

sec:1 On this basis they get for the overall decom-

position 
73000 

seco-1 
2.3 RT 

which is satisfactory agreement with Marek and McCluer's 

experimental equa~ion. The ehain length calculated 

from the above mechanism is about 100. 

It follows, therefore, that it is possible 

to explain the ethane decomposition on the free radical 

basis and it is lmown that a free radieal mechanism 

prevails largely at very .high temperatures. 

In a foregoing section the three gene~al 

methods of testing the free radical theory were 

enumerated. The first one has been tried by Patat 

and Sachsse (61,62). They measured the stationary 

concentration of hydrogen atoms by studying the rate 

of ortho-para hydrogen conversion in the presence of 

decomposing ethaneg At 590°0 their experimental 

value is 10-11 mole./litreo The value predicted by the 

Rice-Herzfeld mechanism is about 1000 times larger, viz. 

10-8.2 
• 
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Resorting to the. second method Steacie, and 

Phi11ips (94), Trenner, Morikawa and Tay1or (116) and 

Steacie (102) investigated the single reaction (4). It 

appears that E4 is about 9 Kcal. instead of the assigned 

value of 17 Kcal. If the hydrogen atom concentration 

predicted by the free radical chain theory is calculated 

by using the lower values for E4 , we obtain a result 

which agrees fairly well with experiment. Such a 

change in reaction (4), however, by altering the relative 

concentrations of the reacting substances upsets the re

lationship between the rate constants and reactions 8 

and 9 can no longer be neglected. Under these cir-

cumstances the overall activation energy is not seriously 

affected but the scheme no longer predicts a first order 

rate. 

Recent work by Trenner, Morikawa and Taylor 

(116) indicates that the reaction 

H + + 

is not to be ignored. This step, which apparently has 

an activation energy of 7.4 Kcal. (faster than step 4) 

would fundamentally alter the chain carrying steps in 

the Rice-Herzfeld scheme and would destroy its agreement 

with experiment. 

Siclcm.an and o.K. Rice ( 90) have found evidence 

that methyl r~dicals from decomposing azomethane will 

decompose ethane to some extent. On the other hand 
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~chols and Pease (17) found that radicals from ethyl

ene oxide decomposition v-rould not cause the decomposi t

ion of ethane at 425°C, although they decompose propane 

and butane. In ~y case, however, it should be 

emphasized that the· fact tha~ radicals can cause the 

sensitized decomposition of a ~ubstance is not quite 

sufficient proof that the ordinary decomposition of 

the substance involves them. 

Recently Stavel~y(93) has investigated the 

occurence of:.f'ree_,radicals in the ethane decomposition 

by the inhibitory effect of nitric oxide. By this 

method he finds a mean chain length of 12.2 at 620°C 

and an ethane press~e of 150 mm. StaveJ:ey· suggests 

that comparatively few decomposing molecules give rise 

to chains, but that these chains are very long, of 

the order of 105 to 107 units. In view of the fact 

that sensitized decomposition of ethane by radicalS' 

does not seem to occur easily, such a chain length 

appears to be very unlikely. 

Frost ( 21) and Storch and :Ki.assel ( 107) in 

recently published works conc+ude that the Rice~ 

Herzfeld schemes are not in agreement with results. 

They set forth mechanisms which explain their o\vn 

results. 

From·this discussion it would appear that 
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the Rice-Herzfeld mechanisms are untenable in their 

present form. More information about single re-

actions, however, may lead to a: revision ·which would 

be quite satisfactory. 

Propane 

Photochemical and Atomic Reactions 

Very little work has been done on the atomic. 

and photochemical reactions of ;propane. Kemula and 

Dyduszynski (48) have shown ·that the main reaction of 

propane photolysis is 

+ + 

By mercury photosensitization, Taylor and Hill (108,109) 

found that ;propane reacted faster with hydrogen atoms 

than did ethane, but more slowly than butane. 

Recently, in the course of another investi

gation Trenner, Morikawa and Taylor (116) made two runs 

with propane and deuterium atoms ;produced by the Wood-

Bonhoeffer method:. The products of the two runs are 

tabulated below. 

T~mper-
% ature 

oc Methane Ethane Propane Decomposition 

24.7 4.3 0.8 9?.0 2.4 

109 11.1 6,3 ?9.8 10.6 
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The ethane and methane were highly deuterized but 

the .propane was not exchanged. Propane appears 

then to be.much less reactive than ethane. Bon

hoeffer and HarDeck (9) previously reported cata

lytic recombination of hydrogen atoms in the pre

sence of propane, for which Tayl6r and eo-workers 

found no evidence. These findings are not in 

accord with the work of Frankenburger· and Zel:L· ( 22) 

which pointed toward increased reactivity with in

creased molecular weight of the hydrocarbon. It 

is quite evident that more information along this 

line would be desirable. 

The Thermal Decomposition of Pro-pane 

The early papers on the propane decom

.Position by Pease (67), Frey and Smith (24) ru1d 

others (16,65,89) served to establish the fact that 

the reaction is principally homogenous and first 

order. The main courses of the reaction are 

C3Hg -~> C3H6 

C3lig ) CzH4 

+ 

t 

a certain amount of ethane and butane being formed. 

Marek and McCluer (53) and Pa~l m1d Marek 

(63) have investigated the kinetics and products of 
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the reaction in detail. Steacie and Puddington 

(99) have also studied the decomposition recently 

The various investigators are quite unanimous ~n 

their evidence concerning the products. Hydrogen, 

methane, ethylene, and propylene occur in approxi-

mately equimolecular mnounts. Small amounts of 

ethane are also found. On the whole it may be 

said,·; therefore, that the two above .mentioned re

actions de9cribe the overall change quite well. 

Free Radicals and the Propane Decomposition 

Rice, Johnston, ~~d Evering (?9) showed 

that free radi-cals could be detected in the decom

position of propane, and Rice and Jolmston (?8) 

found the activation energy of the free radi~al 

split to be ?1.5 Kcal. Rice (?2,?4) suggests as 

a mechanism for. the decomposition 

+ 

R + 

vvhere R represents a hydrogen atom or any radical. 

From this scheme, making suitable assumptions regarding 

the relative reactivity of primary and secondary 

hydrogen atoms, he gets for the overall decomposition: 
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5 C3Ha-~>6 c2H4 + 

4 C
3

H
8 

) 4 C3H6 + 

which is in satisfactory agreement with the products 

of the reaction found experimentally. 

Belchetz and Rideal (6) investigated the 

decomposition of propane on a carbon filament at low 

pressures, using the technique described above for 

methane. They concluded that the primary process 

was 
CH3CH

2
CH3 

followed by CH3CH 

= 

CH2 + etc -->~ CH3 

CH2 + 

t CH2 

t etc. 

The activation energy of the primary process was 

found to be 94.2 Kcal. There is thus a very 

great decrepancy between their work and that of 

Rice and his collaborators. Rice's value for 

the free radical split is much closer to the ex

perimental acti vatibn:"'_energy of the decompos·i tion 

reaction. On the whole the evidence seems to 

favour the Rice mechanism for the free radical 

split although the question is still an open one. 

When the· free radical chain mechanism for 

the propane decomposition was subjected to tests 
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simflar to those used in the case of ethane, very 

similar results were obtained. Experiments by 

Patat on the stationary hydrogen atom concentra

tion showed that there were far too few hydrogen 

atoms as compared to predictions of the Rice

Herzfeld· mechanism. 

There is, on the other hand, ample evidence 

that radicals can produce a sensitized chain decom

position of·propane. Echols and Pease (1?) showed 

that propane could be decomposed by radicals from 

ethylene oxide at 425°0. They estimated an average 

chain length of 0.55. As ih the case of ethane it 

is possible that ther.e are comparatively few long 

chains rather than many short ones. Sickman and 

O.K. Rice found that methyl radicals caused some propane 

decomposition. 

On the whole it may be said that at low 

temperatures the Rice mechanism is not in accord with 

facts, in spite of its success in predicting products 

of reaction. As previously intimated, judgement 

cannot be passed until. much more has been learned 

about part reactions. 



-49-

TEE REACTION OF HYDROGEN ATOMS ~TITH PROPANE 

In the foregoing introduction we have had 

a chance to assess the great stimulus which the Rice

Herzfeld mechanisms have given to the investigation 

of organic decomposition reactions. The proposed 

scheme for the ethane decomposition, which is based 

on the chain steps; 

(3) 

(4) 

0~5 _ __,.) C2H4 

H + C 2lie ---)., 

has been discussed pro and con. 

+ H 

+ 

Perhaps the most serious apparent discrep

ancy between the Rice theory and experiment is that 

which arises from.the investigation of the reaction of 

hydrogen atoms with ethane. Trenner, Morikawa and 

Taylor (116) found that methane was produced in this 

reaction, and concluded that the reaction 

H + t Cfl3 (7) 

had an activation energy several Kcal. lower than 

number (4) above. The production of methane in the 

r~action of hydrogen atoms with ethane vvas confirmed 

by Steaoie (102). Further information about the 
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relative rates of reactions (4) and (7) comes from the 

investigation of the mercury photosensitized reactions 

of ethane (97,98). The mechanism of these reactions 

as proposed by Staacie and Phillips ( 97} accounts sat

isfactorily for the process and for the products of the 

reaction, hydrogen, methane, :propcme and butane, provide_d 

;hat it is assumed that reaction (7) is about four times 

as fast as (4) at room temperature. This assmnption 

would make still more difficult the application of the 

Rice theory to the ethane decomposition, since it brings 

in reaction (?) as a major step in the process. Actually 

however, the occurrence of reaction (?) would have much 

more serious consequences than this. All the Rice 

mechanisms are based on the idea that reactions of the 

_type 

R + EX-->+ RH + X 

occur readily, i.e. a radical abstracts a hydrogen atom 

from a molecule, but that hydrocarbon chain breaking 

reactions of the type 

R + + 

never occur to an appreciable extent. Hence the 

occurrence of reaction (7) is contrary to general 

postulates of the entire Rice theory for all substances. 

In order to account for the·production of 
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methane, but at the same time avoid the postulation 

of reactions like (?), Taylor has recently suggested 

(113) that it is possible that methane formation occurs 

by 

H 

H 

+ 

+ 

(13) 

(14) 

Rice and Teller (82) also favour this mechanism on 

theoretical grounds. Steacie and Phillips have pointed 

out (9?) that there are difficulties in applying this 

mechanism to the mercury photosensitized decomposition 

of ethane, but these are probably not insurmountable. 

It is apparent from the above discussion that 

the decision as to the relative probabilities of the 

reactions 

H 

and H 

+ 

+ 

C2H6 -->~ CH3 

c 2H5--)~ 2 CH3 

+ 

carries with it the fate of practically all the Rice 

mechanismso Further information is therefore highly 

desirable, and with this in view experiments have been 

made on the reaction of hydrogen atoms vrith propaneo 
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'EXPerimental 

The experimental work was done with an 

apparatus of the Vfood-Bonhoe:rt·er type l1'igure 2) • 

Hydrogen atoms from the discharge A were mixed with 

propane in the reaction chamber c. The products were 

pumped off and condensed out in the trap system (figure 3). 

