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A. INTRODUCTION(&) 

Studies of photochemical and atomic processes are of 

the greatest importance to the elucidation of the mechanism of 

thermal reactions. The application of these powerful modes of 

attack has, owing to the lack of suitable experimental teoh-

niques, until recently been limited to the more simple compounds. 

L~tely, however, the development of improved light sources and 

more precise and comprehensive methoda of analysis, together with 

the use of isotopes for the labelling of atoms in reactions, have 

greatly extended the scope of these methoda. 

The Me~niam~£ Thermal Decompoeition B~~iio~ 

There ia at present considerable uncertainty concern-

ing the manner in which nearly all hydrocarbons decompose. For 

example, consider the pyrolysis of ethane to yield ethylene and 

hydrogen. There are two chief mechanisms by which this process 

might occur: 

(a) The molecular mechanism. -- -
In this case the ethane molecule would split into its 

final stable decomposition products in a simple step, 

This involves the simultaneous rupture of two valence bonds and 

the formation of two new ones. Obvioualy, therefore, the 

- - ~ - - - - - ~ ~ - - - ~ ~ - - ~ - -
(a) Some of the material in this introduction has been used by 

Steacie in "The Kinetics of Reactions of the Simple 
Hydrocaroons" appearing in Chemical Reviews probably in 
April 19 )8. 
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activation energy of the ~rocess will bear no simple relation 

to the bond strengths. 

(b) The free radic!l_mechania~. 

It is, however, possible that the primary step con

sists of the rupture of only a single bond, giving rise to two 

unsaturated radicals, 

and that these radicals undergo secondary reactions which 

ultimately lead to the formation of ethylene and hydrogen. If 

thia mechanism is true, and if the later reactions are very 

fast compared with the primary step the activation energy will 

be a direct measure of the bond broken in the primary step, 

the C-C bond. 

That all organic compounds decompose by auch a 

mechanism has been postulated by F. 0. Rice (l). To maintain 

this theory it is first necessary to demonstrate the existence 

of free radicals. Paneth and Hofeditz (2) had already 

accom~liahed this when they showed that free radicals produced 

by the decomposition of organic compounda at high temperatures 

could be detected in a rapidly flowing gas stream by their 

reaction with a lead mirror to form volatile organo~etallic 

compounds. Following on this discovery, Rice and hie eo

workers (3) made a com¥rehensive investigation of organic decom

position reactions from this point of view. 

Because of the low pressures and very fast flow rates 

it ie necessary to em~lo1 in such experiments, decompositions 
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must be carried on at temperatures Which are about 300° 

higher than those at which the ordinary thermal reaction can 

be studied. Therefore, while it ia certain that radicals are 

present at very high temperatures, such tests do not con-

elusively prove their presence during ordinary thermal deoom-

position at lower temperatures. 

The greatest auccesaee of the theory have been in 

predicting the products of organic decomposition reactions (4), 

especially those of the hydrocarbons. The observed activation 

energies of most organic substances lie between 35 and 70 kcal. 

Rice notes that if two reactions have activation energies 

differing by 4 kcal., then the relative rates at 6oooc are in 

the ratio .-4000 12 x 873 to 1, i.e. 9 to l. Similarly for 10 

kcal. difference the rates will be in the ratio 500 to 1. 

Hence it follows, that if there are two or more possible modes 

of decomposition of a compound, and if one of these has an 

activation energy 10 kcal. or more lower than that of any of 
(a) 

the others, it alone will occur to any appreciable extent. 

The values of the atrengtha of the C-C, C:C, C-H and 

c:c bonds are still aomewhat uncertain. However it is certain 

that the C:C and C:C bonds are by far the stronger, and it 

appeara probable that the C-H bond is about 15 koal. stronger 

than the C-C bond (5). It may therefore oe concluded that if 

- - - ~ ~ - ~ ~ - - ~ - - ~ ~ ~ - - - - ~ - -
(a) That thia argument ia of general validity is because that 

in practically all reactions A, the non exponential factor 
in the reaction ~ate, is a~~roximatetl constant and equal 
to within a factor of 10 to about lO ). 



-4-

the decomposition of a hydrocarbon occurs through free radical 

formation it will always split at a C-C bond, and never at a 

C-H or a double or triple bond. 

Thus, for example, in the case of propane, the 

primary reaction can only be, 

Now, methyl and ethyl radicals only can be detected 

b1 the Paneth technique, presumably because higher radicals 

when formed decompose very repidly into unsaturated compounde 

and CH 3, c2a5 and H. In general some activation energy will be 

required for aubsequent steps, but this is supposed to be much 

smaller than that required for the primar1 split. Continuing 

the scheme for propane we have the following, R denoting a 

methyl radical or an H atom, 

(l) ca
3

ca 2cH
3 

~ CH
3 

+ CH
3

cH2 

(2a) CH
3
ca

2
cH

3 
+ li ~ BH + CH

3
cH

2
CH

2 

(2b) CH 3cH 2CH2 ----=;.- c 2H4 + CHJ 

( 3a) ca
3
ca 2ca

3 
+ R ;re- BB + CH

3
CHCH

3 
(}b) CHJCHCH

3 
.,... CH

3
CH -=CH2 + H 

On a probability basis, considering that propane possesses 6 

primary hydrogena to two aecondarJ, one would expect (2) to be 

faster than (3) in the ratio of 3 to l. However, on the basis 

that secondar7 hydrogen atoms are somewhat less strongly bound 

Rice estimates that (2):(J)::6:4. Hence, neglecting all but 

the chain carrying steps we have for the overall decomposition 
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6C3Hg 6C 2H4 + 6CR4 

4C 3HL :;. 4C2H6 + 4H 2 

10 c3n8 
.... 6C 2H4 + 6CH4 + 4C 3H6 + 4H 2 

On the whole thia method haa been quite successful in predict-

ing the products of aimple organic decom~oaitiona. 

It would not be possible, however, to accept the free 

radical theory on this baaia alone. The kinetica of the process 

must be explained, and it thua becomea neceasary for the theor~ 

to answer two major questions: 

(a) If the overall proceas ia really the summation of a complex 

series of reaction steps, how is it that experimentally first 

order rates are found1 

(b) Seeing that, in the majority of cases the breaking of a 

C-C bond is postulated as the initial atep, how is it that the 

measured activation energies for decomposition reactions are 

uaually much smaller than the strength of this bond? 

Rice and Herzfeld (6) answered these questions by 

ahowing that mechanisms could be devised on a free radical basis 

which would lead to a firat order overall rate. Also, by a 

judicious choice of the activation energies of the reactions, 

the apparent activation energy could be made to agree perfectly 

with the experimental value. As an example, consider the 

following scheme for the decomposition of an organic molecule 

E kcal. 
80 
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E kcal. 

(2) :al + Ml - R1H + R2 15 

( 3) :a2 
.,... 

al + M3 38 

(4) Rl + R2 ~ M4 8 

It ia assumed that the molecule M1 decomposes into a radical 

R1 and a molecule M
2

. The radical :a
1 

thus formed, reacts with 

a freah molecule of the reactant, removing an hydrogen atom 

and forming the atable product :a1H and the new radical R
2

• 

Subsequently :a
2 

decomposes yielding a molecule M
3 

and reforming 

the radical R1 • Reactions (2) and (3) thua constitute a chain 

process, since they will recur over and over again until the 

radicals are removed by recombination by aome such reaction as 

( 4). 

It will be shown that such a series of steps in which 

the chains are terminated by reaction (4) will give a first 

order expression for the overall rate. That this is aomewhat 

arbitrary is illustrated by the fact that if the chain terminat-

ing mechanism had been assumed to be 

2R1 M5 
the overall order would be 3/2 while if 

2R
2 M6 

completely predominated, l/2 would r eault. However, since the 

experimentally determined rates are generally only very 

approximately first order, it does not seem too far fetched 

that a random combination of the chain terminating atepa might 

be made to fit moat cases. 

Assuming that long chains are formed we may set up the 
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equations giving the concentrations of the radicals in the 

steady state as followa: 

(5) -h (R1l "' 0 "' K1 [w1] - K2[RJ[M1l + K3[RJ- K4 [R1]~2] 
(6) !t [R2] .. o ... K2(R1][w1l- K3(R2l- KSRJ(l12l 
Now the overall rate of decom~oaition of M1 is given by 

( 7) - !t twl) ,. Kl[wl1+ K2[RJ [t.tl] 
From these equations it is obvious that 

- ~t [t.tl) ~ Kl[wl1 ( l + VK-zK3/2KlK4 )..-"{t.tJ VK~~~3. ' 
i.e. the reaction is first order. 

Further 

whence substituting the values of E given for the ~art 

reactions one gets 

E overall = 62.5 kcal., 

which is considerably below the strength of the C-C bond. 

Until upheld by detailed experimental testa, 

mechaniams of this sort are, of course, highly speculative. 

The fundamental idea of free radical chain reactions has, how-

ever, been given striking support. Frey (8) was able to start 

chains in butane at temperatures below ita normal decomposition 

range by adding methyl radicals produced by decomposing 

dimethyl mercurf. Similarly, Allen and Sickman (9) showed 

that methyl radicals from the decom~osition of azometbane 

could cause the chain decomposition of acetaldehyde. Leermakers 

(10) also ~roduced sensitized chain decomposition of methyl 
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ether at temperatures below 4oooc by photolysing admixed ace

tone. These observations, however, merely show that chains 

~ be set up by free radicals, and do .. not prove that free 

radicals are present and actually do set up chains during the 

normal slow decomposition of the substances concerned. 

The work of Sta~e~ and Hinshelwood (ll) and others 

(12) furnishes additional evidence for the chain character of 

a number of decompositions. It was found that while large 

amounts of nitric oxide catalyse many reactions, amall amounts 

caused some inhibition. Their assumption is that the maximum 

inhibition correspond& to the complete suppression of the 

chains normally present. On this basis they are able to cal

culate chain lengths from 2 to 15 for a number of decomposition&. 

These chain lengths are in general too small to satisfy the 

mechanisms of Rice and Herzfeld. The arbitrary method of 

calculation however makes the quantitative application o£ the 

results somewhat doubtful although there is no question that 

the work constitutes a fine piece of evidence for the presence 

of chains. 

Additional work on several reactions (13) seems to 

indicate that a few long chains are present rather than a large 

number o£ short ones and that the substances may decompose by 

both a chain and molecular mechanism. 

It can thus be seen that a large body of information 

exists in general support of the Bice free radical theory for 
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the decomposition of hydrocarbons. S~ecifio confirmation 

of its details, e.g. the Rice-Herzfeld mechanisms, however, 

is lacking. 

The foregoing discussion makes it evident that a 

knowledge of the •elementary• reactions of the hydrocarbons ia 

necessary to unravel the kinetics of their thermal reactions. 

Separate methods of obtaining information on the processea of 

hydrogen atoms and organic radicals will therefore be of great 

importance. Such information is frequently forthcoming from 

from photochemical inveatigationa. Indeed the reactions of 

atoms and radicals serve aa the means of relating thermal and 

photochemical kinetics. Of courae the two types of reaction 

possess quite different modes of activation; one involves a 

colliaional proceaa, while in the other the abeorption of light 

by a particular molecular group takes place. But once the 

primary step has occurred, the aubaequent stages of a photo

chemical reaction are thermal reactions Which often involve 

atoms and radicals. 

Since the simple hydrocarbons are transparent down 

to the extreme ultra-violet, and there are considerable 

difficulties involved in working in the Schumannregion, most 

photochemical decompositions on these subatances have been done 

by photosensitization with mercury vapour. In this type of work 

the reactant gas saturated with mercury vapour at around room 

temperature ia illuminated with mercury resonance radiation. 
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0 
Mercury possesses two resonance linea, one at 1849 A and the 

other at 2537 i. In praclice the shorter line is almost 

completely absorbed by the quartz reaction vessels and jackets 

of the light aourcea. Thus there is only one line which is 

appreciablJ abaorbed by the mercury vapour in the system, 

normal mercury atoma (6180 ) being raised to the 63p
1 

level. 

These excited mercury atoma may then transfer their energy by 

collision with other moleculea. If efficient transfer results, 

a wide variety of reactions may occur (14) since Hg(63~l) lies 

4.8 volts or 112 kca1. above Hg(61s0 ) which ie greater than 

the activation energy of almost all chemical reactions. 