Purification trains and flow regulation 

systems are shown in figure 1. Hydrogen ilvas taken 

from a commercial cyclinder J, by means or a reducing 

valve. It was passed through a quartz tube charged 

with platinized asbestos heated electrically to about 

500°0. The gas then passed through a blow-off trap 

L, through a trap M surrounded by liquid air to remove 

water vapour and impurities and finally gained access to 

the discharge by diffusing through the calibrated flow

meter F. 

The propane was taken directly from a tank 

obtained from the Ohio Chemical and Manufacturing Com-

pany. The hydrocarbon was found to be nearlv 99.8 % 

pure, and was used therefore vdthout_further purification. 

Due to a shortage in the·number of tanks, the gas was 

generally kept stored in the ten litre volume v1 • Be

fore making a run some propane was first expanded into 

v2 and v3 , then v1 was closed off. The volume of 

propane passing the calibrated flo~~eter F2 in a given 
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time was ~ept at a constant value by keeping a constant 

pressure head in v3. This was accomplished by ex-

:panding ·gas from V 2 through the needle valve R at such 

a rate that the right arm of the absolute manometer P 

showed a reasonably constant reading throughout an ex-

periment. 

The ratio or the reactants could easily be 

changed at will. To vary the propru1e flow rate it 

was only necessary to change the constant head in V~, 

and to change the hydrogen flow required only adjusting 

the depth of the blow-off tube in the· trap L. 

The hydrogen atoms were formed in the high 

voltage discharge tube A, (figure 2), which consisted 

of a pyrex·tube of 2.5 cm. bore, to which were sealed 

side tubes containing the aluminium electrodes E. The 

cyclindrical el~ctrodes were attached to stout platinium 

wires which passed out through the glass by means of 

tight de Khotinsky seals. The discharge was operated 

with an applied voltage of 3500 across the tube and a 

5000 ohm resistance. The current was maintained at 

200 milliamperes by means of a rhostat in the primary 

of the transformer. 

To get maximium efficiency the discharge was 

as near as possible to the reaction tube c. 
reaction chamber C had a diameter of 7 cm. and a length 
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of ?0 cm., and was surrounded by an electric furnace 

which could be slipped up and down the tube to permit 

observation when the efficency of the wall poisoning 

etc. was being tested. Two tubes entered the re-

action vessel from below, one of which ( not shown) 

contained a thermocouple; the other (F) served as an 

inlet for the propane. 

The successful operation of this method of 

atomic reaction investigation requires the prevent-ion 

of too fast a recombination of atoms on the walls of 

the apparatus. In this case the poisoning was 

accomplished by coating the wall with phosphoric acid. 

This involved cutting .off the tube ends G and H and 

removing the tube F, by loosening the ground glass 

joint D. Consider-able quantities of distilled ·water 

were poured through G and escaped by the drainage tubes 

H and the opening D. This was followed by a cleansing 

rinse with fuming nitric acid, then with distilled 

wa'ter. A 5 ~b phosphoric acid solution follO"vved and 

when the whole surface was well wetted by this reagent, 

the system was sealed up and dried by evacuation. This 

treatment left a coating of metaphosphoric acid on the 

walls which under higher working temperatures probably 

dehydrated to phosphoric anhydride. At any rate the 

poisoning insured a good working concentration of ato~ 
~ 

for some months providing the temperatures used were 
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not above 250°0. Above this temnerature the anhydr-

ide slowly distills to cold parts of the apparatus. 

The hydrogen atom concentration in the re

action vessel was measured with the Wrede guage B. 

This was of the usual type (123) and consisted of a 

tube with a very fine orifice situated in the reaction 

vessel, and an arrangement of stopcocks by which the 

inside or outside of the orifice could be connected 

to a Pirani guage at will. 

The diameter of the orifice was small relative 

to the mean free path of hydrogen, thus when a mixture 

of hydrogen atoms and hydrogen molecules were present 

in C a pressure gradient was set up ac.ross the orifice 

due to the different diffusion rates qf hydrogen atoms 

and hydrogen molecules. The pressure gradient could 

be measured on the Pirani guage w'hich l!'ras calibrated 

with the McLeod guage. Thus, knowing P1 the pressure 

inside and P2 the pressure outside, the percentage atoms 

is given by 

100 (P1 - P 2 ) 

pl (1 - 0.5{2) 

The atom concentration deter.minations could 

not be made during a run as the propane molecules present 

would upset the above relation. Therefore, measurements 
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were made under nearly identical conditions of pressure, 

tempera~ure,_ discharge current and poisoning. The 

absence of the propane made no great difference in 

pressure conditions as the ratio H
2 

: C3Hg was high 

in most experiments. 

The size of the reaction vessel and the speed 

of the pumping was such that the contact time was of 

the order of one second. After leaving the reaction 

vessel the products passed through a trap S {figure 3) 

at -l83°C 't¥hich removed high boiling products such as 

propane and most of the ethylene and ethane. The 

remainder passed the trap T and the three stage steel 

mercury diffusion pump. This had a very high speed 

and could maintain a pressure of 0.35 mm. in the 

apparatus when hydrogen was admitted at the rate of 

35 c.c. at N.T.P. per minute. After leaving the 

diffusion pump the low boiling products were largely 

removed by the silica gel trap Z which was kept at 

-l83°Co The unadsorbed gas passed out through the 

Kyvac pump. The trap T had no function during a 

run but acted as a permanent drying trap. Cooled by 

mixtures of acetone and dry ice, it served between 

runs to prevent water vapour and grease from getting 

into the pump and the silica gel. The diameter of 

all tubing in the pumping and trapping system was about 

2 cm. All stopcocl(S were of corresponding large bore. 
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At -cne end o:r a run, which normally lasted 

about two hours, the traps S and z were allowed to warm 

up to room temperature. T·he products were pumped off 

into a gas holder by means of a Toepler pump attached 

to the joint G1• In practice it was necessary to 

pump off the contents of each trap separately, other

wise the propane and ethane in S quickly distilled over 

to the silica gel in Z, vvhere a great deal of hand pump

ing was required to remove it. 

Trials showed that virtua..L..Ly a..L..L o1· the 

methane was trapped out in the silica gel as well as 

a sma..L.L 1·raction of." the hydrogen passedt 

The products in the average experiment 

amounted to 500 - ?00 c.co A lOO c.c. sample was 

subjected to absorption analysis in a Burrell gas 

analysis outfit. This was done in order to keep a 

check on traces of CO, C02, C2H2 produced. Also when 

the volume of ethylene produced was too small to be 

measured with any accuracy by distillation, its quantity 

could be checked by ordinary absorption methods. The 

remainder of the products were di.stilled in a Podbielniak 

low temperature apparatus. At first the mixture gave 

a great deal of trouble. Due to the presence of a 

considerable amount of hydrogen the mixture could not 

all be got into the still at once and would only pass 
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in as the hydrogen was bled off. Often ttfreeze-ups" 

occurred in this process o.r in the distillation proper 

These vvere traced first to a small percentage .of water 

vapour in the products and later alsb to the 0.5 % 

C02 which the mixture contained. Thus, it was 

found necessary to remove any water vapour and carbon 

dioxide in the mixture by passing the gas over a tube 

of nareieriten and soda lime before admitting it to 

the still. Once in the column the distillation pro-

ceeded in the usual manner. The first fraction 

which consisted of methane and hydrogen, was subjected 

to combustion analysis in order to determine the percent

age of the former product. 

Si~~een runs were made at the four temperatures 

30°C, 100°c, l?0°C, 250°C. The experimental conditions 

of the different runs are given in Table I. 
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Table I 

Experimental Conditions 

A\fbk Propane Hydrogen 
Temper- flow flow· 

Run ature Cone en- c.c./seo c.c./sec. 
No. oc Pressure tration at N.T.P at N.T.P. 

1 33 0.36 22 0.0690 Oo517 

2 31 0.36 22 0.0688 0.539 

3 30 0.36 22 0.0674 0.521 

4 32 0.36 22 0.0678 0.521 

5 32 0.36 22 0.0603 0.515 

6 30 0.36 .22 0.0370 0.507 

7 31 0.36 22 0.115 0.501 

8 lOO 0.36 19 0.0687 0.526 

9 lOO 0.35 l<o1 0.0692 0.510 

10 172 0.36 16 0.0705 0.526 

11 171 0.36 16 Q.0670 0.521 

12 170 0.36 16 0.0698 0.526 

13 170 0.36 16 0.0708 0.,524 

14 250 0.36 12 0.0693 0.505 

15 250 0.36 12 0.0698 0.524 

16 250 0.36 12 0.0700 0.524 
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Results 

The analyses of the reaction products are 

given in Table II. A trace of acetylene was found 

on some occasions, but no significance can be attached 

~o 1ts presence in such small quantity. 

When the analytical results are translated 

into terms of propane decomuosition we obtain the values 

shown in Table III. 

When these values are averaged we obtain 

Table IV. This shows the best values for reaction 

products and the total percentage decornposi tion of 

propane at the various temperatures. 

The first results obtained revealed two 

striking·facts. Firstly no ethane was found in the 

products of the runs at room temperature and secondly 

the reaction did not seem to yield any products heavier 

than propane. As these were important points they 

were checked with considerable care. 

The still head used on the Podbielniak 

apparatus was redesigned. A tight fitting metal 

spiral was fitted into the space between the cooling 

jacket of the head and the column. Also, the hole 

through wh~ch the column passed in the lower part of 

the head was made so ·small as to be nearly flush with 
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Table II 

The Products of the Reaction 

Products, mole :per cent 

Run CH c~ C2H4 002 C3H8 
No. 4 

1 23.2 • • • • ... ·- 1.0 75.8 

2 21.8 • • • • . . . . 0.5 77.7 

3 18.0 • • • • .0.7 0.3 81.0 

4 22.5 • • • • . . . . 0.5 ?7.0 

5 19.2 .. . . . •••• 0.5 80.3 

6 25.8 • • • • . . . . 0.3 ?3.9 
(b) 

7 12~8 •••• • • • • 0.3 86.9 

8 13.5 3.2· 0.8 0.5 82.0 

9 12.5 5.7 o.s 0.5 80.5 

10 9.7 11.7 1.4 0.6 76.6 

11 9.2 12.5 2.0 0.6 75.7 

12 8.8 10.1 1.5 0.6 ?9.0 

13 8.8 12.2 1.8 0.6 76.6 

14 •••• • • • • 3.3 0.7 • • • • 

15 7.1 14.3 3.2 0.7 74.5 

16 5.7 14.0 3.2 0.6 76.3 

(b} The ratio H2;c3
H8 

was varied in these 

runs, see Table I. 
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Table III 

Per cent propane converted to 

CH4 Cz~ C2H4 002 Total % 
Run No. H.eaction 

1 9.2 • • • • • • 0 • • • ·o.4 9.60 

2 8.5 • • • • • • • • • • 0.2 8.70 

3 6.9 ••••• 0.50 Oo15 ?.55 

4 8.9 • • • • • • •••• 0.2 9.10 

5 7.4 • • • • • • • • • • 0.2 7o60 

6 10.4 • • • • • • • • • • Oo15 10.55 

7 4.7 • • • • • • 0 • • • 0.15 4.85 

8 5.03 2.52 0.60 0.20 8o35 

9 4.68 4.26 0.60 0.20 9.74 

10 3.64 8.78 1.05 0.22 13.69 

11 3.42 9.41 1.50 0.23 14o56 

.12 3.28 7.50 1.10 0.22 12.10 

13 3.33 8.45 1.36 0.22 13.38 

14 • • • 0 • • • • • 0 • • • • • • • • • • 0 • • 0 • 

15 2.66 10.74 2.40 0.26 16._06 

16 2.12 10.38 2.3? 0.22 15.09 
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Table IV 

Averaged per cent conversion to: 

Temper-
Total % at~e CH· C2H6 o2:a4 C02 Run No. c .4 Reac-cion 

1,2,3,4,5, 32 8.2 ••••• • •••• 0.2 8.5 

8,9, lOO 4.9 3.4 0.6 0.2 9.1 

10,11,12,13, 1?1 3.4 8.5 1.2 0.2 13.3 

14,15,16, 250 2.4 10.6 2.4 0.2 15.? 
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the column. This modification gave better control 

over the cooling,for less liquid air passed do\vn the 

column and some could be made to pass up around the 

spiral and out the top. These changes, along with 

adjustment of the position of the thermocouple, de

creased the time-temperature lag and generally in-

creased the accuracy of t~e analysis. Several 

"blanks" on synthetic mixtures containing only small 

percentages of ethane showed that it was not possible 

to miss 1 % ethane in a sample of the usual size em

ployed. Generally 0.5 %ethane cbuld-~be detected. 

These tests along with several combustion analyses on 

the first part of the propane fraction proved beyond 

a doubt that the amount of the· ethane present did not 

exceed 0.5 % of the total· products. 

The absence of hydrocarbons heavier than 

propane in quantities greater than 0.5 76 was proved 

by a few combustion analyses on the heavier part of 

the distillate. A slight oiline-ss of the mercury 

in the Toepler pump was observed after several runs. 

This led Go the belief that a trace of hexane was 

probably present. 

From the conditions of experiment given in 

Table I and the total percentage decompositions appear

ing in Table III it was possible to calculate the 

collision yields and the activation energy of the 
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primary reaction. This calculation, naturally, rests 

on the reasonable assumption that the initial reaction 

between hydrogen atoms and propane is the rate govern

ing step, eventually leading to the various products 

by a series of much faster reactions. The results 

of these computations and the various preliminary steps 

leading up to them are shovvn in Table Vo 

Knovling the amount of propane and hydrogen at 

N.T.P. flovJing per second, the percentage of atoms 

present and the experimental conditions, it is possible 

to calculate the total flow of gas at the temperature 

and pressure of the experiment. From a lcnowledge of 

the size of the reaction vessel, which was 1370 c.c., 

the contact time is calculated. Then from the 

fraction of hydrogen atoms present and the total 

pressure, we get the partial pressure of hydrogen atoms 

in the system and the number of atoms per cubic centi-

meter in the reaction vessel. We then calculate 

ZC3H8 , H, the number of collisions made by one propane 

molecule with hydrogen atoms in one second. 

obtained from the relation (36,11) 

This is 

• RT NH 
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Table V (a) 

Calculation of Collision Yields and Activation Energies 

Total 
flow 
cc./seco 
at exper- Partial 
mental :pressure 

conditions of 
Temper- (corrected Reaction hydrogen 

Run ature for presence time, atoms 
No. oc of atomS) sec. cm. 

1 33 1540 0.890 0.00?1 

2 31 1580 0.868 0.0071 

3 30 1529 0.895 0.0071 

4 32 1530 0.895 0.0071 

5 32 1512 0.907 0.0072 

6 30 1420 0.965 0.0074 

7 31 1590 0.861 0.0066 

8 100 1880 0.729 0.0061 

9 100 1880 0.729 0.0059 

10 172 2210 0.620 0.0051 

11 171 2170 Oo63l 0.0051 

12 170 2180 0.628 0.0051 

13 170 2180 0.628 0.0051 

14 25.0 2450 0.559 0.0038 

15 250 2540 0.540 0.0038 

16 250 2540 0.540 0.0038 
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Table V (b) 

Calculation of Collision Yields and Activation Energies 

z 
Zc H H 

C3H8 ,:a. 
RUn. 3 8' Reaction % Jollision E. Kca1 
No · ---2. seco time ReactiJ.on Yield. A =. 0.1 

1 1.84 X 106 1.64 X 106 9.60 5.85 X 10 -8 8.? 

2 1.85 X 106 1.61 X 106 8.70 5.40 x 10-8 8.7 

3 1.85 X 106 1.66 X 106 ?.55 4.55 X 10-8 8.7 

4 1.85 X 106 1.66 X 10
6 

9ol0 5.50 X 10-8 8.7 

5 1.8? X 106 1.?0 X 106 ?.60 4.45 X 10-S 8o8 

6 1.92 X 106 1.85 X 106 lOo 55 5.?0 X 10-8 8.6 

? 1.?2 X 10 6 1.48 X 106 4.85 3.30 X 10-8 9.0 

8 1.44 X 106 1.05 :X: 106 8.35 ?.95 X 10-8 10.4 

9 1.39 :X: 106 1.01 X 106 9.74 9.65 :X: 10-8 10.2 

10· ·1.10 :X: 106 6.82 X 105 13.69 2.00 :X: 10-? 11.6 

11 1.10 X 106 6.95 :X: 105 14.56 2.10 X 10-? 1lo5 

12 1.10 X 106 6.90 X 105 12.10 -? 1.?5 X 10. 11.? 

13 1.10 X 106 6.90 X 105 13.38 1.95 X 10-? 1lo6 

14 

15 7.55 X 105 4.08 X 105 16.06 3.95 X 10-'7 12.9 

16 ?.55 X 105 4.08 X 105 15.09 3.70 X 10-? 13.0 
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Vfllere the d's are the molecular diameters and theM's 

are the molecular weights. Assuming the diameter of 

the propane molecule to be 4o2 x 10-~ cm. (114) and 

the collision diameter of a hydrogen atom to be 

2.14 X lo-a th• . d t cm., ~s express~on re uces o 

(constants) NH {T 

and since the number of atoms is a function of the 

partial pressure of the hydrogen atoms and the temper

ature, we have finally 

whence we get the values given in column 2 Table V (b). 

We then get the number of collisions occurring during 

the reaction time. The next column gives the percent-

age reaction. The collision yield of the primary 

step is calculated next and the last colm1m gives the 

activation energy, computed from the collision yield 

according to the relation 

collision yield = Ae-E/RT, 

the value of E being calculated on the assumption that 

the steric ·factor is 0.1 in this case. 
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The Reaction of Deuterium Atoms with Propane 

Pe.rusal of Table V in the previous section 

shows that in the temperature range between 30°C and 

250°C the activation energy varies from 9 to 13 Koal. 

Among other explanations for this variation we cannot 

neglect the possibility of some propane re-forming 

reaction. 

The work of Steacie and Phillips {94) and 

of Trenner, Morikawa and Taylor (116) indicate that 

ethane exchanges with deuterium· aton1s according to the 

reactions: 

+ + 

+ 

BD (1) 

( 2) 

Experiments point to a value of about 9 Kcal. for the 

activation energy of (1). Trenner, Morikawa and 

Taylor's results proved that this reaction was not 

appreciable below 100°0, being superseded by the chain 

breaking step; 

+ + 

at low tempera~ures. 

Now assuming that propane behaves in an 

analogous manner we might expect a chain breaking re-



action at low temperatures which at high temperatures· 

would ~e accompanied by an exchange process. As 

the apparent stoichiometric result of the exchange 

reaction w~ould be zero, the apparent activation energy 

of the overall decomposition v1ould be exoected to rise 

with increasing temperature. Above all it must be 

admitted that no value for the activation energy of 

any reaction can be accepted as reliable tmtil the effect 

of any back reaction has been assessed. 

It was thought that a study of the reaction 

between deuterium atoms and propane might be profitable 

from the follo·wtng vie·w-points: 

(1) To investigate ru1y exchange reac~ion taking place. 

(2) To correct the values for the activation energy 

of the hydrogen atom-propane reaction for any 

reverse process. 

(3) To study the deuterization.•.of the methane· and 

ethane products in the hope that some light might 

be shed upon the nature of secondary processes. 

E:x;perimental 

The apparatus used in the following experiments 

was essentially that shown in figures I, II and III. The 

teclmique of operation v1as almlbst· identical with that 

described in the previous sectiono 
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As before, 99.8 7:b propane -qas used and gained 

access to the reaction vessel C by passing through the 

flow regulation system shovm in figure I (N,O,R,P). 

The deuterium used was obtained from 99.6 ~:; Norwegian 

deuterium oxide by tr~ating it with C.P. calcium metal 

turnings. The deuterium oxide was allowed to drop 

onto the calcium from a small separatory funnel. The 

deuterium bubbled through a mercury trap and after be-

ing dried in ~ liquid air jrap passed to storage volumes. 

The hei-ght of the mercury in the bubble trap just ex

ceeded the head of ·water vapour at room temperature and 

thus prevented mass distillation of deuterium oxide into 

the liquid air trap. Cold tap water circulating in a 

copper spiral about the calcium tube also prevented the 

deuterium oxide from distilling into neighbouring parts 

of the apparatus. This apparatus appeared to be fairly 

practical, as it did not require much attention and was 

free of the explosion hazard which the use of sodium 

involves. 

Vllien a run was to be made, about a litre of 

the dry deuterium was pumped off into a gas-holder and 

was fed directly into the flowmeter F1 without further 

purification. It was not thought necessary to change 

the flowmeter F1 which was the one used in the hydrogen 

atom reaction. Actually the rate of gas flow under 

the same pressure head was smaller in the ratio of 1;~ 
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but the conditions in the reaction vessel 111ere not 

appreciably changed for the following reasons. If 

the pressure is kept the same, deuterium wtll flovv 

through the apparatus slo\ver than hydrogen and vdll 

take more time to get from the discharge to the re-

action vessel. During this time, however, it will 

undergo less collisions on account of its lower mole-

cular velocity. These two effects nearly balance, 

and there will be no annreciable difference in the :. .. -
number of collisions undergone by hydrogen or deuterium 

atoms (or molecules) while travelling between the dis

charge tube and the reaction vessel. Also, the act-

ivation energies of the recombination reactions 

H + 

and D + 

will not differ appreciably since atoms have no zero-

point energy. In view of these considerations any 

atom concentration determinations and other tests were 

made with hydrogen. In any case, the.possible error 

from this source is negligible compared to the uncertain

ties in the atom concentration due to fluctations in 

the activity of the walls. 

In the runs at room temperature the trapping 

was modified slightly. Both traps S and T were kept 

surrounded by liquid air. It was found that this 



-?3-

effected a perfect separation of the propane and the 

methane. The ~ropane could be frozen off easily into 

a tube attached to the joint G1 • The methane along 

with the considerable amount of deuterium adsorbed by 

the gel was pumped orr into a gas-holder. 'I'he propane 

was carried to the combustion apparatus, burned in the 

usual manner, and the water saved for analysis. 