The mercury photosensitization method ia of especial 

importance because it allows one to investigate reactions 

involving hydrogen atoms. Thia was firat demonstrated in the 

classical work of Taylor and hia co-workera (15). The 

following acheme illuetrates the application of the method 

when we illuminate a mixture of hydrogen and the other re-

actant in the presence of mercury vapour: 

( 1) Hg( 61s0 ) + hv ~ Hg(63p
1

) 
(a) 

(2) Hg ( 63p l) + H2 ~ HgH + H 

( 3) H + X JP'= Product a 

( 4) 2H + M ~ H2 +M 

__ .__._ 

~ - - - ~ - - - -
(a) Beaotion (2) may be 

Hg(63P 1 ) + H2 ~ Hg(61S0 ) + 2H 

Although the evidence (16) for it is not so probable as 
that involving the mercury hydride formation. In any 
event only a trivial change is involved in the numerical 
calculations but no general principles are affected. 
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where M is a third body. If reaction (3) is not too fast
1

a 

stationary concentration of H atoms exists
1

and if the intensity 

of illumination and rate of recombination of H atoms are known
1 

the velocity constant of (3), (17), can be calculated. This 

method is of wide applicabilitJ. However since many Hg-

photosenaitized hydrocarbon decompositions yield hydrogen
1
it 

makes it exceedingly difficult to study such processes in 

abaence of the H atom reaction which will generally predominate 

as soon as a few percent of hydrogen are formed. 

It appears possible that thia difficulty may be 

obviated by the use of cadmium reaonance radiation. Recently 

Steacie and Potvin (18), following on the pioneer work of Bates 

and Taylor (19), have developed a powerful and convenient source 

of Cd resonance radiation. The first cadmium resonance line is 

at 3261 i which correeponda to 89 kcal. This is powerful enough 

to break the C-C bond ( SO koal.) but has not the necessary 

energy to dissociate the hydrogen molecule (103 kcal.). However 

it ehould be remarked that work by Bender (20) indicates that 

the reaction 

Cd(53pl) + H2 

may take plae e. 

---~~ Cdli + H 

The reactions of hydrogen atoms can be investigated 

in a much more direct way and under a different set of experi

mental conditions by the Wood-Bonhoeffer method. Wood (21) 

was the first to demonstrate that under certain conditions 
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H atom; could be pumped out of a hydrogen diacharge tube in 

high concentrations and carried for considerable distances 

before recombination occurred. Later Bonhoeffer (22) adapted 

this method to the study of H atom reactions
1
and eubsequently 

a great number of reactiona have been investigated by this 

method (23). 

The following eection will review the available 

data(a)on the atomic and photo reaction& of the aliphatic 

hydrocarbon&. 

The Photochemical ~d Atomic~eactions of the 

Aliphatic Hydrocarbo~ 

Methane 

The Phot~_!nd Photosensitized Reaction! 

In a preliminary communication Leighton and Steiner 

(24) report experiments on the decompoaition of methane by the 

light from a hydrogen lamp near the lower limit of the fluorite 

region. Hydrogen and unsaturated hydrocarbons were formed in 

the approximate mol proportions of 4:1. No direct determination 

of the quantum yield was made but a "crude estimate" based on 

a comparison of the rate of ozone synthesis in the same cell 

indicated a value in the ~rder of unity. They remarked that 

in conaideration of the large proportion of hydrogen the 

p rocessea 

- - - - - - ~ - - ~ ~ - - - - - - ~ - ~ - - - - - -
(a) For the purpose of creating a logical presentation 

many of the papers appearing subsequent to the begin
ning of this work will not be referred to until the 
diacuaaion in Section E. 



could not be the only ones involved. 

The complete results of a thorough investigation 

have recently been re~orted by Groth (25) subsequent to a 

preliminary note by Groth and Laudenklos (26). They used aa a 

source a Harteck xenon lam~ (27) which produces strong linea at 

1469 i and 1295 i. A 30 mm. layer of methane at atmospheric 

preasure was found to absorb completely at 1295 i and to the 

0 
extent of 13% at 1469 A. The reaction producta consisted chief-

ly of hydrogen and acetylene with smaller amounts of ethane, 

ethylene and higher hydrocarbons. The quantum yield for the 

production of hydrogen varied from an initial value 0.35 to 0.5 

when 6.5 x 10
19 quanta had been absorbed. In contrast to this 

increase of rate with radiation time the hydrocarbon production 

decreased from an initial value of 0.17 molecules per absorbed 

quanta to 0.10 molecules per absorbed quanta for the same total 

radiation. In conaideration of the low quantum yield the 

reaction 

ia aaaumed to be extremely unlikely and 

( 1) 

is suggested, the following secondary reactions accounting for 

all the products, 

(2) 
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OH 3 + CH; (+M) Iilo 02H6 + (M) (3) 

CH
3 

+ CH
3 • C2H4 + H2 (4) 

CH
3 

+ CH a CHlf, + B (5) 
3 2 

c:a 3 + B =- CH
2 + H2 (6) 

H + H + M • B 2 +M ( 7) 

CH2 + CB2 + (M) & C2R4 + (M) (8) 

CH
2 

+ CH 2 a C2H2 + H2 (9) 

CH 2 + H • CH + B2 (10) 

CH + CH • C2R2 (11) 

A brief inve at igat ion of the direct reaction ha a 

been recently reported b7 Kemula and Dyduazynaki (28) employ-

ing the shorter wave lengths of a mercur1 lamp ( ___, 1850 .i). 
Previous to the initiation of thia research, all 

investigators (29) had found methane to be atable in the 

presence of mercury atoms excited by resonance radiation. 

Further work indicating a measurable rate for the reaction 

CHij. + Rg(63p1 ) 

will be diacuased in Section G. 

The ~action of H Atoms with Methane 

In investigating the reaction of H atoms produced by 

a Wood's tube with hydrocarbons, Bonhoeffer and Harteok (30) 

found that methane was aurpriaingl7 stable and could detect no 

react ion. 

These results were confirmed by v. Wartenberg and 

Schultze (31). In addition they found that no appreciable heat 

waa developed on mixing hydrogen atoms and methane (a~art from 
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the normal amount due to atomio recombination). Further 

confirmation of the inertneas of methane waa furnished by the 

work of Chadwell and Titani (32). 

Geib and Harteck (33) studied the proceas over a 

temperature range and ehowed that no reaction occurred up to 

18)0 0. On the basis of this result the1 concluded that the 

react ion 

CHl+ + H _ _.,.__ CH + H 
3 2 

has an activation energy of at least 17 kcal. An alternative 

auggeation was that thia reaction takea place eaailJ, but the 

reverae reaction 

--:::111.,.-CH + M 
4 

occurs with a greater velocity than all other poaaible reactions 

of the methyl radical euoh aa 

2CH 
3 

eo that methane ia regenerated as rapidly as it is consumed. 

Such a auggeation was ruled out by Geib and Harteck on the 

grounda that (a) it is improbable that no other secondary re

action• of the methyl radical should occur, and (b) the 

introduction of methane causes no significant change in the H 

atom concentration, whereae the above mechaniem would involve 

conaumption of h7drogen atoma by both the forward and back 

reactiona. 

This second objection could be overcome if as a 

secondary reaction 
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could occur with a low enough activation energy. As this has 

been variously estimated (34) to be from 8 to 23 kcal. the 

issue ia somewhat in doubt. 

The first investigation of the deuterium atom 

reaction was made by Ta~lor, Morikawa and Benedict (35) the 

atoma being produced by photosensitization with mercury, and 

the resulting deutero methanea determined by infra-red 

epectroacopy. Considerable reaction from ~0° to 300°0 was 

reported and the conclusion made that the activation energf of 

the process was very low, of the order of 5 kcal. The results 

were communicated in only a preliminary note, and their more 

complete investigation referred to in Section ~ doea not con

firm this work. 

The eame reaction was investigated by the Wood

Bonhoeffer method by Geib and Steacie (36). No detectable 

reaction of deuterium atoms with methane was found up to 100°0, 

indicating an activation energy for the exchange reaction of 

not lees than 11 kcal. in sharp contrast to the above reaulte. 

Their investigation shows that the reaction in question is 

very probably an analogue of the ortho-para hydrogen conversion, 

viz. 

Whatever the mechanism, however, a lower limit of ll kcal. is 

set for both reactions. 
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Ethane 

The Photo- a~ Photosensitized ReactiO£! 

The only work re~orted on the direct photo reactions 

is a qualitative investigation by Kemula and Dyduszy~ski (37) 

employing radiation from a mercur¥ arc at a wave-length of 
0 

about 1850 A. The formation of hydrogen and unaaturates was 

noted. 

A few investigations, however, have been made on the 

mercury photosensitized reaction. Taylor and Hill (38) were 

first to make observations on the decomposition of ethane. 

They noted that when ethylene-hydrogen mixtures saturated with 

mercury vapour were illuminated with resonance radiation ethane 

and higher hydrocarbons were formed. After the pressure change 

accompanying the reaction was over, other changes occurred 

which led them to suspect that the ethane formed was being 

attacked both by hydrogen atoms and by excited mercury. They 

verified this, and auggested that radicals were undoubtedly 

involved in the proceas. Kemula (39) also showed that ethane 

could be decomposed by excited mercury atoms. 

A more thorough investigation of the photosensitized 

reaction was made by Kemula, Mrazek, and Tolloczko (40), follow

ing on the earlier work of Tolloczko (41). In their investi-

gation the reaction mixture was circulated through a trap at 

-sooc in an attempt to remove the products of higher molecular 

weight aa fast as forme4, and thus prevent secondary processes. 
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They found that the decrease in pressure as the reaction went 

on was accompanied b~ an exactl7 parallel increase in the 

volume, of the liquid condensate. The rate was independent of 

the ethane pressure, but at high pressures a higher percentage 

of condensate was formed. The gaseous products consisted 

entirely of hydrogen and methane, the ratio of hydrogen to 

methane being at the least 3:1 and approaching infinity if the 

trap were kept at -20°0 instead of -sooc. The condensable 

producta were analyzed by a very rough fractional distillation, 

and were found to consist mainly of butane and octane, with a 

amall amount of hexane and no propane or pentane. 

Tolloczko (42) had previously auggested that the 

mechaniam of the process waa 

c2a6 + c4H10 s C2H5 + C4Hg + 2H 

• C6Hl4 + H2 , etc. 

Thia assumes onl7 a C-H rupture and leads obviously to hydro-

carbons with an even number of carbon atoma only. It gives, 

however, no explanation of the formation of methane. Kemula, 

Mra.zek, and Tolloczko therefore suggest 

Hg• • C2H6 + .. C2H6 + Hg 

C2B6 * ~ c2H
5 

+ H 

2C 2H5 + M ,.. 
C4H10 +M 

2H + M ... 
H2 + M 

C2H6 + H ~ C2H5 + H2 

C2H6 + H • CH 3 + CH4 



-19-

The higher hydrocarbons then result from secondary reactions 

of butane, etc. The fact that octane appears to be the chief 

higher product makes it plausible that the chief reaction of 

butane ia 

• C4H9 + H 

~ CSHlS + M 

The chief fallacy in this work and all other mercury 

photosensitized studiea of the hydrocarbons has been the 

complication of the reaction under study by secondary processes. 

The difficulties introduced by secondar~ reactions, in attempts 

to unravel the mechanism of any chemical procesa, although by 

no means alight, are particularly troublesome here. Table I 

showa the values of the effective quenching areaa for aome 

hydrocarbon• and hydrogen after Bates (43) and Zemanaky (44). 

The last column ahows the percentage of product molecules 

required to be present in an ethane mixture to absorb an equal 

amount of radiant energy. In addition qualitative investi

gations have shown that higher hydrocarbons decompose at a more 

rapid rate than ethane (45). Ae mentioned before, under the 

conditions of reaction hydrogen produces H atoms which have been 

ahown by independent methods to react with hydrocarbons (46). 

It therefore followa, that in all mercury photosensitized 

hydrocaroon decompositions, unless the products are removed as 

faat as formed, no reaeonably accurate estimate of the initial 

products of reaction or of their rate of formation can be made. 