It was found possible to separate most of the 

deuterium from the methane by passing the mixture 

through the Podbielniak apparatus and carefully drawing 

off the deuterium while using maximum cooling. The 

remaining methane, which contained a little deuterium, 

was combusted quantitatively and the water preserved. 

The methane generally contained from 1 to 5 % deuterium, 

thus a small correction had to be made. Hovvever, as 

one molecule of methane yields twice as much water as 

one molecule of deuterium the correction is never large. 

It is realized that the deuterium mixed with the methane 

would not be pure, but in view· of the ratio 6 : 1 between 

the deuterium and the propane used, and the relatively 

small percentage reqction, the deuterium certainly 

would not be less, than 90 (;/o heavy. 

In the: highex temperature runs, the only diff

erence was that all of the products were pumped off 

into the gas~holder together and then the deuterized 

methane, ethane and propane were separated by distillation 
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Table VI 

Experimental Conditi-ons 

(%) Propane Deuteri UJ.ll 
Temper- Atom flow flow 

Run ature Cone en~ cc··./sec. cc./s.ec. 
No. oc Pressure tration at N.T.P. at N.T.P. 

1 30 0.35 22 0.0690 0.370 

2 30 0.35 22 0.0693 0.370 

3 30 0.35 22 0.0698 0.370 

4 30 0.35 22 0.0700 0.370 

5 170 0.35 16 0.0692 0.370 

6 170 0.35 16 0.0708 0.370 

7 250 0.35 12 0.0700 0.370 

8 250 0.35 12 0.0692 0.370 
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and burned separately. 

The experimental conditions of the various 

runs are listed in Table VI. 

The Deuterium Analysis 

The deuterium oxide-water mixtures obtained 

from burning the reaction products were analysed in an 

apparatus of the Harteck (34) type (figure 4). The 

principle of this method, which was first used by Geib 

and Steacie, is based upon the difference in vapour 

pressure and heat conductivity of deuterium oxide and 

water. In practiae standard mixtures of deuterium 

oxide and water, and miknovms are introduced into the 

apparatus by ground joint connections. The samples 

are distilled separately back and forth between the two 

traps under a vacuum of about 10-4 mm. of mercury. 

Some ten distillations generally ensures the removal 

of all dissolved or adsorbed gas, after which the 

purified water is frozen into one of the storage bulbs. 

When an analysis is to be made the metal 

block is cooled to liquid air temperature, then quickly 
I, 

surrounded by a Dewar jar filled vdth pre-cooled satur-

ated brine. An ice-salt eutectic quickly freeze.s 

around the block and serves for some hours as a reliable 

constant temperature source. The Pirani-guage tube 
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Figure IV 

Harteck Apparatus for Analysis of Deuterium Oxide-

'{ater :Mixtures. 
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is surrounded bv a well stirred ice solution. To 

make a determination, a small runount of vapour from 

a sample .is allowed to enter the thermostated system. 

The resistance of the Pirani filament is measured. 

Theoretically the percentage of deuterium oxide in a 

certain sample is nearly a straignt line function of 

the resistance of the filament. Thus the exchange 

figure for any sample is found by very simple calcul

ations. ~aturally. the method is susceptable to drift 

etco and the accuracy cannot be pushed much further 

than 0.5 %. 

Results 

The results of the analyses of the various 

reaction products are given in Table VII. 

As methane and propane were the only products 

of the runs at 30°C, complete separation of the hydro

carbons was easy. The experiments at higher temper

atures yielded considerable ethane which was Aighly 

deuterized. In runs 5, 6 and ? the uncertain end 

fractions were discarded and only the middle cuts were 

preserved for analysis, In the Podbielniak apparatus 

used;the cut betw-een methane and ethane was always 

quite sharp but propane and ethane could not be separated 

so completely. In runs 5, 6 and ? the first 30 or 40 c.co 
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Table V!! 

% deuterization 

Fraction 
Temper- A+ B Corrected 

Run '"'ature CH4 C2Ho. C3Ha C3H8 
No. oc 

1 30 • • • • absent • • • • (o.5 

2 30 55.0 absent •••• (o.5 

3 30 62.3 absent •••• (o.5 

4 30 56.5 absent • • • • (o.5 

5 170 high 52.8 3.4 (o.5 

6 170 high 65.8 2.5 (o.5 

7 250 high 54.0 2.2 (o.5 

8 250 high • • • • • • • • (o.5 
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6f the propane fraction was discarded. The small 

percentage deuterization of propane in these runs 

pointed to two possibilities; either the propane was 

exchanged about 2.5 % or it was undeuterized but con

taminated with a small amount of deutero-ethane from 

the previous fraction. 

To settle this poi~t some highly deuterized 

ethane was prepared by thermally equilibriating ethylene 

and excess deuterium. This prepared ethane was mixed 

with ordinary propane and distilled. .An end fraction 

of 35 c.c. containing ethane and propane was taken as 

in runs 5, 6 and 7 and then three successive 35 c.co 

fractions of propane A, B and c. These samples were 

taken and analysed for deuterium content. ·when run 

number 8 was made, a similar set of 35 c.c. fractions 

were tru{en and analysed. The detailed results of the 

analyses of the fractions from the blank and from 

number 8 appear below. 

% deuterization 

C2H6 C2H6 + C3Hg Fractions C3H8 
Run No. 

A B c 
Blank 49.0 25.0 7.8 (o.5 (o.5 

11 8 20.1 5.9 <o.5 •••• 

These results showed that some of the deutero-ethane 

was contaminating the second fraction and that a third 
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fraction was almost entirely free of deuterium. The 

propane samples analysed in the case of runs 5, 6 and 

? correspond roughly to the two fractions A t B com

bined. Thus, by making use of the data on the exact 

size of the fractions taken in these runs, and the 

deuterization found in A and B of the blank (and# 8}, 

it was possible to correct for contamination from the 

ethane fraction. The corrected value for the propane 

exchange appears in the extreme right hand column of 

Table VIIt 

Due to the small yield of methane at the 

higher temperatures, it vvas found very difficult to 

separate enough of it from the hydrogen and deuterium 

to give a reliable analysis. vVhere determinations 

were made high exchanges were indicated. 
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THE REACTION OF OXYGEN ATO~E WITH METHANE 

There is considerable uncertainty regarding 

the theorical basis of the oxidation reactions of the 

hydrocarbons. According to the hydroA7lation theory, 

which was proposed by Bone (?),and has been mainly 

upheld by him and his co-worl(ers, the fundamental re

actions in the oxidation of methane are 

+ ~ 02 --)~ CH30H 

+ i 0 2 ) H
2

CO + 

(1) 

(2) 

The peroxidation theory (18) assumes, on the other 

hand, that the first stage in oxidation reactions is 

the formation of an unstable peroxide which initiates 

chain processes by means of ·which reactivity is handed 

on from the active products (peroxides) to the react

ant molecules. 

Neither of these theories is wholly satis

ractory, and Norrish (5?) has sugges~e~ a ~neory which 

is somewhat of a compromise between the other two. 

He suggests that the initial steps in the oxidation of 

methane are 

0 + CH4 > CH2 + H2o (3) 

+ 02 -~>CH2 0 + 0 (4) 
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thus setting up chain processes in which the carriers 

are methylene radicals and oxvgen atoms. 

If Norrish's assumptions are correct, then 

it should be possible, by the Wood-Bonhoeffer method, 

to cause reaction (3) to occur to a large ext~nt by 

introducing atomic oxygen in high concentration into 

methane. If under these circumstances reaction (3) 

occurs largely, then in addition to reaction (4) there 

is also the possibility of 

(5) 

No direct information is available as to 

rate of reaction (5), but its occurrence has been 

suggested by Kassel (42) as a step in the decomposition 

of methane. Kassel suggests a mechanism for the 

methane· decomposition which fits the experimental data 

excellently. The arguments on which this mechanism 

is based lead to the conclusion that reaction (5) has 

the high activation energy of 44 Kcal. Of course, 

a successful mechanism is not necessarily unique, and 

the evidence that E5 is 44 Kcal. is thus rather speculative. 

Belche,tz and Hi deal ( 5) investigated the 

primary split of methane into radicals at high temper

atures and concluded that the primary reaction was 

(6) 
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On the>P.other hand, Rice and Dooley (?5), using the 

Rice technique, were unable to detect the methylene 

radical, and found only methyl radicals in the methane 

decomposition. They consider the primary split to be 

H (?) 

They also discuss the possibility of the methyl radicals 

having been formed by secondary processes. If this 

is so, then t-he absen·ce of methylene radicals in their 

experiments must be ascribed to either reaction (5) or 

+ ( 8) 

being fast enough to keep the concentration of methylene 

radicals down to a low value. They show that for this 

to occur either reaction (8), or more likely (5), would 

have to have an activation energy less than 13 Kcal., 

"h~ch they consider to be too low. 

The concensus of opinion is thus that reaction 

(5) is a rapid reaction, anq that the discrepancy be

tween the work.of Rice and Dooley and that of Belchetz 

and Rideal might be ascribed to its occurrence. 

It follows that if the primary step in the 

oxidation is that postulated by Norrish, as appears 

likely, then there is the possibility of ethane form-

ati6n by reaction (5). If this were found to be the 
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case it would lend support to the Norrish mechanism, 

and at the same time approximately define the activ-

ation energy of reaction (5). If no ethane were 

found, the result would be somewhat inconclusive, 

since its absence crould be due to nonoccurrence of 

either reaction (3) or (5). It appeared, however, 

to be worth investigating the possibility of the 

occurrence of ethane in the reaction of oxygen atoms 

with methane. 

The reaction of oxygen atoms with methane 

has been investigated by Harteok and Kopsch (35). 

They used the usual Hood-Bonhoeffer type of apparatus, 

and froze the condensable :products out of the flowing 

stream by means of a liquid air trap. With this 

method the only condensable products were carbon dioxide 

and water, since carbon monoxide and ethane would have 

passed through the trap and been lost. They found 

more water than carbon dioxide, approximately in the 

ratio of 2 : 1 by weight, instead of 1 : 1.22 as 

required if the reaction went completely by 

40 + + 
They therefore concluded that carbon monoxide was 

formed as well. From the water formed they calculated 

the following percentage oxidation of methane in 

various experiments. 
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Temperature, 0 c 30 lOO 189 

% methane rea9ted 1.0,0.9,1.1 2ol,2.Q 5.9,6.5 

The oxygen atom concentration in tnese experiments was 

approximately 30 56. The carbon dioxide formed must 

have come from some intermediate product, such as formic 

acid, since the oxidation of carbon monoxide by oxygen 

atoms is quite slow. The results indicated an activ-

ation energy for the reaction of approximately 7 Kcal. 

(27). 