In part Kemula and his eo-workers must have realized 



Compoun$1 

hydrogen 

methane 

ethane 

propane 

butane 

d eu t er i um ( 7 6) 

-19a-

TABLE I 

Mean ~otuenoh ing 
Diameter 

-16 2 
8. 60 x 10 cm 

0.0852 

o. 59 4 

2.32 

5.88 

12.0 

Percentage re~uired 
in ethane-gas mixture 
eo that the gas will 
quengh one half the 
~(6-'Pll_!.to.m_a __ • ___ _ 

24 

12 
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thia, hence the trapping at -sooc. However at this temperature 

the vapour preasure of butane ia ll mm. and that of propane 

118 mm. No methane nor hydrogen was removed. For methane thia 

ia not aerioua aa it is quite inactive at room temperature. 

Nevertheless, in view of the facts cited above, comoined with 

the additional information that all their products contained 

large amounts of hydrogen in the gas phase, it must be con-

eluded that the reaction which they studied was almost entirely 

the H atom reaction accompanied by the suoaequent decomposition 

of propane and but a. ne. 

It was found by Bonhoeffer and Harteck (47) and 

v. Wartenberg and Schultze that luminescence occurs on mixing 

hydrogen atoma with ethane, bands due to CH and CC being 

obaerved. In spite of this the major part of the ethane waa 

recovered unchanged. The latter authora found that there was 

a considerable loss of gas in their experiment& (up to 25 per-

cent), which might have been dne to methane formed in the 

reaction. Thia, by their technique, would have been lost on 

passage through the liquid air trap. On the evidence that the 

hydrogen atoma were almost completely destroyed they suggested 

.. C2H5 + H2 

• C2H6 +M 

aa the main proceaa. Aa a complex mixture of products ia not 

formed, it ia evident that the emission of the CC and CH b•nda 
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is caused by the presence of onlJ relatively amall quantities 

of CC and CH produced by secondary reactions or by im~uritiea. 

If dehydrogenation to CC and CH were the chief proceaaea it ia 

improbable that theae could be quantitatively hrdrogenated 

back to ethane without the formation of aome additional 

product a. 

During the course of another investigation two 

experiments on the reaction of hydrogen atoms with ethane were 

made by Chadwell and Titani (48). They found: 

(a) 25 cc. of C2H6 gave 5~ CH 4, 1.4% Co2 , 1.6% C2H
4 

(b) 150 cc. of C2H6 gave 3% CH 4• 3~ C0 2 , 1.7% C2H4 

The carbon dioxide must come from the action of water or 

phosphoric acid used as a poiaon for the walla of the apparatus. 

They suggest that the gaa lost in the investigation of v. 

Wartenburg and Schultze was ethane rather than methane. It 

might be expected that aome ethane would be lost under the 

latter authors• experimental conditions. It ie difficult to 

underatand why thia was not definitely shown by the performance 

of a few blank runs. However, it should be noted that Kemula 

(49) employing the mercury photosensitized H atom method found 

some methane. 

Higher Hydrocarbo~ 

Comparatively little work has been done on the atomic 

or photochemical reactions of the higher hydrocarbons. 

Recently Kemula and Dyduezy6aki (50) decomposed propane and 
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butane in the light of a mercury lamp at a wave length of 

~ 0 - 1850 A. The formation of' hydrogen and unsaturated compounds 

was noted. In their classical work on mercury photoaensitized 

decompositions, Tarlor and Hill (5l) found that propane reacts 

more rapidly with hydrogen atoms than doea ethane, but more 

slowly than butane. The mercury photosensitized reactione of 

n-pentane were investigated by Xlemenc and Patat (52) and by 

Frankenburger and Zell (53). The products were found to consist 

of hydrogen, methane and higher hydrocarbons. Similar results 

were obtained by Taylor and Batee (54) on the mercury photo-

aensitized decomposition of n-hexane. A few brief preliminary 

experiment& on the reaction of D atoms with propane and n-

butane have been reported by Trenner, Morikawa and Taylor (55). 

The results of thia investigation will be referred to in 

Section E. 



B. THE_MERC[ll_~OTOS~SITIZED E~!!!!i~JEA_QTION ~.nWEEN 

DEUTEliiU~AND METHANE 

In consideration of the large diacrepanoy (see 

page 16) between the results of Taylor, Morikawa and Benedict 

(35) and of Geib and Steacie (36) concerning the activation 

energy of the reaction 

----'_.~ CH D + B 
3 

a preliminar7 investigation uaing the mercury photosenaiti-

zation method was begun. 

:Exp er 1m en tal 

The apparatus employed was of the ueual static type. 

The reaction vessel, a cylindrical fuaed quartz bulb of about 

140 cc. capacity, was arranged eo that meaaured amounts of 

various gases could be introduced and the pressure could be 

continuously observed. It contained a small pool of mercury. 

The vessel was immersed in a thermostat filled with distilled 

water at 23°0. 

The light source was a Hanovia quartz mercury vapour 

rare gaa discharge tube Sc-2537· The lamp was a double -U grid 

type operating at 320 volts and 100 milliamperea from a 5000 

volt Jeffereon sign transformer. With this lamp almost all the 

emitted light is in the resonance line at 2537A. The light 

passed through a quartz tube, cemented into the aide of the 

thermostat, filled with 25 percent acetic acid solution (56). 
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0 
This servea to remove the radiation below 2)00 A to which 

methane may be sensitive. The tube thus acted as a window, a 

condensing lens, and a filter. Thia arrangement was not very 

efficient, and reflection losaes from the cylindrical vessel 

were very high. As a result the intensity was low considering 

the source used, and rather long expoaures were neceasary. 

The intensity of the absorbed radiation was inferred 

from measurements ot the rate of the mercury photosensitized 

aynthesis of water from hydrogen-oxygen mixtures. It was 

assumed that 5 molecules of {hydrogen + oxygen) diaappeared per 

12 quantum of light absorbed {57). An average value of 8-77 x 10 

quanta per cc. per second was found. 

In general deuterium waa iu considerable excess, the 

experimental mi•ture being uaually about 

excess of deuterium employed diminiahed the effect of the back 

reaction to a great extent and yet the quantity of methane was 

ample for &nalysis. The total preasure was in the neighbourhood 

of 50 cm. After illumination the reactant was separated from 

hydrogen, burned and the deuterium content of the water 

determined. 

Since liquid hydrogen was not available, methane was 

separated from the reactant mixture by preferential absorption 

with silica gel at -183°0. This had previously been used in a 

flow aystem at low preasuree by Geib and Steacie (36). As it 

waa at first not realized how aenaitive the method was to 

experimental conditions, aatiafactory reaulta were not 
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immediately achieved. The apparatus is shown in figure 1 

together with a diagramatic sketch of the analytical aet-up. 

The technique of separation was developed as follows: 

(A) The methane-hydrogen mixture was allowed to come in 

contact with alumina at -183°0 gel for 10 minutes. After 

evacuation with an oil pump for 10 minutes. the gel was warmed 

to -80°0 and the methane deaorbed into the combustion bulb. 

Since desorption was carried out at -80°0, there was no danger 

of contamination from traces of residual water which might 

have been present on the gel. The appropriate pressure of 

commercial tank oxygen was then admitted through a liquid air 

trap. After combustion the products were pumped through trap 

T1 or T2 where water vapour was condensed at -80°0. 

(B) As in (A) but using silica gel. 

These procedures gave rather high blank values. i.e. 

accomplished onl7 at partial ae~aration, as ia ehown in Table 

II. so the procedure was modified aa follows: 

(C) The gases were pumped through silica gel at -ls3oc 

and the pumping was continued for 10 minutes. The methane was 

desorbed at -80°0 and combuated as before. 

(D) As in (C) but using higher pumping speeds. 

The separations tbua effected were quite satisfactory, 

the blanks being reduced to 1 or 2 percent. 

The method emplo7ed to determine the deuterium content 
(a) 

of the water formed was one due to Harteok , (58). This con-

~ - ~ - - - ~ - - - - ~ - - ~ - ~ ~ - - -
(a) Private communication. 



FIGURE I 

Apparatus for the analysis of excha nged methane 

for deuterium content. 
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aista of measuring the heat conductivity of the saturated water 

vapour at the temperature of the ice-salt eutectic. The heat 

conductivity of deuterium oxide is thus lower than that of 

water on account of its lower va~our pressure, as well as on 

account of its higher molecular weight. The heat conductivity 

was measured by means of a Pirani gauge of the usual tY,Pe con

taining a platinum wire with a th~ckness of 10 mu, the gauge 

being immersed in a well stirred ice-water bath. The resis

tance of the platinum filament at constant potential, and under 

the above conditions is a linear function of the deuterium 

content of the water employed. In making measurements, readings 

with ordinar¥ water and with the water being analyzed were made 

alternately. The values reported are the mean of a number of 

separate determination&. In using this method precautions were 

taken to ensure that the water being analyzed was entirely free 

from gaseous impurities. The water resulting from the 

combuation was therefore re-diatilled approximately ten times in 

high vacuum back and forth from trapa T1 and T2 and was condensed 

each time at a tem~erature of approximately -60°0. 

Deuterium was prepared by the electrolysis of 99·3~ 

heavy water rendered slightly alkaline with sodium hydroxide. 

The electrolyaia was commenced in a vacuum, and the oxygen and 

hydrogen were collected separately. The deuterium was passed 

through a furnace at 600°0 containing platinized asbestos to 

free it from any ox1gen. It waa then pasaed through a liquid 

air trap to remove water, and was atored in a 5 liter glass bulb. 
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The gas was transferred from this vessel to the reaction vessel 

by means of a small Toepler pump. 

Methane was procured in cylinders from the Ohio Chemical 

and Manufacturing Company. Aa it was only about 80 percent pure 

considerable treatment waa necessary. It was therefore purified 

according to the direc~ions of Moser (59) with the exception 

that Fieser 1 s (59a) aolution was employed in place of the usual 

alkaline pyrogallate. This procedure consisted of passage of 

the gas through ammoniacal cuproua chloride, dilute and conc~n-

trated aulphuric acid, a 50 cm. column of copper oxide at 300oc, 

concentrated potassium hydroxide solution, and Fieaer 1 s sol ut ion. 

In addition it waa dried b~ pasaage through a trap at -sooc, and 

fractionated several times. 

The results are given in Table II. 

In order to calculate the collision yield and hence 

the activation energy, it is first necessary to evaluate the 

atationary concentration of deuterium atoms produced by the 

illumination. 

The initial reactione 

Hg ( 61s ) + hv ~ Hg ( 63p l) 
0 

Hg ( 63P 1) + D2 Hg ( 61 So) + 2D 

can be directly evaluated, since the 1 ight int ens it~ has been 

determined by the hydrogen-oxygen actinometer. The fraction of 

excited mercury atoms deactivated by methane can be calculated 
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TABiiE II 

The Photosensitized. React ion betwe!.!!, 

Deuteri·wn and2!eth!.!!!_ 

Temperature 23°0 
(1) (2) ( 3) ( 4) ( 5) (6) 

Time PD2 PCH· Method D Content 
Run I 11 um inat ion ij. of of 
No. ~sec.2 (cm~ _icm) _ Ana.lya i a Meth!!!.,! ~~l 

1 o. 95 X 105 39.6 9·5 A 4.5 

2 0 37·5 10.5 A 6 

3 4.08 X 105 45.0 10.0 B 11.5 

4 1.58 X 105 52-5 12.5 B 4.5 

5 ;.81 X 105 39.2 14.4 B 6 

6 0 39.0 13.0 B 7 

7 0 4o. 0 14.0 c 3 
g 5.68 X 105 39· 6 10.8 c 6 

9 0 39.8 11.2 c 2 

10 0 42.2 11.3 D 1 

11 2.25 lt 105 38·9 12.6 D 4.5 
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TABLE II - (continued) 

(7) (8) (9) ( 10) (11) ( 12) 

D Atom Fraction of 
Cone en- Methane 

Bun tra.tion Converted Co 11 iaion Co11 is ion E E 
No. (moles cc) per sec. Yield Yield (Kcal) (Kca.l) -

l "-' 6x1 0 -l 2 ...::::: 10- 6 
~ 11 ~10 

2 

3 s.sxlo-12 4.5xlo-7 2. 6x10 - 10 2.6xlo·9 11.6 10.3 

4 "'-' 6xl0 -l 2 
~ 10-6 

711 :710 

-12 
5 ,......, 6xl0 ....::::: 10-6 

~ 11 :710 

6 

1 

6.5x10 
-12 

2.5xlo-7 8 1. 4x1o-10 1. 4x1o-9 12.0 10.7 

9 --
10 

11 6.lx1o-12 6.0x1o-7 3. 2xl0 - 10 3.2x1o-9 11.4 10.1 
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to be negligible by the usual formula, 

2 _f_ 

[D2] o;_D2 P' H~D2 + 

-l 

[oH4] Oag~H4 f/ tgcH
4 

where 0 ie the effective colliaion diameter and f' ia the 

reduced mass of the colliding particles. The values of er-
were taken from Table I. On substitution of these and also the 

approximate ratio of 4 for (nJ /[cH 4l we obtain a value of 

-4 
about 8 x 10 for the fraction deactivated by methane. The 

initial proceaaea will be foll~wed bJ 

(l) 

(2) 

(3) 

D 

The react ion 

+ 

D 

D + M ~ D
2 

+ !4 

D ~ l/2D
2 

(wall) 

+ 

H + D + M ~ HD + M 

(or other products 
which use up D atoms) 

may be neglected, aince for amall percentage conversions there 

will be an inappreciable quantity of atomic hydrogen present. 