Experimental 

The apparatus was essentially the same as that 

tsed in the previously mentioned investigations of hydrogen 

and deuterium atom reactionso The current through 

the discharge was maintained at 320 milliamperes. In 

these experiments no attempt was made to measure the 

oxygen atom concentration, since the main purpose of the 

investigation was the determination of the products of 

reaction. Als9, it is doubtful vvhether the \'ire de 

guage '· used in l;l.ydrogen atom determinations, vvould 

function properly with oxygen. Due to the smaller 

mean path of oxygen, the orifice used would have to be 

exceedingly small, This would introduce susceptibility 

to clogging, and difficulties due to the long time 
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required for reaching equilibrium. However, from 

the intensity of the afterglow, as compared with 

previous observations of the same kind with b1o~n 

oxygen atom concentrations, there was approximately 

20 % atoms at room temperature. The uncertainty · 

in this value is certainly less t~an a factor of 2o 

The walls of the apparatus were poisoned 

by.rinsing with a 5% solution of phosphoric acid in 

the usual v1ay. Tank oxygen was used. It contained 

no appreciable impurity other than a small amount of 

nitrogen and the rare gaseso The oxygen was admitted 

to the discharge through the blow-off tube and the 

calibrated capillary flowrneter F1 (figure I). Methane 

was secured in cylinders from the Ohio Chemical and 

Manufacturing Company. It was purified by rough 

distillation in the trap 0 (figure I). The first 

third fraction was pumped off, the middle third was 

kept and stored in the volume v1 and the heavy third 

fraction was discarded. The purified methane gained 

access to the reaction chamber by means of the same 

flow regulation system used for propane in the previous 

experiments. 

The products of the reaction Vl]'ere trapped 

in the usual manner. Trap S (figure 3) was kept at 

-80°C in order to remove easily condensable products. 
. 0 

The large silica gel trap Z cooled to -183 .C served 
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to remove methane ~d other low boiling gases. 

It was soon found that no heavy products 

were deposited in the first trap. .At the end of an 

experiment, therefore, tr&p Z was allowed to warm up 

and the gas desorbing was expanded into the large 

storage volume v4 • The remainder of the gas held by 

the gel was pumped off through G1 by means of a Toepler 

pump and added to the calibrated volume v4 by pumping it 

in through Ga• The total volume of the products then 

could be found from the pressure of the gas in v4 , which 

was registered by an open manometer. 

Blank runs showed· that all the methane and 

about 85 % of the oxygen were trapped by the -gel. It 

was safe, therefore, to assume that all gases vdth boil

ing points higher than that of methane would be completely 

recovered. On account of its comparatively small 

amonnt, carbon monoxide was also compl·etely recovered o 

(It should be noted that in spite of its slightly lower 

boiling point, carbon monoxide Iis more str.ogg;Ly adsorbe_d·., 

by silica gel than is oxygen (54). 

Analyses of the gaseous products were made in 

a Burrell gas analysis apparatus for oxygen, carbon di

oxide, unsaturated hydrocarbons, carbon.monoxide, and 

saturated ~ydrocarbons. The hydrocarbon fraction of 

the reaction products was analysed in a Podbielniak 
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Table VIII 

Experimental Conditions 

IVIethane Oxygen 
Temper- flO\V flow Methane 

Run atg.re Pressure cc./sec cc/sec. used ~ t• 
No. c IDino at N.T.P at N.T.P cc. ~1aft4 

1 37 0.32 0.0628 0.250 415 4.0 

2 200 0.34 0.0628 0.254 550 4.0 

3 201 0.33 0.0632 0.248 608 4.0 

4 303 0.33 0.0630 0.254 69? 4.0 

5 330 0.35 0.0632 0.250 490 4.0 

6 315 0.32 0.0630 0.248 700 4.0 

Volume of reaction vessel 1370 c.c. 

Atom_concentration 20 %. 
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apparatus. As large quantities of oxygen interfered 

with the distillation, it was necessary to remove it 

before admitting the mixture to the still. As carbon 

dioxide is solid at liquid air temperatures and sublimes 

at atmospheric pressure, it is obvious that it would 

not only freeze in the column but also be irnpossible 

to fractionate. Thus, these gases were removed prior 

to the distillation by shaking the sample with a 

sodium-hydrosulphite--:potassium hydroxide solution 

followed by passage through a drying tube. This pro

cedure was very laborious and time consuming as the gas 

desorbed from the silica gel contained much more oxygen 

than hydrocarbon. Due to the low efficiency of the 

best oxygen absorbers and the large quantity of gas to 

be washed, qrdinary bubble methods could not be used 

with success. 

Results-

The experimental conditions of the six ex-

periments made are given in Table VIII. Table IX 

shows the products of reaction calculated as percentage 

methane converted, as well as the total percentage 

reaction. 

To be doubly sure of the absence of all 

products heavier th~ methane, combustion analyses 
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Table IX 

Products of the Reactions 

Percentage CH4 converted to: 

Temper- C2H6 or Total per-
Run ature C02 centt;;ige 
No. oc CO Heavier reaction 

1 37 10.5 • • • • None 10.5 

2 .zoo 27.1 5.7 None 32.8 

3 201 28.1 7.3 None 35.4 

4 303 33.4 21.9 None 55.3 

5 330 30.2 19.2 None 49.4 

6 315 31.3 19.7 None 5lo0 
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were made (in runs 4, 5, and 6) on the last fraction 

taken off in the distillation. These tests all con-

firmed the absence of ethane. It is perhaps signifi-

cant also that no appreciable quantity of formic acid, 

formaldehyde or any other intermediate oxidation pro

duc.t vvas detected. 

It will be seen from Table IX that the 

amount of earbon dioxide formed is in good agreement 

vrith the findings of Harteck and Kopsch. These in-

vestigators could not determine carbon monoxide with 

their experimental a~angement and thus inferred its 

a~ount from the water formed. Our results indicate 

a considerably greater formation of carbon monoxide 

than inferred by them. This is possibly due to the 

absorption of water on the walls, which may have cut 

do\vn the observed water formation in their work. In 

our case water could~ot be determined since the walls 

of the apparatus were poisoned with a solution of phos-

phoric acid. Part of the discrepancy is due also to 

the fact that we used a larger reaction vessel and hence 

the contact time in our work was greater than in theirs. 

They did not calculate collision yields from their ex

periments, so that the latter point cannot be directly 

verified. 

The fact that no intermediate oxidation pro

ducts were detected leads to the conclusion that the 
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primary reactions of oxygen atorns with methane is 

slow compared with later steps. These probably con

tinue until the methane has been completely oxidized 

to carbon monoxide, carbon dioxide and water. This 

slow primary ste~ may well be that suggested by 

Norrish 

0 +. 

Since the reaction 

0 + eo--· >~eo 2 

+ H2o • 

is com.parati vely 

slow (35), the carbon. dioxide formed cannot have re

sulted from ·the oxidation of carbon monoxide, at least 

at room temperature. It seems probable, therefore, 

that the next steps in the oxidation may be 

CH2 

CH2 

+ 

+ 

0 )' CH20 

0
2 

) CH2o2 

and that these are followed by the oxidation .of form

aldehyde or formic acid. It has been shown by Geib 

{27) that the reaction of oxygen atoms with formalde-

hyde yields mainly carbon monox·ide while formic acid. 

yields mainly carbon dioxide. Both reactions are 

rapid at room temperature, the activation energies be-

ing below 7 Kcal. From these considerations it 
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Table X (a} 

Calculation of Collision Yields and Activation Energies 

Total No • of 
. flow collisions 

cc./sec per sec. 
at exper- by one. 
mental Partial CH

4 conditions pressure 
(corrected of molecule 

for Reaction oxygen with 
Run presence time, atoms oxyge~ 

No. of atoms J sec. cm. atoms 

1 919 1.49. d.0052 3.58 X 105 

2 1334 1.03 0.0055 3.06 X 105 

3 1350 1.01 0.0054 3.00 X 105 

4 16'78 0.82 0.0055 2.'7'7 X 10
5 

5 1689 0.84 0.005'7 2.83 X 105 

6 1'732 0.'79 0.0053 2.64 X 105 
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Table X (b) 

Calculation of Collision Yields and Activation Energies 

No. of 
collisions 

by one Activation 
CH

4 
energy, 
Kcal., 

molecule on assump-
with tion of 

oxygen a steric 
atoms-in factor of 

Run reaction Percentage Collision 
No. time reaction yield o.1 

1 5.33 X 105 10.5 1.-98 X 10-7 8.1 

2 3.14 X 10
5 

32.8 1.04 X 10-6 10.8 

3 3.03 :X: 105 35.4 1.17 X 10-6 10.7 

4 2.26 X 105 55.3 2.44 X 10-6 
12.1 

5 2.36 X 105 49.4 2.09 x 1o-6 12.9 

6 2.09 X 105 51.0 2.44 X 10-6 12.4 
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would seem that fairly reliable values for the 

activation energy of Norrish's primary step might 

be obtained. Thus, by making use of the values 

for percentage reac·tions shown in Table IX, the ex

perimental conditions shovm in Table VIII, and assum

ing an atom concentration of 20 %,. vre arrive at the 

activation energies tabuiated in Table X. 

IJ.1hese c·omputations ·were made in exactly the 

same manner as described before in the calculation of 

collision yields for the hydrogen atom-propane reaction. 

It vdll be seen that the collision yield at 

room temperature leads to an activation energy of 8.1 

Kcal. This value is in accord with an approximate 

estimate by Geib of 7 Kcal. made from the results of 

Harteck and Kopsch. The two investigations may be 

considered to be in good agreement. 

The activation energies calculated from the 

collision yields at high temperatures are considerably 

higher than this value. This is undoubtedly due to 

the fact that the atom concentration at higher temper

atures is much· less than that at room temperature, since 

the efficiency of the wall-poisoning diminishes rapidly 

as the temperature is raised. If we assume that the 

atom concentration at 300°C had fallen to about 2 %(which 

in the case of hydrogen atoms is often lmovm to occur) , 

the activation energies calculated from experiments at 

higher temperatures are brought into line. 
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DISCUSSION 

The Reaction of Hydrogen Atoms with Propane 

The Products of the Reaction 

Examination of Tables II and IV shows that 

the important facts in connection with the products are: 

(1) Methane is the only product at room temperature. 

(2) At 100°0, ethane is present in easily measureable 

quantity. Less than one per cent of ethylene 

is found. 

(3) The percentage of ethane and ethylene increase 

w1th temperature while the production of methane 

falls off. 

(4) The total per cent reaction increases steadily with 

temperature. 

(5) Products heavier than propane are absent. 

In figure (5) the collision yields of the 

various products have been plotted against temperature 

In this case ncollision yieldn is taken to mean "the 

number of molecules of a product formed per collision 

between a propane molecule and a hydrogen atom". This 

graph gives the truest picture of the relative yields 

of the products. Plotting them in this manner, pre-

sents them as corrected for fluctuations in atom concen

tration, and variations in reaction time. 
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The effect of these corrections is most 

striking in the case of methane. According to Tables 

II and IV methane :production falls off \vith temperature, 

but when atom concentratio~ and reaction times are 

tru(en into consideration, the yield is found to have a 

negligible temperature gradient. 

Comparison of the results at room temperature 

and at 100°0 with the two runs by Trenner, Morikawa and 

Taylor (116) previously mentioned, shovvs that the agree

ment is good in principle. 

The Primary Reaction 

There are obviously tvvo possibilities for the 

primary S·tep, the abstraction of a hydrogen atom, 

H + c~a 

or a chain splitting 

H + c --3lis 
H + C3H8 

) C3H7 

reaction, 

:) C2H5 

7 C2H6 

t 

+ 
.,. 

H2 

CH
4 

CH
3 

(1) 

(2a) 

(2b) 

Preliminary results on the mercury photosensi~ized re

action of hydrogen and propane by Steacie and Dewar (103) 

shows that hydrogen and hexane are the main products, the 

hexane presumably being produced by the recombination 

reaction, 

This suggests that (l) is the primary step although the 
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:possibility of the· occurence of (2) here cannot be 

r~led out on this evidence alone. 

The non-appearance of hexane in our results 

is not surprising. In the mercury photosensitized 

reaction, pressures are high and. hydrogen-atom concen-

tration is lovf. These conditions favour radical re-

combination reactions; therefore, we would expect to 

find hexane if the propyl radical were present at all 

and had a reasonable lifetime. Under the· low pressures 

and high hydrogen (atomic and molecular) concentrations 

of the Wood-Bonhoeffer method, it is to be expected that 

collisions between propyl radicals would be relatively 

scarce and that the chance of a propyl radical reacting 

with hydrogen would be great. From these c·onsiderations 

the absence of h~xane is to be expected and cannot be 

offered as an argument against a primary step such as (1}. 

In genera~, it may be remarked that there is 

a very definite parallelism between the reactions of 

hydrogen atoms with ethane and vri th propane in so far 

as a comparison of the results of mercury photosensit

ization and of the Wood-Bonhoeffer method is concerned. 

In both cases l~ge amounts of higher paraffins are 

obtained by mercury photosensitization (propane and 

butane from ethane, and hexane from propane} while by 

the discharge-tube method only lower paraffins are 

obtained. The difference between the results of the 
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two methods is , of course, due to the difference 

in the hydrogen-atom concentration., and in the total 

pressure. 

The possible primary step 

H + 

is ruled out on thermochemical grounds. 

Secondary Reactions at Low Temperatures 

As stated above,the main feature of the 

results at 30°C is the absence of ethane and ethylene 

in the products, and the large production of methaneo 

If the primary reaction were (2b}, the results 

could not be explained on the assumption that the ethane 

formed disappeared by (3) 

H + + (3) 

Trenner, Morikawa and Taylor find an activation of ?.3 

Kcal. for this reaction, therefore the reaction of hydro

gen atoms with ethane at this temperature is not rapid 

enough to enable the ethane formed to be completely 

destroyed. Reaction ( 2b) can therefore be rule.d out 

as a primary step. In any case (2b) is intrinsically 

l~ss likely than (2a), since if a C-C bond is to be 

broken it is much more likely that the bond nearest to 
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the approaching hydrogen atom shall split, giving 

methane and an ethyl radical, i.e. (2a). 

If the primary reaction is (2a), then the 

ethyl radicals produced must react to form methane 

without intermediate 

possibility seems to 

H + 

~allowed by c~ + 

formation of_ ethaneo 

be the reaction 

C2H5· > 2 CH3 

H ) CH4 

The only 

( 4) 

(5) 

As previously mentioned Taylor (113) has 

recently suggested that methane formation occurs by 

this means. Rice and Teller (82) also have submitted 

theoretical evidence in favour of this mechanism. Any 

radical recombination reaction to form e~hane is probably 

outstripped by (5), because of the small value of the 

ratio 

stationary {CH3} 

stationary (H) 
• 

A short time ago reaction (5), might have 

been forbidden by "dreierstoss restriction". The 

recent work of Rabinowi tsch ( ?0) discussed in a for'e

going section has shown that collisions of the kind 

involved in reaction (5} are much "stickier" than 

previously supposed. At the low operating pressures 
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the quasi-mol~cule has a good chance of reaching the 

wall and dissipating its excess energy • This chance, 

of course, rapidly decreases as the temperature of the 

wall is raised and may partly accormt for the fall in 

methane production as the temperature is raised. 

If the primary reaction is (1), then the 

propyl radicals produced must disappear without the 

formation of ethane. VIe cannot postulate the decom-

position of the propyl radical by the reaction 

(6) 

since all the ev1dence indicates that it is stable at 

room temperature. In any case the assumption of (6) 

would lead to new difficulties, since it has been 

shown (120) that the main product of the reaction of 

hydrogen atoms with ethylene is ethane, and neither ethyl-

ene nor ethane occur as products. It must therefore 

be concluded that if the primary reaction is (1), the 

propyl radicals produced disappear by a reaction 

analogous to (4), viz. 

H + + (?.) 

If this is the case, then the ethyl radicals formed by 

(7) must disappear by (4)o 

It follows that, irrespective of whether the 
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primary reaction is (1) or (2), the results can only 

be accounted for by the assumption that reaction (4) 

occurs readily. The present results therefore furn-

ish strong evidence for the occurrence of (4), and 

obviate the necessity of assuming reactions of the 

type 

H + + c~. 

The evidence from mercury photosensitization experiments 

with propane also suggests that the analogous reaction to 

(4) also occurs with the propyl radical. 

It may be noted that in co~sidering the. low 

temperature results the possible reaction of ethyl radicals 

with molecular hydrogen, 

+ Hz --~) C;zH6 + H (8) 

~ust be ruled out since it would lead to ethane for.mationo 

Secondary Reactions at Higher Temperatures. 

At higher temperatures methane production is 

diminished, and ethane and ethylene make their appearance. 

The production of ethylene is undoubtly to be ascribed to 

the decomposition of the propyl radical at higher temper-

atures by reaction (6). This is in agreement with the 

fact that the propyl radical can be detected in photo-
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decompositions at ordinary temperatures by ~he Paneth 

technique {68), but cannot be detected in thermal de

composition reactions at higher temperatures (60). 

Bawn estimates an activation energy for reaction (6) 

of from 10 to 30 Kcal. (3). The appearance of ethane 

at higher temperatures is partly to be ascribed to the 

occurrence of reaction (8). Leermakers (49} e~timates 

an activation energy of 15 Kcal··· or more for this re-

action. This estimate, however,is probably somewhat 

high, since the companion reaction 

+ + H 

occurs to a measurable extent at temperatures of 160°0 

and higher (56,112) and Taylor estimates that it has an 

activation·, energy of 9+2 Kcal. An activation energy 

of the same order of magnitude for (8) would account for 

part of the ethane production in the present instance. 

The presence of ethylene in the products in

iicates that the process 

+ (10) 

must be important as an ethane producer. The ethylene-

hydrogen atom reaction is known to proceed with nearly 

one hundred per cent efficiency under similar conditions. 

Only a greatly decreased atom concentration can account 

for the presence of any ethylene in the products. 



-103-

Examination of Figure 5 and Table II shows 

that at 250°C the ethane production is roughly twice 

that of·methane. Each propane molecule broken into 

must yield one mono-carbon and one di-carbon molecule. 

Thus, if no methyl radical recombination to for.m ethane 

takes place one would expect the " collision yield" of 

methane to equal the sum of the "collision yieldsn of 

ethane and ethylene. As this is not the case the only 

other alternative is to assume ethane formation from 

methyl radicals at high temperatures. 

This does not seem a very drastic assumption 

as conditions are very different at high temperatures. 

Rea~tion (5) will be favoured by a high concentration 

of hydrogen atoms and thu~ can be considered as a fast 

process under our low temperature conditions. The 

recombination reaction 

(11) 

will be favoured by low hydrogen atom concentration and 

high methyl radical .. c.oncentration. If the Dreirstoss 

theo~J can be considered as having any influence, step 

(11) might be considered as faster than (5) at high 

temperatures due to the greater complexity of the ethane 

molecule. Trenner, Morikawa and Taylor (116) point out 

that a.s~ the recombination process (11) depends on the 

square of the methyl concentration, it becomes increasing-
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ly important as the stationary state concentration 

of methyl radicals increases with temperature. 

The predominant effect, however, is that 

of atom conc·entration. The values of [H] given in 

Table I were, of course, blanks made under conditions 

of no reaction. The effect of any reaction will be 

to lower this value greatly and at best this measured 

value can only be considered as relative to the actual 

stationary atom concentration;the effect of increased 

reaction at high temperatures will be to make [~ even 

lower than the relative value. Perhaps the greatest 

factor in lowering [H) is the presence of ethylene in 

the gas mixture at _high temperatures. Taylor (113) 

states that there is plenty of evidence that the presence 

of ethylene serves to reduce the stationary atom con-

oentr~tion to small values. Under these conditions, 

which apparently do prevail at high temperatures, re

actlon (11) should be favoured and may well account 

for the high ethane production relative to that of 

methane. 

The Mechanism Summarized 

From the foregoing discussion it appears 

that the mechanism is: 
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At low temperatures 

H + 031Ia > C3H7 + Hz (1) 

H + c~ > C2H5 + CH4 (2a) 

H t c3~ 7 CH3 + CzH5 (7) 

H + ,02% ) 2 CH3 (4) 

C% + H ) CH4 (5) 

At high temperatures 

H + C3H8 > C3ILj + Hz (1) 

H + C3Ha. > CzH5 t CH4 (2a) 

C3li? > C2H4 + CH3 (6) 

2C~ ·> CzHo (ll) 

~ CzH5 + H 

H .,. C2H4 ) . CzH5 (12) 

Hz + C2H5 ) Czfl6 + H (8) 

H + CzH5 > CzH6 

H + CH3 > CH4 _ 

The evidence that propane does not exchange 

with deuterium atoms under our experimental conditions, 
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makes it unnecessary to include any propane reforming 

reactions in the mechanisms. 

Reactions of the type 

+ + 

+ (15) 

have not. _been added though at first sight they may 

appear as plausible explanations for the low methane 

productions at high temperatures. If the first of 

these were important, we would expect propane con

sumption to rise abnormally, which is not the case. 

The second may be important, but the evidence for the 

very short life of the propyl radical at high temper

atures makes it rather unlikely. 

Tl+e Reaction H + 

Since it is only recently that this reacti-on 

has been conceded any importance, it may be interesting 

to examine the theoretical justification for it. 

It is enlightening to assume for the moment 

that the result of a c·ollision of a hydrogen atom and an 

ethyl radical {which are sufficiently energized) is the 

temporary formation of an unstable ethane molecule. 

Evidence from atomic reactions at low temperatures by 

Geib and Harteck (28) indicate that quasi-moleculesmay 
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c 

Figure VI 

The nFuturet' of a Quasi-Ethane Molecule • 
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have a very real existenceo The extremely high 

deuterizations found for methane and ethane in the 

hydrocarbon-hydrogen atom reactions (116,98) also 

support the "quasi-molecularn theory. Now granting 

that such a quasi-ethane molecule is formed, there are 

several possibilities for the futur~ of this unstable 

coniiguration of atoms. Some of the more probable 

steps to be expected are sho¥m in Figure VI. Of 

course, stabilization (result E) may occur, but any 

small effect that the 11Dreierstoss restrictiontt may 

have, will work towards a greater chance of distinteg-

ration• For reaction D to result, the initial step 

would involve the breaking of a C - C bond and a C - H 

bond. For (C) to occur, two C - H bonds must be 

ruptured. A choice between A and B as a final step 

would probably depend upon the relative strengths of 

the bonds C - C and C - H. This would make B the 

most likely reaction. 

the reaction 

H + 

We might say, therefore, that 

* --)~ C 2H6 --)~ 2 CH3 . 

can be considered as more or less analogous to pre-

dissociation. 