Hence we may write 

d 

dt 

2Iabs. 

N 

where N is Avogadro's number, and M is a third body. 

The rate of recombination of hydrogen atoms under 

comparable experimental conditions has been investigated by 

Farkae and Sachaae (60), who found that at a light intensity of 
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2 x 1015 quanta cm.-3 sec. -land at pressures higher than 20 cm. 

the term x2(H] /(M] could be neglected, and estimated 
16 6 -2 -l x1 (for H atoms) to be 3·~ x 10 cm. mole sec. at 24°0. 

There is some discrepanc¥ between theae results and thoae 

obtained by discharge tube methods (61). In Farkaa and Sachsse's 

experiments the rate conatant given is based on the aesumption 
16 

that •M• is H2 • Smallwood found 1.7 x 10 for the case where 

M is a hydrogen atom, and atated that the constant for the 

react ion H + H + was at least 50 times amaller. The 

two values for the latter reaction differ. therefore, by a 

factor of lOO. The conditions in the two experiments were, 

however, widely difierent, since Farkas and Sachase worked at 

pressures of the order of atmoapheric and uaed minute H atom 

concentrations, while the other investigations were made with 

high H atom concentrations and pressures of the order of a 

millimeter. 

Since the conditions in this investigation are almost 

identical with those of Farkas and Sachase, their value for the 

rate conatant of the reaction H + H + H2 will be adopted. 

It should be noted that Farkas and Sachase ~~~~ the 

stationary hydrogen atom concentration and calculated their 

rate constant from it. Since their values of the rate constant 

are being employed to calculate the stationary hydrogen atom 

concentration under nearly identical conditions, we are in 

effect merely using their measured values of the hydrogen atom 

concentration. The valuea calculated in this way should 
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therefore be but slightl~ influenced by any errore in Farkas 

and Sachsse's mechanism and calculations, and dependent only 

on the accuracy of their measurements. 

The above discussion refers, of course, to hydrogen, 

not deuterium. It may be assumed that the only difference 

between the two will be in the frequency of triple collisions. 

Tolman (62) has calculated the number of effective tri~le 

collisions in a mixture of perfect gasea for the case where 

molecules of kinds {l) and (3) will react if they come within 

a distanceS of a molecule of kind (2). The result ia 

Z • SV27Ti N1N2N3 0,~2. o;ts (kT)~ ( f'-~{ -+ /(tl.-; 
where the N'a refer to the number of molecule& per cc. of each 

type, the 6 's to the average molecular dia.metera, and the ~ 'a 

to the reduced masaea. It follows from this that the reaction 

H + H + M ahould be (2 times faster than D + D + M(a~ 
the result being the same for an atomic or a molecular third 

body. Hence for deuterium atoms we will assume for the 

numerical value of K1 

(3.~ X lo16> I 1.4. 2.4 X lo16 

Neglecting for the time an7 loss of D atoms due to 

wall recombination, we have the necessary data to calculate the 

stationary deuterium atom concentration. If o( ia the fraction 

- - - - - ~ ~ ~ ~ - - - - - - - - ~ - - - - - - - - - -
(a) This relation has been confirmed experimentally by Amdur 

(6;), using a diacharge tube method. Under these conditione 
however, atoms, not molecules, were effective third bodies. 
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of CH~ reacting per second, then 

[n] .. ~Iaoa./N~~[ ca;J 
K 1(M) 

l 
~ 

In Table II, column (7) are the values calculated on this baaia. 

Since the mean life of the deuterium atoms ia 

[D]/ 2Iabs. the atom lifetime under the present conditione can 

be calculated to be 0.2 sec. Emplo¥ing the diffuaion equation 

2 
(x )Av. :. 212t 

where (x2 ) is the mean square displacement of the diffusing 
Av. 

particle, t ita mean life, and where ~, the diffusion 

coefficient, ia given by 

4 f~ ------- -----~--
3 7TVii ()2 N 

in which er 2 ia the diffusion croaa aection and N the number 

of molecules per cc. through which the particles are diffusing, 

the fraction of the deuterium atoms in the reaction cell which 

are within diffusing distance of the wall may be calculated. 
~ 2 -16 2 

If u D ia taken as 4 x 10 cm , at 23°C and a gas pressure 

of 50 cm., xA may be calculated to be ~ lcm. v. This meana 

that one-half the atoms in approximately three-quarters of the 

volume of the reaction vessel are within diffusion range of the 

walla during their mean lifetime. There ia thus some uncertainty 

in the value of the D atom concentration. One would not expect 

however that it would be leas than one order lower than that 

calculated on a non-diffusion basie. 
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Thus, in columna (9) and (lO), the collision yield 

has been calculated assuming both D atom concentrations. Thia 

ia equal to 
o< /b [ D] 

where 
b .. 20 (dn : dca4)

2 
MCH4 + ~ RT•N 

MOH· MD 
l+ 

in which the d 1 s are the diametera of the colliding particles 

and the other symbols have their usual meaning. Assuming a 

-s molecular diameter of 3·75 x 10 cm. for methane, and of 

2.14 x l0-
8

cm. for a deuterium atom (taken as being equal to 

the collision diameter of a hydrogen atom as found by Harteck 

( 64)) 

14 -1 
b a 3.0 x 10 sec. at 23oc 

In calculating E from the collision yield a ateric 

factor of 0.1 has been aasumed in conformity with the usual 

practice. These values are given in columna (ll) and (12). 

On account of the analytical difficulties previoualy 

mentioned, the data for runs l to 6 are merely qualitative. 

Nevertheless they aerve to aet a lower limit for the activation 

energy. For, even if the blank correction were omitted 

entirely, values of approximately ll kcal. would be obtained. 

In the last runs, where the blank corrections are smaller, a 

measurable exchange is established and we obtain more definite 

values for the activation energy. 

In conclusion it is realized that the work reported 

here is somewhat qualitative. As previously mentioned, it was 
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only a preliminary investigation intended to check the 

discrepancy between the early reaulta of Morikawa 1Benadict and 

Taylor (35) and those o£ Geib and Steacie (36). After this 

had been done a very thorough and complete research was reported 

by Melville and Farkaa (65)(a) confirming the results obtained 

herein. The work was therefore discontinued. 

(a) 

- ~ - - ~ - - ~ - - - - - - ~ - - - - - - - - - - - ~ - ~ 

For a discussion of this work together with later results 
by Morikawa, Benedict and Taylor (66) aee Section E. 
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C. THE REACTION OF A·:rOMIC DEUTERIUM WITH - --
ETHANE 

As mentioned previously the work of Bonhoeffer and 

Harteck (47), v. Wartenberg and Schultze (47), and of Chadwell 

and Titani (48) on the reaction of hydrogen atoms with ethane 

demonstrated that under the conditions of their experiments 

there was appreciable destruction of hydrogen atoms and little 

decomposition of ethane. It therefore appeared possible that 

considerable information might be given by investigating the 

exchange reaction with deuterium under similar conditions. 

Exp er imenta!, 

The deuterium was split into atoms by means of a Wood 

discharge tuoe. 

The main section of the apparatus built of soft glass 

ia illustrated diagrammatically in l!'ig. 2. A discharge was run 

through the tube A (3 cm. in diameter). The electrodes E were 

aluminium cylinders 3 cm. in d.iameter and 15 cm. long attached 

to platinum leads and sealed through the apparatus. The 

discharge was operated on an alternating current of about 3000 

volts maintained across the tube with a 5000 ohm resistance in 

series. The voltage was varied with a etep transformer and a 

rheostat in the primary so as to maintain a constant current of 



A~paratus for studying the reactions of D atoms 

produced by a discharge tube. 
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325 milliam~eres through the tube. 

Below the discharge was a reaction vessel C, with a 

diameter of 1 cm. and a length of 30 cm. Ethane entered the 

reaction vessel through a tuoe F. 

In work of this kind it is always necessary to poison 

the walls of the apparatus in order to prevent the recombination 

of hydrogen atoms at the surface. To facilitate this, the main 

section of the apparatus was made vertical as indicated. In 

order to wash the a~paratus the tops of the tubes were cut of£ 

at G, and the inlet tubes, joint D, and the Wrede gauge B were 

removed. The tips were then cut off the small drainage tubes 

H attached to the electrodes. The apparatus was then washed 

with distilled water, concentrated nitric acid, water again, and 

finally with a 5 percent solution of phosphoric acid. The tops 

of the tubes G and the tips of the tubes H were sealed off, the 

ground joints replaced and the a]f:paratua dried bf evacuation to 

a pressure of 10-5 mm. 

The hydrogen atom concentration in the reaction vessel 

was measured with the Wrede gauge B. This was of the usual 

t~pe (67) and consisted of a tuoe with a very fine orifice 

ait~ted in the reaction vessel, and an arrangement of stopcocks 

auch that either the inside or outside of the tube could be 

connected to the Pirani gauge. This is used to measure the 

pressure difference set up acrose the orifice owing to the 

difference in the diffusion coefficients of hydrogen atoms and 

h~drogen molecules. From the pressure difference the percentage 
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of atoms in the reaction vessel may oe easily calculated, the 

relation being 

% atoms ~ 100(1_=-!z~ll 
. . l - 1 /(2 

wher4!!. ?z. :::. prersur~ MS'me J and p ~ == p;e..J.J4' r~ ou-ls~d~ ol fuPL., 

Deuterium was prepared ae deaorioed on page 26. By 

means of the Toepler pump it was put into a small mercury gas

holder and delivered to the apparatus at a~mospherio pressure. 

Ethane was secured in cylinders from the Ohio Chemical and 

Manufacturing Company and was stated to be 95 percent pure. It 

was purified by fractional distillation and stored in a large 

reservoir. The pressure in this vessel governed the rate of 

flow. 

Both gases entered the reaction vessel through oali-

brated capillary flow-meters. After remaining there about l 

aecond the mixture passed out of the reaction veseel through the 

outlet tube L, over some gold foil which destroyed th~ remaining 

deuterium atoms, through a trap at liquid air temperature and a 

three stage steel mercury diffusion pump. This had a very high 

speed (approximately 20 litera per sec. at the mouth o£ the pump) 

and could maintain a pressure of about 0.3 mm. in the apparatus 

when deuterium was admitted at the rate of about 12 eo. at N.T.P. 

per minute. 

After the gases had passed through the reaction chamber 

it was necessary to separate the ethane from deuterium. Experi

ments by Chadwel1 and Titani (48) have shown that ethane is only 

2.5 percent decomposed by H atoms produced in a discharge so 

that complications of analysis due to additional products ma1 be 
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(a) 
neglected • The vapour pressure of ethane at liquid air 

tem~erature was too high, however, to permit a simple freezing 

out. Also it was impossible to introduce an adsorbent into 

the main vacuum line, since the resistance thus introduced 

would cut down the pumping speed enormously and thus raise the 

pressure. This would impede the operation of the discharge. 

The reactants were therefore separated by adsorption on silica 

or alumina gel at -183°0 in a trap between the diffusion pum~ 

and the oil pump. 