It must be emphasized that this argument 

is strictly qualitative as so very little is known 
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about quasi-molecules. There is really no assurance 

that the bonds in such an unstable molecule possess 

their normal strengths. By making use of this 

method of reasoning, however, it appears that the 

production of two methyl radicals in such a reaction 

is certainly a highly probable result. 

It is interesting to ex~rlne the reaction 

+ H 

on the thermochemical grounds. If 1,rve take the 

strength of the C - C bond as 80 Kcal. and that of the 

C - H bond as 90 Kcal. 

C2H6 > 2 CH3 80 Kcal. 

C2H6 -~) C2H5 H 90 Kcal 

H 10 Kcal. 

It makes little difference which exact values we truce 

for the bond strengths as the concensus of opinion 

(77,110,1~1,116) is that the strength of the C - H 

bond is a bout 10 Kcal. greater than that of the C - C 

bond. This· means that the reaction (4) must be about 

10 Kcal. exothermic. Allen and Bawn (la) have recently 

shown that the combination,of two methyl radicals 

requires more than ten co~lisions, but from the amount 

of methane formation at low temperatures the forward 
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reaction·must have a very small activation energy. 

The back reaction, forming ethyl radicals must have 

an activation energy of at least 10 Kcal. and thus 

would not come into play until the higher temper-

atures were reached. A reaction. with this E would 

b.e fast at 250°C and could account for high ethane 

formation. The equilibrium constant of the reaction 

K 

cannot be large. Inspection shows the great effect 

of hydrogen atom coneentration oil this reaction. From 

arguments mentioned previously the value of (!!] must 

be very low at high temperatures and therefore would 

tend to shift the equilibriUm toward high ethyl radical 

formation. These considerations indicate that this 

reaction may be highly probable as a key step in atomic 

free radical mechanisms. 

The Activation Energy of the Primary Step 

The value of E found for the primary step was 

about 9 Kcal. at room temperature~J rising to about 13 

Kcal. at 250°0. The values found at the lower temper-

atures are probably the most reliable. At the higher 

temperatures many factors may tend to yield a mislead-
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ing value for the activation energy. The greatest 

uncertainty is in the atom concentration; first be

cause measurements made with the Wrede guage are 

susceptable to a large error, secondl-y because atom 

counts were made under blank conditions ( no reaction) 

and therefore the tabulated values can at best only 

be considered as relative to the atom concentrations 

in the actual runs, and thirdly because the presence 

of ethylene in the reaction.mixture has the effect of 

greatly lowering the stationary [H] value. 

If we assume that the atom concentration at 

250°C was 1 % instead of the measured blank value of 

12 %we obtain an E of 10.5 Kcal. at this temperature. 

In view of these and other uncertainties which are in-

herent in the fast flow method, the best value for the 

activation energy of the primary step is probably lO;r 

1.5 Kcal. 

There is alwa_ys a possibility of a propane 

re-forming reaction. .Any back reaction WOD:ld have 

the effect of increasing the apparent activation 

~nergy of the primary step. · 'l1his possibility was 

explored in a study of the propane-deuterium atom 

reaction, and is discussed in a ·following section. 
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The Comparative Reactivity of Propane 

Frankenburger and Ze11 (22) found large 

decomposition of pentane by hydrogen atoms indicating 

increased reactivity with increased molecular weight 

of the hydrocarbon. Our work seems to show that 

propane is slightly less reactive to hydrogen atoms 

than is ethane. This is in agreement with the pre-

liminary experiments of Trenner, Iviorikawa and Taylor 

(116). T~e activation energy of the initial propane 

reaction at room temperature appears to be about 2 Kcal. 

greater than the compan.ion reaction of ethane at room 

temperature. 

The Reaction of Deuterium AtomB with Propane 

The Products of Reaction 

A review of ~able VII reveals the following 

interesting facts about the products of the deuterimn 

atom-propane reaction: 

(1) The methane formed is highly deuterized. 

( t) The ethane formed is highly deuterized. 

( 3) The propane in the products is apparently in-

appreciably exchanged up to 250°c. 
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-Methane Deuterization at Low Temperatures 

If one assumes that the path of the reaction 

at low temperatures is given by one of the two mechanisms 

discussed above, let us say by (2a). (4) and (5) the 

greatest possible deuterization of methane would be 

33 %. If the path were simply (1), (?), (4), (5) 

the exchange of the methane would be 42 %. 

It vdll be noticed that none of these re

actions regenerate hydrogen or deuterium atoms. At 

first sight it appears that there would not be enough 

atoms to cause this ~mount of deuterization by such a 

scheme. It is to be borne in mind that in the room 

temperature reaction there is only 8 % decomposition 

of propane. Barring any exchange reaction with 

propane the concentration of hydrogen or deuterium 

atoms would be about fifteen times that of the propane 

molecules which have been broken into. Thus, there 

are sufficient hydrogen atoms to produce a high exchange 

if they were made use of. 

Experiment shows that the methane is exchanged 

about 58 %, or at least 10 76 more· than indicated by 

strict adherence to either of the mechanisms suggested. 

If a ten per cent error were possible the second mechanism 

would appear the most likely. One run at room t€mper-

ature by Trenner, Morikavva and Taylor (116) indicated a 
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much higher exchange than obtained by us. They 

worked with a ratio D2;c3H8 of 12 to 1 and similar 

atom concentrations. These investigators pointed 

out two alternatives for this high deuterization of 

methane. 

First there is the possibility that methyl 

radicals may undergo further interaction \qith deuterium 

atoms (at ordinary temperatures, reaction of methyl 

with hydrogen molecules is of low efficiency). The 

mechanism may follow a sequence of processes such as: 

* 7 CH2D H C% + D > CH3D·" + 

CH2D + D~ CH D~ 
2 2 > CHD2 + H 

* CHD2 + D > CED3 
) CD3 + H 

This represents the formation and dissociation, before 

stabilization by third body collisions, of quasi-

methane molecules. The experimental condition of 

high D atom comcentration wou1d insure high conversion. 

Steacie, Alexander and Phillips (98) found high 

deuterizatio~ of methane in the photosensitized ethane-

deuterium atom reaction. They accept this explanation 

as the best one. 

An alternative mechanism would involve de-

hydrogenation-rehydrogenation, thus: 
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CH3 + D > CH2 + ED 

CH2 + D ) CH2D 

CH2 . + D ) CH2D
2 

There is no evidence for or against this mechanism. 

The.Bigh Deuterization of Ethane 

The runs at high temperatures show high 

exchange in the ethane. Even the assumption that 

the propyl decomposition reaction 

+ c~ (6) 

is very important cannot account ~or an exchange of 

more than half that foundo However, if we assume 

that the methyl radicals produced undergo quasi

molecular deuterization (as above) and later recom

bine to form ethane, the high exchange is easily 

accounted for. This is in line with the work of 

Steacie, Alexander and Phillips (98) on the photosen-

sitized decomposition of ethane. 

indicates either that 

The ·high exchange 

(11) 

may occur readily at high temperatures or that ethyl 

radicals also undergo quasi-molecular deuterization. 
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The Propane Deuterization 

The propane was !'ound to be entirely light 

within the limit of error assigned to the analytical 

method. This is in complete agreement with Trenner, 

Morikawa and Taylor's preliminary results. It rules 

out the possibility of any back reaction and means that 

the value of 10:t1.5 Kcal. for the activation energy 

of the primary reaction can be accepted without further 

correction. 

It must be admitted that the error in our 

analyses may be large enough to pass by a small exchange 

in the propane. If the action of deuterium atoms 

on the propane parallelled the ethane reaction we might 

expect high deuterization of propane. The fact, how-

ever, that methane and ethane exchanged by quasi

molecular deuterization would indicate that if propane 

were exchanging at all it would be found to have a high 

D content. 

Evidence from the mercury photosensitized 

decomposition of propane shows that reaction (1} cannot 

be excluded as one of the primary steps. This means 

that propyl radicals are formed but never recombine or 

react in any way to form propane. The step 
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would probably not be fast at high temperatures under 

the conditions of low atom concentration. At low 

temperatures, however, there is little reason to ex

clude-it. 

In general we must conclude that reactions 

(6), (7) and (15) consume propyl radicals very much 

faster than the several propane re-forming reactions 

mentioned. This points to a high activation energy 

for step 
t t H (16) 

or a very low average E for the propyl decomposition 

and reactions (7) and (15). 

~he Mechanism of the Hyd~ogen Atom-Ethane Reaction 

The strong evidence in favour of step (4) 

as a key reaction, makes it interesting to study the 

effect of substituting it for o~her methane producing 

processes, in v~rious mechanisms. 

It has been seen that the work of Trenner, . 

Morikawa and Taylor (116) and that of Steacie (102), 

led these investigators to conclude that the importarlt 

steps in the hydrogen atom-ethane reaction were; 

H 

H 

t, C2H6 ='? CH3 + 

+ C2H6 _ __,·;> C2H5 + 

(18) 

(17) 
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The production of methane was thus originally ascribed 

to a separate primary step (18) by Taylor. 

Rice and Teller (82) have recently considered 

reactions like number (18) in the light of their "Prin-

ciple· of Least Motion"a They reject processes of 

this type chiefly on the grounds of the shielding effect 

of the hydrogen atoms surrounding the. carbon atoms. The 

accumulated evidence would seem to indicate that (1?) is 

the only important primary reaction followed by 

H + C2H5 )2 CH3 (4) 

CH3 + H > CH4 

at low temperatures a.Iid by 

C2H5 + H2 > C2H6 + H 

C2H5 + H ) C2H6 

at high temperatures. 

The mechanism would account for the large 

methane production below l00°C, and high ethane exchange 

at high temperatures. The arguments for such a 

mechanism would be almost identical with those given 

for the variation of methane a nd ethane production in 

the propane reaction. Such a change in mechanism should 

help to bring values for the E of the initial step into 

line. The best figure is probably about 6 Kcal. for 
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the activation energy of reaction (18). If any trust 

can be placed in a parallel with propane, reaction (8) 

must have an·E greater than 9 and probably in the neigh

bourhood of 15 Kcal. 

The Decomposition of Methane 

It was hoped that the study of the methane-

oxygen atom reaction would throw some light on the 

mechanism o~ the thermal decomposition of methane. 

Two opposing mechanisms have been suggested for the 

formation of the methyl radical: 

CH4 3)C~ + H Rice and 

H + CH4 ~ H2 + CH3 Dooley 

CH4 > CH2 t H2 "Relchetz 

CH2 + CH4 )~ 2- CH3 and 

Rideal 
c~ + CH4 > C2H6 

Kassel has suggested that Belchetz and Rideal's 

mechanism is right and that reaction (5) is fast 

enough to keep the concentration of the methylene 

radical down to a very low value. From Norrish's 

(1) 

( 3) 

(2) 

(4) 

(5) 

(57) suggestion that the primary step in the oxidation 

of methane is 

OR 4 + 
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one might expect some ethane formation from reaction 

(5) providing this step is as fast as Kassel suggests. 