At the end of the experiment, which normally lasted 

about 10 min., the silica gel trap was maintained at -183°0 

and pumped out for 5 min. with the Hyvac pump alone. Trials 

showed that it was poesible to desorb virtually all adsorbed 

hydrogen in this way without loss of ethane. The trap was then 

allowed to warm up to -80°0 to deeorb the ethane. The ethane 

was then expanded into a two liter combustion pipette, dry 

oxygen was admitted, and the ethane was burned on a platinum 

filament. The resulting water was freed from oxygen and carbon 

dioxide by repeated distillations at -80°0 in a high vacuum. 

The water was then analyzed for its deuterium content by the 

therm.al conductivitf method of Harteck as described on page 

2 6. 

Resul!!. 

Atom Concentration 
....,_..__.._._ ----

Ae was mentioned above, the deuterium atom concen-

~ - - - ~ ~ - ~ - - ~ - -
(a) As will be shown later however in Section E, this con

cluaion was not completely justified. 
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tration was measured with a Wrede diffusion gauge. In order to 

conserve deuterium, these measurements were made in special 

calibration experiments using ordinary hydrogen. This intro

duces no appreciable error for the following reasons: 

(a) At a defined pressure the hydrogen flow rate will be 

greater than that of deuterium and will take less time to 

get from the discharge tube to the reaction vessel. In 

this time, however, it will undergo more collisions with 

the wall because of its higher atomic velocity; These two 

effects bala.nc e-

(b) Also the activation energies of the recombination 

reactions 

(wall) 

(wall) 

will not differ appreciably since atoms have no zero

point energy. 

Hence we may expect the same atom concentration in the reaction 

vessel irrespective of whether hydrogen or deuterium is used. 

In any event, any possible error from this source is negligible 

compared to uncertainties in the atom concentration due to 

fluctuations in wall activity. 

The average atom concentration in a number of 

calibration rune was 20 percent. 

Beaulte of the Reaction of Deute£1um Atoms_!ith Eth~. 

The results are given in Table III. In column (5} 



TA:BLE III 

The Keaction of Deuter~ 

Atoms with Ethane ---------
Deuterium Flow~ 0-202 oc/sec. at N.T.P. 

Average Atom Content & 20% 

( l) (2) (3) (4) 

Pres- C2H6, 
Run sure cc/sec.at 

No. Remarks (mm) N.T.P. --- ---
1 Blank, no discharge 0.27 o. 049 

2 . . ................. 0.28 o. 049 

3 Blank, ethane alone, o. 047 
Dt through die-
c arge later 

4 . . . . . . . . . . . . . . . . . . . . 0.28 0.044 

5 . . . . . . . . . . . . . . . . . . . . 0.28 0.044 

6 . . . . . . . . . . . . . . . . . . . . 0.28 0.037 

7 . . . . . . . . . . . . . . . . . . . . 0.28 0.034 

8 Blank, D2 through 0-033 
discharge alone, 
ethane later 

(5) ( 6) 

Reaction 
PD Time 

(sec) (om) 

1.11 

1.15 0.0046 

1.17 0.0047 

1.17 o. 0047 

1.20 o. 0048 

1.22 0.0048 

--
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TABLE III - (continued) 

( 7) (8) (9) (10) (11) 

% D Col-
z D Content % lis ion 

Run C2H6, of Ex- Yiel% E 
No. (xlo-5) ethane change (xlO ) (ca1.) 

1 o.o o.o --
2 7·8 10.7 18.5 1.5 6400 

3 0.0 o.o --
4 8.3 14.4 23·7 1.7 6350 

5 8.3 16.4 27.0 2.0 6250 

6 8.5 19.8 30. 6 2.2 6200 

7 8.5 17.9 27.0 1.9 6)00 

8 1.0 1.5 --

mean = 6300 
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is given the average time during which a molecule of the 

reactant is in the reaction apace. This is calculated from a 

knowledge of the amount of gas flowing, the pressure in the 

reaction vessel, and the volume (920 cc) and the temperature 

(20°0) of the reaction vessel. A correction is a~plied for the 

increase in volume due to the fact that some of the hydrogen is 

present as atoms. 

average number of collisions of l ethane molecule with deuterium 

atoms during its time in the reaction vessel. It is calculated 

assuming a molecular diameter of 3·75 x l0-8 cm. for ethane, and 

of 2.14 x lo-8 cm. for a deuterium atom (assumed equal to the 

collision diameter of a hydrogen atom as found by Harteck (6~)). 

The values of the apercent exchange" in column 9 are calculated 

on the assumption that at equilibrium the distribution 

coefficient 
D~ in e].~.! l 
D /H in hydrogen 

In calculating the collision yields in column (10) allowance has 

been made for the fact that 6 fruitful collisions are required 

to convert a molecule of c2H6 to c2 D6. The activation energies 

in the last column are calculated assuming a ateric factor of 

0. 1. 



-40-

D. THE MERCURY PHOTOSENSITIZED REACTIONS OF ETHAN! 

Aa outlined on pages 12 to 22 no thorough study has 

been made of the mercury photosensitized reactions of the hydro

carbons. Since methane at room temperature had been reported 

inactive it was decided to investigate in as precise a manner 

aa possible the reactions of the next member of the series. 

Experimental 

In the ideal experimental system for the study of 

photochemical reactions several conditions should be met. Some 

of these are mentioned below. 

(a) ~ioal Syst!!. 

The light source should be intense, monochromatic and 

constant in output. In addition the absorption vessel should be 

completely transparent to the radiation in use, and its geomet

rical relation to the lamp should be such that effective 

utilization of its light can be realized. 

(b) Me~ods of Analzsis. 

Sensitive and precise methods of analysis should be 

available to enable a thorough estimation of small amounts of 

products to be made. 

(c) Conc!El~tion of Products. 

The concentration of the products in the reaction 

mixture should be kept low enough eo that they will not inter-
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fere with the primary processes. 

The first two conditions are not entirely independ

ent. With a powerful enough light source efficient utilization 

of its radiation may not be necessar1; with sensitive enough 

methods of analysis a weaker light source may be sufficient, etc. 

To what degree these conditions were filled will be 

seen in the following sections. 

In dealing with mercury sensitized reactions in 

addition to the requirements mentioned under (a), "the form of 

the exciting line or lines must also be b1own if the kinetics 

are to be studied in detail in order to derive the correct 

sequence of reactions comprising the total process 11 • "If the 

exciting line is not narrow and unreversed, then the effect of 

added gases and of temperature on the shape of the absorption 

line of the mercury vapour in the reaction vessel may become so 

com~licated that no real use of this method of initiating 

reactions can be made kinetically". 

"The usual type of mercury lamp having mercury

merc~ry or mercury-tungsten electrodes with the cathode water 

cooled suffers from the disadvantages that it is unsteady, 

generates a considerable amount of heat, radiates lines beside 

the resonance lines at 2537 j, 1849 i and emits, if the water 

cooling is not efficient, a partially reversed resonance line 

unless the additional complication of a magnet is employed to 
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press the discharge against the walls of the lamp. Lamps with 

heated cathodes and tungsten anodes eliminate the majority of 

these disadvantages, although now it is necessary to control 

the temperature of the cathode accurately. This disadvantage 

is not, however, present in discharge lamps containing a mix-

ture of rare gas and mercury vapour and running at some hundreds 

of volts A. c.n (77). 

Such a lamp, containing argon, is manufactured by the 

Hanovia Chemical and Manufacturing Company and styled the 

Sc-2537 rare gas discharge tube. One of these lamps, which may 

be referred to as source A, was procured and used in the first 

part of the work. When operated at 0.100 amperes and 370 volts 

from a 5000 volt Jefferson sign transformer it emitted 

-6 -1 0 8 x 10 einsteins sec. at a wavelength of 2537 A. This is 

an efficiency of 13 percent in the production of the 2537 line. 

Having a strong lamp, utilization of an appreciable 

fraction of its radiation is not always easy. Interposition of 

filters to eliminate secondary wavelengths and heat often permit 

only an arc of few degrees of the total emission to be used. 

Luckily no filtering of any kind was found necessary in the 

present instance. The lamp operated at only a few degrees above 

room temperature and blank experiments showed that in the 

absence of mercury vapour in the reaction system no chemical 

changes were observable. The radiation was therefore used with-

out filtering. To utilize the largest possible fraction of the 

light from the lamp the fused quartz reaction vessel was annular 
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in form, being 10 cm. long, 8 cm. in diameter, with a hole 

4 cm. in diameter through the middle. Its volume was 320 cc. 

A well in the side of the vessel was provided to accommodate a 

thermocouple. If a cylindrical cell had been used adjacent to 

the side of the lamp less than 1/50 of the light might have been 

absorbed. Experiments have shown that cylindrical cells placed 

in this way cannot utilize an amount of radiation proportional 

to the angle they subtend from the lamp because of the almost 

complete reflection loasea from tangential and near tangential 

surfaces exposed to the light beam. For example, Melville and 

Farkas (78) employing a powerful resonance lamp emitting 10
19 

16 
quanta per sec. could only utilize 5 x 10 quanta per sec. on 

placing a cylindrical reaction vessel close to one limb of their 

lamp. Thus the advantages of an annular cell for efficient 

absorption of radiation cannot be overemphasized. 

For the latter part of the work a very efficient 

light source-reaction vessel was constructed (referred to 

subsequently as light source B). Guided partly by the rules and 

principles followed in the construction of neon signs (79) and 

by some data publiahed by Melville (77) a system was built in 

which it was possible to realize in effective resonance 

radiation 1. 0 x 1019 quanta per sec. This is the largest number 

of quanta per sec. of mercury resonance radiation which has yet 

been reported employed in a chemical or physical process. The 

detail• of construction are shown in Fig. 3· The tube was fill-

ed with neon at a pressure of 12 mm. and a amall droplet of 
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FIGURE III - -
Light source :B. 
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mercury. The electrodes were coated and supplied by the Claude 

Neon Eastern Limited, Montreal. The filling and bombarding 

were done by the usual neon sign technique. The coated elec

trodes were found to be very cool in operation, the electrode 

chambers being at a temperature of not greater than 35°0 during 

operation. This is quite an improvement over the Hanovia Sc-

2537 tube whose electrode chambers attain a temperature in 

excess of 150°0. This results in an improved efficiency for 

the new lamp. 

In operation source A was employed only with the 

reaction system at 35°0, this being the lowest temperature of 

efficient operation. With source B, however, it was quite 

convenient when the whole system exclusive of the electrodes 

was surrounded by a well lagged furnace to extend the range of 

operations from 65°0 to 570°0. 

Method of Analysis 

A short survey of the literature Will soon convince 

one that the only satisfactory method for the analysis of 

mixtures of gaseous hydrocarbons is by low temperature fract

ional. distillation. The most convenient method for doing this 

has been devised by Podbielniak (79). Following his develop

ments an apparatus slightly modified to meet the present 

requirements was built. The essential parts of the apparatus 

are illustrated in Fig. 4. With this type of apparatus the 

sample is condensed into the bottom of the still, the top or 
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!liURE I! 

Podbielniak Distillation 

Apparatus. 
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head being cooled by liquid air. Thence by varying the dis

tance from the bottom of the still of a wide dewar flask cooled 

by liquid air
1 

and by varying the quantity of liquid air being 

blown in at the top
1 

the rate of reflux and rate of distillation 

is controlled. In practice the still is o~erated at a very 

high reflux ratio. The temperature of the refluxing liquid is 

measured at the top of the column by a very fine thermocouple 

in conjunction with a potentiometer
1

and the gas is slowly drawn 

off through an adjustable leak (a filed stopcock) into cali

brated glaaa bulbs
1
where the volume of the exit gas is estim

ated by means of a manometer. In distilling gases of lower 

molecular weight than pentane the pressure is kept at atmos

pheric as indicated on an auxiliary manometer connected to the 

still. With careful operation very sharp cuts are obtained, the 

separations of the different constituent• being nearly lOO par

e en t ef f ic i en t . 

Experi~ntal Setu~~· 

To lessen the complications of secondary reactions two 

experimental systems were used, one a circulatory system and 

the other a single pass flow system. 

£!rculatory Slatem 

One form of the apparatus employed is shown in 

Figure 5. 
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FIGOBE V 

The circulatory system. 
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The pump P consisted of a brass tube 40 cm. long and 

4 cm. in diameter inside which slid a close-fitting steel 

cylinder lubricated with di-but¥1 phthalate. A solenoid of about 

1000 ampere-turns was arranged to slide on the outside of the 

tube, and a reciprocating motion was applied to the solenoid by 

means of a wheel and crank. The displacement of the pum~ was 

350 cc. so that the entire contents of reaction vessel A were 

displaced each half cycle. 

The saturation of the gas with mercury vapor was 

accomplished by means of the vessels s1 and s2 , each of which 

2 
provided a mercury surface of aoout 30 cm. The aaturators were 

heated electrically to about 60°0 - 80°0. In addition, a small 

pool of mercury was kept iu reaction vessel A. 

As men~ioned above, one of the main oojects of the 

present work wa~ the elimina~ion of secondary processes by the 

removal of hydrocarbons of higher molecular weight from the 

system as fast as formed. With this end in view, the gases were 

circulated through the traps T. The method by which these traps 

were maintained at definite low temperatures for long periods of 

time was as follows: The traps were immersed in mercury 

contained in two holes drilled in a steel block. Small electric 

heaters were inserted in other holes in the same block. The 

block was surrounded by an insulating layer of cotton encased 

in a sheet metal container, and the container was immersed in 

liquid oxygen._ By keeping the liquid oxygen level constant, it 

was possible to maintain the traps at any desired temperature 
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in the range studied. The te1nperature could thus be controlled 

to within 1-2°. The temperature of the traps was measured by 

means of co~per-constantan thermocouples situated inside the 

traps themselves. These were calibrated at the boiling points 

of oxygen and ethylene, at the sublimation ~oint of carbon 

dioxide, and from -50° to 0°0 by means of standard thermometers. 

The main portion of this apparatus had a volume of 

about 1200 cc. It was connected to a manifold which led to the 

pumping system, a McLeod gauge, gas reservoirs, a To~ler pump, 

gas holders, etc. 

In later runs some changes were made which added to 

the convenience of operation, without however greatly affecting 

the results of the experiments. Mercury valves were employed 

which made it possible to circulate the gas continuously in one 

direction. Thus it was only necessary to use one trap and one 

aaturator, the consumption of refrigerant being very greatly 

reduced. Other improvements included: (1) The insertion of 

a trap (volume lOO cc. and packed with iron pellets 2 mm. in 

diameter) after the mercury vapour saturator to control 

accurately the mercury vapour pressure. (2) For the purpose 

of regulating the temperature of the trap, the arrangement 

previously described was replaced by a double-walled Pyrex 

glass container. The interior of thia surrounding the trap 

wae filled with mercury, and the space between the double walla 

with air. By heating the mercury bath with a small electric 

heater and dipping the whole arrangement in liquid oxygen as 
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before
1 

temperature control to ± l/2o was achieved. 

With optical system A the modified setup had a 

volume of about 1500 cc. and with optical system B, 2200 cc. 

Flow System 

Since the separate parts of this apparatus have been 

described above, the description here need only be brief. 

The gas at constant preasure entered the system 

through a calibrated capillary flow-meter. It thence flowed 

over the mercury saturator, through the desaturating trap and 

into the reaction vessel B. Its pressure in the reaction vessel 

was regulated by means of a carefully filed stopcock control

ling the rate of egress of the gases. Through this stopcock the 

reacted gas flowed into three traps cooled to -183°0. The last 

two were packed with silica gel and activated charcoal respect

ively. A 500 cc. expansion bulb and manometer were connected to 

the charcoal trap. The different parts of the system of course 

could be separately evacuatedland ground joints attached to the 

collecting traps made provision for the transfer of gases to the 

analytical system. 

wer'ials 

Ethane and bu~£! were obtained in cylinders from the 

Ohio Chemical and Manufacturing Company. The gases were stated 

to be not less than 97 and 99 percent pure respectively. 

Analysis of the cylinder ethane showed it to contain 1.3 percent 
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ethylene, leas than 0.3 percent of H2 + CH4, and less than 0.3 

percent of higher hydrocarbons. This gas was purified in 

several ways as follows: 

(1) It was passed over 60 cm. of copper oxide at 

;oooc, through a 4o percent KOH solution and a trap at 

-80°0, and was 'then condensed and fractionally distilled. 

(2) The gas was fractionated in a low temperature 

still of the Podbielniak type. 

(3) For use in the flow experiments the gas was 

passed over 60 cm. of copper oxide at 300°0, through 

saturated bromine water, into a 2 liter bottle illumin

ated by a Point-o-lite lamp, through 40 percent KOH 

aolution and finally a trap at -sooc. 
The butane was purified merely by fractional distillation. 

Hydrogen was taken from cylinders and passed over 

platinized asbestos at 600°0 and then through a trap cooled to 

-18300. 

Deuterium was prepared by the interaction of 99.6 

percent deuterium oxide with metallic magnesium at 485°0 

according to the method of Knowlton and Rosaini (81) and also 

by the interaction of deuterium oxide with calcium at room 

temperature. Both pr~arations were performed in vacuo and the 

gas was dried by passage through a cold trap at -l83oc. 

The intensity of the mercury resonance radiation of 
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both optical systems A and B was determined by measuring the 

rate of hydrolysis of monochloracetic acid (80). Two concen-

trations of the acid were employed 0.5N and 0.25N. These gave 

identical results, showing that absorption was complete. The 

solution after irradiation was analyzed either by (a) neutrali-

zation with NaHco 3 and titration with AgN0
3

, using K2cro 4 aa 

an indicator, or by (b) addition of an excess of AgNo
3 

and back 

titrating, after the filtration of the precipitated AgCl, with 

KSCN using Fe(l~0 3 )3 as an indicator. 

The mean of a numoer of concordant measurements made 

at different times gave for the total resonance radiation 

entering reaction cell A 4.2 X 10- 6 einsteins per second. 

Thia, of course, refers to the radiation emitted after the 

lamp's output became constant. This was attained in less than 

10 minutes. 

With optical system B more extensive measurements 

were taken. These are shown in Taole IV. The efficiency in 

column 5 is calculated allowing for the fact that 1/2 of the 

tubing is of Pyrex glass and will thus not transmit resonance 

radiation. The data at lOO milliamperes are illustrative of 

the constancy of the out~ut. The efficiency in production of 

mercury resonance radiation is the highest ever recorded. 

The light intensity in system A was also measured 

by means of a Moll large surface thermopile in conjunction with 

a Leeds and Northup type HS galvanometer. The thermopile was 

placed outside the reaction vessel, and the intensity of 
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TABLE I!, 

~racteristics of Optical System B 

.Resonance Efficienc1 

.Radiation in 
in .Reaction Production 

Potential Qyrent In-put VesseL ____ of __ E_2ll ---
Volts M ill ia.mp ere a Watts einet eins/sec. percent 
-- ~_..,._~-- -- ---

450 120 54 l. 62 X 10•5 24 

495 lOO 50 l. 49 X 10-5 

lOO l. 48 X 10•5 28 

lOO 1.50 x lo-5 

503 so 40 1.36 X lo-5 32 

572 50 29 1.22 x lo-5 39 

655 19 

66~ ll 

706 7·7 

708 4.2 
-6 

713 2.5 1.8 1.54 X 10 80 

820 1.9 

9~0 1.7 

1000 1.5 

c:::::. 1.5 lamp goes out. 
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resonance radiation was determined by taking the difference in 

the thermopile readings with the cell evacuated, and with it 

filled with mercury vapour at 35oc in the presence of a high 

hydrogen pressure. This method gave a value of 3 x 10-6 

einsteins per second. Considering the uncertainty in this 

method due to the geometry of the cell, etc., the agreement of 

this result with that obtained aetinometrically is better than 

could be eJtl)eCted. 

The Abso~tion of Resonan~~adiation. 

By means of the galvanometer-thermopile system, 

measurements were made of the ab.sorpt ion of resonance radiation 

in optical system A. To make the measurements more sensitive 

a filter to exclude visible and beat radiation was interposed 

between the cell and the thermopile. This consisted of an 

aqueous solution l M in NiS0 4 and l M in Coso 4 as recommended 

cy Backatrom (82). It was enclosed in a transparent vessel of 

fused silica 10 cm. long with plane ends. Its transmission in 

the region 3900-7000 i was 2 percent. During these experiments 

the gases were circulated over the mercury saturators as in a 

normal run, the mercury vapour pressure thus being maintained 

at approximately 4 x lo-3 mm. With this precaution the amount 

of absorbed resonance radiation became constant in less than 

one minute after admitting the gas to the system. Measurements 

were made rapidly in the case of ethane in order to avoid 

appreciable decomposition. The results of these measurements 
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are given in Table V. 

Measurements of the efficiency of the absorption 

were also made by observing the rate of the mercury photo

sensitized hydrogen-oxygen reaction in an auxiliary quartz cell 

placed close to the outside of the reaction vessel. The ratio 

of the rates of combination of hydrogen and oxygen with the 

cell empty, and with it filled with ethane at 650 mm. pressure 

in the presence of mercury at its vapour pressure at 35°C, was 

~0. This is an excellent check on the aosor~tion at high 

ethane pressures as determined by thermopile measurements. 

General Procedure 

In the original circulatory system employing the less 

intense light source A the procedure was as follows. Suitable 

amounts of the reacting gas or gases were introduced into the 

system, and the trap or traps were brought to the desired 

temperature. The pump P was started, and the saturators were 

heated to 6oo - 80°C. The gas was then illuminated for a 

definite period of time. At the conclusion of this period, the 

traps were brought to room temperature and the products of 

reaction were comp lately pumped by the To ep ler pump into a 

portable gas-holder. The gas was then analyzed by low

temperature distillation in the apparatus described. A 500 cc. 

sample could thus be analyzed for the gaseous constituents (i.e 

those with boiling points below room temperature) With an 

accuracy of about0.5 percent. In the analysis if methane and 
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TABLE V 

AbsorEtion ~ the Resonance Line under Various Conditions 

Arc current 0.100 amp. 

Cell temperature 35°C 

Mercury saturation at 35°C = 4 x 10-3 ~· 

Resonance ra. dia.- Fraction of res-
Foreign Pressure tion absorbed onance radiation 

gas mm. erg. cm. -3 absorbed. 
------.-.- --

H2 180 8.0 X 1015 1.00 

87 1·1 0.96 

72 7. 6 0.95 

51 7·4 o. 92 

10 5·2 o. 65 
------- -~-~----- --

C2H6 680 7·8 Jt 1015 0.97 

420 7-8 o. 9 7 

330 7-8 o. 9 7 

210 7. 7 o. 9 6 

171 7. 7 o. 96 

151 7.6 0.9 5 

136 7·5 o. 95 

75 7·0 0.87 

40 6.3 o. 79 

10 4.3 0.54 
- __ _. --------- - ------------------------------------·-------------
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hydrogen were both present some methane was always taken off 

with the hydrogen. This fraction, therefore, was analyzed 

by combustion in the usual manner. The distillation apparatus 

available was not suitable for the analysis of high-boiling 

products. However, as will be shown later, such products were 

only present when compounds of higher molecular weight than 

ethane were not removed from the reaction system, and were 

entirely absent during the more significant experiments. 

This procedure introduces a slight error in the 

calculation of the quantum input. As mentioned before, a mat

ter of some minutes is re~uired before the maximum intensity 

is attained. With the longer periods of illumination required 

with optical system A, however, the error introduced by assum

ing the full intensity is reached at the start is well within 

the experimental error. It has therefore been neglected. When 

using the more intense optical system B, the procedure was 

slightly modified to eliminate this error. After the ethane 

had been introduced and its pressure measured it was condensed 

in a small auxiliary trap. If hydrogen or deuterium were to be 

one of the reactants also it was now admitted. The saturator 

and ~rap were then brought to temperature and the lamp switched 

on. After about one half hour had elapsed the pump was started 

and the ethane in the trap rapidly vapourized. This last 

operation took place in less than 5 sec. The remaining 

procedure followed as outlined in the last paragraph. 

In the .flow experiments the lamp was turned on for 
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one half hour, the saturator heated to 60° - 8ooc and the 

collecting traps cooled to -183°0. After adjusting the filed 

stopcock for the predetermined pressure of gas to be in the 

reaction vessel
1 

the etha.neJ whose flow was corJ.trolled by the 

capillary
1
was run through for a definite period of time. 

Blank experiments showed that only hydrogen and methane 

collected in the packed traps
1
and that no hydrogen was con-

denaed with the unreacted ethane in the unpacked trap. The 

volume of the gas condensed in the packed traps was estimated 

oy measuring its pressure in the 500 cc. bulb and traps after 

the system had been brought to room temperature. The gases 

could then be transferred and the hydrogen determined by 

combuat-ion. 