Had ethane been found in the methane-oxygen 

atom reaction, it would have been strong evidence for 

Belchetz and Rideal's mechanism. However, no ethane 

was detected within t~e t~mperature range 30°C to 330°0. 

This finding makes it impossible to draw any definite 

conclusions, for there are tvvo alternatives: 

(a) The reaction 

0 + CH4 ? CH2 + H2o 

does not occur, or 

(b) The reaction 

CH2 + CH4 "') C2H6 

is not a rapid reaction, its activation energy being 

greater than 11 to 12 Kcru .• and hence the absence of 

methylene radicals in Hice and Dooiey's work cannot be 

ascribed to the occurrence. However, it must be ad-

mitted that the situation is too complex to admit of 

very definite conclusions. 

Considering the primary split on thermo

chemical grounds, recent calculations by Voge (122) 

are interesting. If we estimate the zero-point 

energy correction so as to get chemical heats of re

action and correct the results to bring them in line 
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with a more recent and reliable estimation of the 

heat of sublimation of graphite, Voge 's values become 

CH4 :) CH3 + H 99,000 cal. 

CH3 > CH2 t H 84,000 cal. 

CH4 > CH
2 + H2 -· 80,000 cal. 

This would ,make the latter reaction just possible as 

the rate determining step in the methane decomposition; 

however from the manner in which basic thermochemical 

values have fluctuated in.the past, it hardly seems 

that .a difference of 4000 cal. would be decisive. 

Kemula, Czornodola and Kopniak (48a) have 

recently reported some new work on the mercury photo-

sensitized reaction of methane. They conclude that the 

two initial steps 

*" Hg +· CH4 ;? CH3 t H + Hg 

* and Hg +' CH4 ) CH2 + H2 t Hg 

take place side by side. They point out that the 

necessary energy change is approximately the same in 

each case and offer both primary reactions as the best 

explanation of the product formation observed. 
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The Mercury-Photosensitized Reaction of Ethane 

This reaction has been discussed in the in-

troductory section. The final mechanism of Steacie 

and Phillips was: 

C2H6 t Hg(3pl) ) CzH5 + H + Hg(lso) 

+ Hg (~1) >2H t Hg(lso) 

H t' C2H6 > CH4 + CH3 (18) 

H + Ozfl6- ) C2H5 + H2 (1?) 

2 CH3 ) C2H6 

CH3 + C2H5 > C3H8 (19) 

2 C2H5 > .c4Hlq (20) 

2 H > H2 

The authors ( 96, 9.?) pointed out that reaction 

(18) would have to be at least four times as fast as 

reaction (1?) to account for the observed methane and 

propane formation and the fact that hydrogen is consumed 

in the photosensitized interaction of hydrogen-ethane 

mixture a. 

At the ·time when the above mechanism was post

ulated there was some evidence for this satisfying con-
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dition. Trenner, ~v1orikavva and Taylor (116) found that 

interaction of hydrogen atoms with ethane yielded methane 

below 100~0, seeming to indicate that (18) was faster 

than (17). This ev1dence, however,. was not compelling. 

Thus, Taylor (113) suggested the possibility 

+ ( 4) 

as the source of methyl radicals9 followed, of course, by 

+ 

+ H 

our work seems to present ample evidence, that (4) is a 

very fast reaction. Its activation energy is apparent-

ly very small, otherwise some ethane would have been 

found in the products of the hydrogen-atom propane re

action at room temperature. 

This reaction ·is certainly many times faster 

than step (17 )., it does lead to hydrogen consumption 

and would probably produce methyl radicals a~ the 

desired rate. Close examination reveals, however, 

that ethyl radicals are present only in small quantities 

due to the recombination reactions (19) and (20). Thus 

the requirements are more stringent than at first believ-

ed. Reaction (4) must also be fast enough to compete 

favourably with reactions (19) and (20) .for the small 

number of ethyl radicals present. Though no quan-
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titative data is. available it ·would appear that (4) 

is .at least as fast as (19) and (20). Conditions 

of concentration and the fact that it is not a 

Dreierstoss process may make it even more rapid. In 

c.onclusion, it may be said that in spite of these 

uncertainties the substitution oi' ;§tep (4) for (8) 

seems to represent an improvement in the mechanism. 
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The Mechanism of the Ethane Decomposition 

The Rice-Herzfeld theory for the decomposition 

of ethane has been reviewed in the introduction. The 

following group of reactions make up their mechanism 

(x) Activation 
Energy 

Kcal. 

( 1} C2H6 7 2 CH3 80 

( 2} CH3 + C2H6 )> CH4 + C2H5 20 

(3) CzH5 > C2H4 + H 49 

( 4) H + C2H6 > H2 + C2H5 17 

Triple 
( 5) 2H > H2 collision 

(6) (a} H + CzH5 > C2H4 + H2 Small 

or :> C2H6 Small 

( 7) H + CH3 _, > CH4 Small 

(8) C% + C2H5. ) C3Ha 8 

( S) ) 2C2H5 > C4H10 8 

It has been mentioned that if the reaction 

x A change in numbering has been nmde here to facilitate 
discussion. The system is now that of Rice and 
Herzfeldo 
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(lo.; H + + 

were faster than (4) the fundamental nature of the 

chain carrying steps would be altered and the agree

ment of the scheme with experiment would be de.stroyedo 

The investigation of the interaction of hydrogen atoms 

with ethane by Trenner, Morikawa and Taylor seemed at 

first to offer conclusive proof that this reaction was 

faster than step (4). Taylor (113) later suggested 

that ( 4) might be the real primary step follovved by a 

fast reaction like 

H + (11) 

as a methane source. Our results and theoretical 

considerations present strong evidence that the latter 

is a very fast reaction. This makes it unnecessary 

to choose reaction (10) as a fast primary step. Thus, 

it would appear that the activation energy measured by 

Trenner, Morikawa and Taylor (116) in the hydrogen 

atom-ethane reaction was really that of (4). From 

previous considerations we have seen that the best 

value for the activation energy of reaction (4) is 

about 8 Kcal. The general effect of this evidence 

is ·to render the chain carrying steps or the Rice -

Herzfeld mechanism at least qualitatively intact. 
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General Effect on the Free Radical Theory 

The chain carrying steps in all the Rice

Herzfeld mechanisms are based on the ·general reaction 

R + 

where R may be a hydrogen atom or a radical. The 

evidence gleaned from the work reported here indicates 

that this type of reaction may carry the chains. The 

activation en.ergies of 

H + c3H8-~) C3H7 

c 2~,-~:> C2H5 

+ 10± 1.5 Kcal. 

and H + + 8 Kcal. 

seem to show that Rice et al have chosen values of 

E which are too high for reactions of this type. In 

general, this change affects the mechanisms of all the 

hydrocarbon decompositions in about the same manner as 

in the case of ethane. 

There is a wealth of evidence, however, that 

some chain system is involved in hydrocarbon decomposition 

and though the Rice-Herzfeld schemes cannot stand the 

most rigorous tests, they are useful as working prin

_cilpes and may in the future be modified to fit ex~ 

perimental fact more exactly. 

It has been suggested (101) that some 
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significance may be attac-hed to the fact that the 

activation energies of the free radical splits, as 

determined by Rice et al (71,77) approach the ex

perimental E '.s of the decomposition reactions of the 

various parrafins as the- series is ascended. Steacie 

(101) has mentioned the following- explanation. The 

higher members of the series may split into radicals, 

followed by the setting up of short chains. Provided, 

then, that the temperature coefficient of the chain 

length is negative, the apparent activation energy 

would be slightly lower than the activation energy of 

the primary step, and in agreement with experiment. 

This assumption would serve to bring the free radical 

theory into line v;i th kinetic data, and v;ould at the 

same time be ·consistent -vvi th recent indications (lOO) 

that short chains actually exist in the n-butane 

decomposition. 



-128~ 

Sutlli.vlARY AND CONTRIBUTION TO EN"Ov\fLEDGE 

1 The reaction of hydrogen atoms with propane 

molecules has been investigated by the 1Nood-Bonhoeffer 

technique at four temperatures, ·3ooc, 100°c, 170°C, 

250°c. 

Using an average measured atom concentration 

of\10 %, an internal pressure of 0.36 mm. and a ratio 

1, the products were methane, ethane 

and ethylene. Hydrocarbons heavier than propane 

were not formed. At 30°C the only product was methane 

At 100°C some ethane and ethylene were found. From 

the point of view of the "collision yields 11 of the 

various products, the yield of methane is almost un

influenced by temperature, while the etnane product1on 

increases rapidly and the ethylene formation very grad-

ually as the temperature is raised. 

energy of the primary step 

H + 

or H + 

was found to be 10 + 1. 5 Kcal. 

'l1he activation 

+ (1) 

+ (2) 

Secondary reactions at low temperatures 

like the fpllowing account for the absence of ethane 

under these conditions; 
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C3Hr, + H--)~ CH3 t (7) 

+ H ----7 2 c~ ( 4) 

They are strongly favoured by high atom concen-

tration. 

At high temperatures the important second-

ary processes seem to be: 

c.3~ > C2H4 + CHrz 
V 

(6) 

2 CH3 ~ C2H6 (11) 

>C2H5 + H 

C2H5 H2 > C2H6 + H ( 8) 

These steps are favoured by temperature and the low 

[H] values. They explain the increased ethane and 

ethylene production. 

Theoretical and experimental justification 

for reaction (4) has been discussed. 
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~ The interaction of deuterium atoms with 

propane was investigated at temperatures 30°C, 1?0°0, 

and 250vc. The experimental conditions were similar 

to those in the propane-hydrogen atom reaction. 

The deuterization of the methane ru1d ethane 

formed vms too high to be accounted for by any set of 

straight forward equations. It was necessary to 

assume that quasi-mole-cular exchange took place; 

* CH3 .t D ~ CH3D ---?CH2D + H etc. 

* CzH5 + D ----7- c 2H5D~C-2H4D + H etc. 

The propane v1as found to be less than 0.5 ).; 

heavy. This points to a high activation energy for 

+ + H 

or a very loiN' E .for the reactions 

C3H7 > CH3 + C2H4 

H. c3H7 -)> CzH5 + OH3 

CH
3 + c3H7 ~ 2 c2H5 
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The reaction of oxygen atoms with methane 

was studied using essentially the same technique. At 

30°0, 200°C and 300°C the only products were CO and 

C02• 

The primary step, which may very well be 

t + 

as Nnrrish suggests, has an E of about 9 Kcal. The 

carbon monoxide and carbon dioxide are apparently formed 

through the intermediate production of formaldehyde and 

formic acid according to some such mechanism as: 

+ 0 

+ 

CH20 + 0 + eo 

CH202 + 0 + C02 

No ethane vvas found in the products. rrhis 

either indicates that 

(a) The reaction 

0 + CH4--7 CH2 t H20 

does not occur, or 

(b) The reaction 
CH2 + CH4 > C2II6 

is not a rapid reaction, its activation energy being 

greater than 11 or 12 Kcal. 
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