Result!. 

The results for the decomposition of ethane alone in 

the circulatory system are given in Table VI, and those for the 

decomposition in the presence of hydrogen or deuterium are 

shown in Table VII. The extent of deuterization of the products 

is 
in the runs with deuterium~ shown in Table VIII. These 

latter results are given through the courtesy of Mr. W. A. 

Alexander. (a) One run was also made with butane in the circu-

latory system the data for which are given in Table IX •. 

(a) 

- ~ - ~ ~ - - ~ ~ - - - - - - ~ - - -
For details of the analytical method see "Free Radicals 
in Organic Decomposition Reactions" by W. A. Alexander, 
Ph.D. Thesis, McGill 1 May 1938. 
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TABLE VI 

The Me££ury Pnotosensitizad Decom~osition of Ethane 

Volume of Sl.!i!!! 1200 cc. iu runs 1 to 6 

1500 cc. n " 7 and 8 

2180 cc. " 11 9 to ll 

Mercury_!a],Jour uusure 4 X 10-3 IDJil. in runs 1 to 8 

1.3 x 1o-3 DUll. n 11 9 n ll 

Arc Cu!£!£!1 0.100 amperes 

Arc Vo!_tage 370 volts in runs 1 to 8 

495 " " n 9 n ll 

Resonance Radiation Absorbed ---
4.0 X 10 

-6 
eineteine per sec. in runs l to 6 

3·7 X 10-6 " n " 11 run 7 

3·4 
-6 

X 10 n " n n 11 8 

11.8 10-6 
" n " n " 9 X 

"'12 10-6 (a) .. 11 11 n " 10 X 

15.0 lo- 6 n tl 11 tt n 11 X 

- - ~ - - - - ~ - ~ - - - ~ ~ - - - - - - ~ - - ~ -
(a) Lamp fluctua.t ions abnormal. 
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TABLE V!., (con-cinued) 

(l) (2) (3) ( 4) (5) ( 6) ( 7) (8) 

Circu- Partial 
Run Ti1ne Initial F ina.l T ra.:p la.t ion Press. Cell 
No. P res a. Press. Tem:p. Rate of c2H6 Tem.P-

1 600. 44.1 42.0 -70 6 40 to 15 35 

2 480 43.1 41.8 -70 6 40 to 15 35 

3 510 42.2 41.9 -lOO 1.3 40 to 20 35 

4 480 75-0 75-0 -108 1.2 25 35 

5 900 73· 2 73-2 -115 4 15 35 

6 1200 69.9 69.9 -116 6 15 35 

7 525 39 .·o 39.0 -125 3 1 35 

8 405 39.0 39.0 -131 3 4 35 

9 133 26.0 -130 3 4 78 

10 28 30·5 -130 3 4 450 

11 30 30-9 -130 7 4 46o 
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~~_!! (continued) 

(9) ( lO) (ll) (12) 
Run Fraction Decom- ~uantum Products 
No. of C2H6 position Yield mol percent 

Decomposed rate 
H2L. Cll£t C3Hg C4H1o CgHx Mole per 

6 sec. X lO ---
l O•b7 0.53 0.13 47 16 not 23 14 

det ec-c ed 

2 o. 60 0.58 o.l4 ~3 23 " 20 14 

3 0.50 0.44 O.ll ·~ ... --- " a5 preseht 

0.23 0. 38 0. 095 19.6 44.7 11 35·7 trace 

5 0.45 o. 39 0.098 --- none 

6 o. 58 0.36 o. 090 6.1 59·3 ;4.6 n 

7 0.55 0.5 4 0.15 o.o 59·5 21.5 19.0 " 

g 0.45 o. 61 0.18 0.0 58.8 23·5 17·7 " 

9 0.574 2.22 o. 19 o.o 57.9 26.6 15.5 " 

10 o. 458 9·99 0.8 26.7 28.2 16. ii- 26.7 2.0 

ll 0.612 12.5 0.83 31.0 23·7 11.3 32·5 1.5 
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~LE VII 

The Mercury Photosensitized Decomposition of Ethane in the 

Volume of SZ!!~ 1500 cc. in runs l to 3 

2180 cc. n " 4 to 6 

Mercurl Va.J2our Pressure 4 .X 10-3 
llllll • in runs 

X 10 
-3 

1.3 mm. n " 

C ir~!:_t ion Rate 3 liters per min. in runs l 

6 " " 

0.100 amperes 

A re Vo 1 tag.! 3 70 vo1 t a in runs 

495 tl u " 

Resonance Radiation Absorbed 
--~--------- ----

" " 

l to 3 

4 to 6 

" 5 

---

l to 3 

4 to 6 

to 4 

and 6 

4.0 x lo-b einsteins ~er sec. in runs 1 to 3 

11 f1 11 11 11 4 to 6 

~rap_i!m~erat~ -124°0 i.n. runs l to 3 

-130°0 n fl 4 to 6 

Partial Pressure_of Ethane 

10 cm. in runs l to 3 

4 cm. n " 4 to 6 
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~LE ~! - (continued) 

(1) ( 2} ( 3) ( 4) (5) (6} 

No. Time Total Gas Percent Cell 
Initial D2 or H2 

Temp. 
Press. --- ---

min. cm. oc 
-- --

1 300 47·7 H2 4o.O 35 

2 360 45·7 H2 39.3 35 

3 360 ~5.4 H2 40.0 35 

4 75 31.6 D2 34.1 75 

5 90 34-2 D2 50.0 75 

6 83 63.5 D2 64.7 75 
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(7) (8} (9) (10) 
No. Fra.ct ion Decom- Quantum 

of C2H6 :posit ion Yield Products 
Decom- Rate of Mole/Mol Ethane 
posed C2H6 Decomposed 

___._._._.__.--_ 

H2 
Mole :per 

6 (con- CH4 C H 0 4Hl0 sec. X 10 sumed) 3 8 

--- --
l o. 39 0.45 .ll o. 48 1.32 ro.l6 (a) I 

2 0.44 0.4-6 • 12 0.46 1.30 0.15 (a) 

3 0.44 o. 45 .11 0.50 l. 34 ' o. 17 {a)l 

'+ 0. 51 2. 7 4 .182 0.23 1.01 0.10 0.12 

5 0.66 2. 48 • 165 0.43 1.21 0.10 0.12 

r o. 40 l. 9 5 .130 o. 38 1.13 0.12 0.13 0 

Note - H
2 , CH4 etc. signify the total hydrogen, methane, etc. 

irrespective of isoto~ic species. 

(a.) Total of butane + propane 
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Complete Analysi!_of the Product!. 

of Runs 4 and 5 I Table VII --
Ho • 4 No. 5 

Product Deu t er iza.- Product Deut er iza-
Percent tion Percent tion 

Percent Percent 
__._._._.__ -----

Hydrogen 26.4 28.6 35.8 33·5 

Methane 33·7 23·3 39.9 21.4 

Ethane 32·5 4.8 17.0 11.2 

P ro:pane 3·4 17.2 3·3 15.9 

:Butane 4.0 16.6 4.0 16. 2 

The deuterium used in run No. 4 was 99 percent 

and that " " " 5 " 84 



~erating conditi~~ 

Initia~£!essure._c~. 

F!aal pressure,~. 

Quantum yield 

TABLE IX - -

as in Taole VI run No. l 

59-5 

40.25 

0.88 

30.0 

-6 2.2 X 10 

0 .. 55 

-6 1.3 X 10 
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TABLE X _ ......... _ .. 
The Pro~ct ion of Hydrogen in the Flow System 

Rate of flow of ethane - 3.0 cc. per sec. at N. T. F. 

Mercury va~our pressure - 1.3 x 10-3 mm. 

Resonance Radiation absorbed- 1.2 x 10-5 einsteins per sec. 

(1) (2) (3) (4) (5) (6) (7) 
H2 

Run Time Pressure Temperature Formed 
No. 

___ m i!h_ __ .-:CI.£.:.. 

1 

2 

3 

4 

5 

6 

7 

60 4-3 

o_c ___ ___£m. 

90 

67 

67 

65 

4.4 

o.o 

o.o 

26.8 

Rate 
of' R2 
Form-
at ion 

mols/s~c. 
X 10 

o. 9 6 

1.03 

o. 94 

0-95 

Quantum 
Yield 

0.080 

0.086 

0.078 

0.079 

:Blank Run -
arc not on 

Blank Run -
arc not on 

5·5 o. 48 

In runs Nos. 1 and 7 tank gas was used, in all 
other cases purified gas. 
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The runs done with the flow system relative to hydrogen for-

mation are reported in Table x. 

The "initial" and "final" pressures given in columns 

3 and 4 of Table VI are those with the traps at room temper

ature before and after a run. The values of the initial 

partial pressure of ethane in column 7 are lower than the 

values in column 3 for tne later runs, since the initial ethane 

pressure was higher than the vapour pressure of ethane at the 

trapping temperature, and some ethane condensed in the traps. 

Column 5 gives the temperature of the traps (or trap), and 

thus expresses qualitatively the degree of removal of high-

boiling products. In runs (4) to (ll) the vapour pressures 

of propane and butane should be less than those inferred from 

the temperature of the traps, because or their solubili~y in 
lite 

the condensed etna.ne in" traps. The vapour ]?res sure a of pro-

pane and butane at a few ~emperatures are given below to show 

the extent to which they w~re removed at the various trapping 

temp erat·1.1re a employe d. 

Temperature 
oc 

-----~ ... ----
-70 

-lOO 

-llO 

-120 

Val?our .fressure_s, 
prop a~ 

209 

JO 

13 

5 

2 --- .. ~--

{a) 
mm. 

19 

2 

(a) Values taken from International Critical Tables. 
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Still lower trapping tem~eratures were, of course, 

not feasible on account of the diminution in the vapour 

pressure of ethane. 

It is apparent from the analytical data that the 

circulation rates employed were sufficiently high to insure 

complete absence of secondary decomposition products of pro-

pane and butane when sufficiently low temperatures were 

employed. 

Aa poiLted out ~reviously, the analytical apparatus 

available was not satisfactory for the determination of higher 

hydrocarbons. In runs in which such products were present 

they are reported as c8Hx, calculated from a carbon balance, 

since the boiling point of the residue corresponded with that 

of octane. Actually, however, the higher fraction was by no 

means pure octane, and its presence was not completely identi-

fied. However, in the later, and more important, runs no 

higher hydrocarbons were present and the analyses are there-

fore complete. In Tables VI and VII the quantum yields are cal-

culated on the basis of the number of mols of ethane disappear-

ing) in Table IX on the basis of the number of mols of butane 

consumed and in Table X on the basis of the number of mole of 
J 

hydrogen produced. In Table X the values given in column 5 are 

the pressures of hydrogen in the collecting system (volume 723 cc.) 

corrected for their small methane content (10 to 15 percent). 

The consistency and precision of the analytical data 

should be emphasized. In each analysis the results were 
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checked by a detailed carbon-hydrogen balance. A typical 

result is shown below: 

From Table -- VII run No. ---....... ._..._..._.. 
6 

:Basis lOO mols of gas 

Initial 

Gas An!!llsia _M2J:.s of H .Mols of C ~_,_,._,....... __ 
H2 64.7 129.4 0 

C2H6 35· 3 211.8 70. 6 

341.2 70.6 

Final --
Gas Anallsis Mole of H Mo1s of C - --- ----

H2 59. 4 118.8 0 

CH4 15. 6 62.4 15.6 

C2H6 21.5 129.0 43.0 

c3H
8 

1.7 13.6 5.1 

C4H10 1.8 18.0 7.2 --
341.8 70-9 

Before entering on a discussion of the mechanism 

of the reactions in Section E, it will be convenient to sum-

marize the main conclusions to be drawn from Tables VI to X. 

Table VI. ____ ....._._..._. 
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{a) At high tra~ping temperatures, in agreement with the 

results of previous investigators, much hydrogen is )?reduced, 

the H2 /CH4 ratio being ap]?roximately 3· Considerable butane 

and higher hydrocarbons are formed, but no propane. 

( o) When the trapping temperature is reduced to about -115o 

C, the formation of higher hydrocarbons is entirely inhibited, 

and much butane is produced. At the same time the production 

of hydrogen decreases greatly, the H2 jcH4 ratio falling to 

about l/3· 

(c) At very low tr~p~ing temperatures where butane has a 

negligiole vapor pressure, and that of propane is also low, 

hydrogen formation ceases entirely. Propane now makes its 

appearance in large ~uantities. This is a striking result,in-

asmuch as previous investigators have found only hydrocarbons 

with an even number of caroon atoms (with the exception of 

methane), and previous mechanisms have been designed primarily 

for the purpose of explaining this. 

(d) It should be obser·ved that, especially a.t low trapping 

temperatures where the partial pressure of ethane is low while 

the methane formed is a.ll in the gas phase, there will be a 

competition ·for the incident energy. Under these circumstances 

the methane present may absorb up to 25 percent of the incident 

energy. It has been shown by Morikawa, Benedict, and Taylor(a) 

that the quantum yield in the mercury photosensitized methane 

- - - ~ - - - ~ - - ~ 

(a) Morikawa, Benedict, and Taylor, J. Chem. Phys. 2, 212, 
(1937). 
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decom~oaition is very low at low temperatures. Thus they 

obtained values of about 0.2 at 196°0, and only 0.008 at 9soc. 

It appears, therefore, that the decomposition of methane is 

negligible at 35°0, and the methane merely quenches the reason

ance radiation without being chemically affected. On account 

of this effect the quantum yields obtained will be somewhat low, 

and a value of about 0.20 for the ethane decomposition at 35oc 

appears the most pro ba bl e. 

(e) At high temperatures of the reaction vessel, {i.e 45ooc), 

hydrogen appears in large quantities; the percentage of butane 

also rises while that of methane and propane decreases. The 

quantum yield approaches unity. 

12) Experime£1Ll~the presence of added hyd.r2,i.!!L_~ 

deuterium (Tables_!!l_!nd_!III). 

(a) Hydrogen (or deuterium) is consumed, not produced. The 

consumption decreases with a decrease in the partial pressure 

of deuterium. 

(o) The production of methane is vez·y large compared with that 

of higher hydrocaroons. 

(c) No hydrocarbons higher than butane are formed at low 

trapping temperatures. 

(d) The methane formed in the reaction in the presence of 

deuterium is very highly exchanged, somewhat in excess of the 

equilibrium value. 

(e) In the reaction in the presence of deuterium, ethane, 
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propane and butane are considerably exchanged, but below the 

equilibrium value. The deuterium content of the ethane is 

considerably increased, but that of propane and butane unalter

ed when the partial pressure of deuterium is increased. 

DL_!he decomp~ition of but!!!_!_llab!..!_IX). 

(a) Much hydrogen is produced. The decomposition of butane is 

thus the source of a considerable amount of the hydrogen formed 

in the ethane decomposition at higher trapping temperatures. 

Higher hydrocarbons are also produced in large quantity. As in 

the case of ethane, these correspond roughly to octane. 

(b) The quantum yield of the butane decomposition is definitely 

higher than that of the ethane decomposition. 

(4) The decomposition of ethane in a flow system (Table_!L. 

(a) In contrast with the experiments in the circulatory system 

hydrogen appears in large quantities when its partial pressure 

is ke:p t down by rap id rem oval of the pro duets of react ion. 

(b) The quantum yield (in terms of hydrogen formation) is 

about half as great as that based on ethane disappearance in a 

circulatory system. 

(c) The production of hydrogen goes up rapidly with 

temperature. 
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E. DISCUSSIO[ 

The reaction between deuterium atoms and methane. _,_---......_..-.....-.,_,_,___ -

The results as tabulated in Table II indicate a value 

of about.ll kcal. for the activation energy of the photo

sensitized reaction. This is in agreement with the value of 

~-11 kcal. previously found by Geio and Steacie (36). 

Since the publication of the earlier note by Taflor, 

Morikawa and Benedict (35) indicating a value of 5 kcal. for 

the reaction two extensive investigations have been reported. 

Farkas and Melville (65) studied the exchange in equimolecular 

mixtures of ortho-deuterium and methane at a total pressure of 

100 mm. and temperatures up to 610°0. In their experiments, 

the isotopic content of the exchanged ~~ter~ was measured 

together with the rate of the ortho-para deuterium conversion. 

These latter measurements of course gave the values of the D 

atom concentration in each of their ex.p~riments. In some 

separate but parallel experiments they compared the rate of the 

ortho-para hydrogen conversion in the absence and presence of 

methane. They found that above 100°0 or so the half-life of the 

conversion was increased by factors of from 2 to 10 (i.e. the 

(a] decreased in the inverse ratio). From the usual log t 1 / 2 

(exchange) vs. 1/T plot they find an apparent activation 

energy of exchange of only 7 kcal. They point out that this 

calculation is invalid on account of the decrease in D atom 
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concentration with increasing temperature. To correct this 

they calculated an additional E of 6 kcal. from their ortho-para 

conversion experiments thus obtaining an activation energy for 

the exchange of about 13 kcal. 

Morikawa, Benediot and Taylor (66) studied the mercury 

photosensitized reactions in the systems CH4 + D2, CD4 + H2 , 

and CH4 + CD4 from room t·emperature to about 500°0. The 

progress of the exchange was followed by measurement of the 

absorption spectra of the metha~ in the infrared region. In 

addition the formation of higher hydrocaroons was measured in 

a semi-quantitative manner. They found that the apparent 

activation energies (i.e. those deduced from the temperature 

coefficient of the rate of exchange, assuming the D atom concen-

tration constant) for the reaction in the system CH4 + D2 in 

various temperature ranges to be as follows: 

Tempera tu re Rang! Activation Energy (kcal.) -
oc ~_!:t 5500 !.lig__!! 0 °C 

98 - 19 6 2 3 

19 6 - 29 6 1 10 

29 6 - 392 ll 12 

392 - 488 14 

By employing the value for the atom concentration 

calculated on the basis of Farkas and Sachsse•s recombination 

rateforthereaction H+H+M~H2 +M (seepage 28) 
they calculate from the collision yield a value of 14 kcal. for 

the exchange reaction at 98°0. The discrepancy between this 
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value and those tabulated above for the 9so - 196o range, 

together with evidence from the abnormal distribution of the 

different deutero-methanes at low temperatures (e.g. 7 percent 

CHD3 was found compared with an equilibrium value of 2 percent) 

led them to conclude that the reaction is largel7 

followed bra rapid exchange of the methyl radical, probably 

through the formation and decomposition of a quasi-molecule, 

The fact that some ethane formation occurs is cited as addit-

ional evidence for this mechanism. 

It is obvious in the light of the results of Farkas 

and Melville concerning the falling off of the D atom concen-

tration with temperature that the temperature coefficients of 

Morikawa, Benedict and Tarlor are too eruall in the low 
(a) 

temperature region. It seems to the writer , however, that 

any reasonable assumption regarding the reduction of the D atom 

concentration would not completelf iuvalidate their results, 

and due account should be taken of the primary decomposition 

of the methane. That this does take place at a measurable 

velocity ev•n in the neighbourhood of 200°0 has been confirmed 

(see Appendix). On this basis Farkas and Melville's results 

at higher temperatures may be too complicated to admit of any 

simple interpretation. 

~ - - - ~ - - - - - - - - - - - - - - ~ ~ ~ - - - - - - -
(a) For an expression of a contrary point of view see Steacie, 

Chem. Rev., April 1938. 
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The quantum yields found by the different workers 

were widely different, but since the two investigations were 

performed under different experimental conditions, (Morikawa, 

Benedict and Taylor used light intensitiee lOO times smaller 

and presauree 7 times greater than those of Farkas and 

Melville), it would appear that further work will be needed to 

clear up this discrepancy as well as to elucidate the nature 

of the p roe es sea. 

However, even though the mercury photosensitized 

proceases may be more complicated than they appeared to be on 

first examination, all work shows without doubt that if the 

reaction 

does occur in a simple fashion its activation energy cannot be 

less than about ll kcal. 

It remains to mention further investigations of the 

reaction of D atoms produced by the Wood-Bonhoeffer method, by 

Trenner, Morikawa and Taylor (68) and by Steacie (69). Steacie 

investigated the reaction up to 500°0 and obtained an 

activation energy of 12.9 ± 2 kcal. the values calculated from 

the-temperature coefficient and from the collision yield being 

in good agreement. Trenner, Morikawa, and Taylor obtain values 

from 15.6 - 18 kca.l. It is quite possible ({;,'/) that these 

latter values may be high, due to a falling off of the D atom 

concentration at higher temperatures. If this is eo, all results 

for the reaction of D atoms with methane are in approximate 
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a g re em en t • v i z : 

Geib and Stea.c ie ( 36)· 

Frakaa (70) (Thermal. E not deter-

mined but compared with D + NH
3 

reaction, and may therefore be estimated 

as roughly) 

Farkas and Melville (65) 

Morikawa, Eenedict and Taylor (66) 

Stea.cie (69) 
(a) 

Trenner, Morikawa and Taylor 

This investigation 

!~Reaction of Ato~~~!£ium with Ethane 

E 

ll kcal. 

ll 

13 

12.5 to l~ 

12.9 + 2 -
15. 6 

ll 

As shown in Table III this reaction has a much lower 

activation energy than that of the corresponding process with 

methane. There are three main possibilities for the mechanism 

of the reaction: 

I Hydrogenatio~ 

("b) C2H6D + D ~c2H6 + D2 

or ~ C2H5D + HD 

II Rehydrogenati~ 

(a) c2H6 + D ~ C2H5 + HD 

~ ~ - - .. - ~ - - - - - - ~ - - ~ - ~ -
(a) The value o£ 18 kcal was determined for only l run. 
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III Exahange by Metathesis 

Mechanism III is undoubtedly the correct one for a 

number of reactions, e.g., the reaction of D atoms with ammonia 

and the ortho-para hydrogen conversion. However, in view o£ the 

tact that ethane and acetylene are known to have a strong 

•catalytic" effect in destroying hydrogen atoms (47), some other 

mechanism must exist, since III regenerates one hydrogen atom 

for each one destroyed and hence cannot account for a catalytic 

recombination. Furthermore the activation energies of the 

reactions With ethane are so much lower than those for methane, 

ammonia, and water that it is obvious that the meohanisms must 

be distinctly different. 

Mechanism I is very unlikely, since I (a) would 

presumably have to occur at a triple collision. This would make 

the reaction far too slow to enaole ethane to exert a strong 

catalytic effect on the recombination of hydrogen atoms. 

Furthermore, even if I (a) occurred sufficiently rapidly, the 

very unstable molecule c2H6D would have little chance of 

survival long enough (lo- 6 sec.) to meet aD atom and give I (b). 

Hence in general we would expect I (a) to be followed by 

or ~ C2H4D + H2 

which would make the whole process indistinguishable from II (a), 

or elae by 
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which would give a result indistin~uishacle from III. Hence 

we must conclude that II is the correct mechanism, and that 

the measured heat of activation (6.3 kcal.) is that of the 

reaction 

and hence the companion reaction 

has an activation energf of the same order of magnitude. This 

reaction ie very important in connection with free radical 

mechanisms, and the bearing of its activation energy on the 

thermal decomposition of ethane will be discussed on page 82. 

Since the com~letion of this work the reaction has 

been reinvestigated by the Wood-Bonhoeffer method by Trenner, 

Morikawa, and Taylor (68). They obtained somewhat different 

results. At room temperature they found that the main reaction 

waa 

and that the exchange reaction was only appreciable above 100°0, 

~ 
with an activation energy of ll.4 kcal. In their ex~eriments 

fro~ 10 to 20 percent of the ethane was found to be decomposed 

to methane. They made complete analyses of the reaction 

products, and determined the deuterium content of each product 

separately. The methane was about 50 percent deuterized but 

below loooc ethane was entirely light. 

As mentioned before in this investigation the s~arate 

products were not isolated, it being assumed from the work of 
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Chadwell and Titani (48) that the formation of methane was 

negligible. This, however, is not a sufficient explanation 

of the discrepancy, since to bring the results of the two 

investigations into line it would be necessary to assume t~at 

about 60 percent of the total ethane present was split into 

methane in the work reported here. That this is not so has been 

recently demonstrated by Steacie (69) working under conditions 

similar to those described herein. He found the mean value of 

the amount of decomposition of ethane at 20°0 to be 8.2 percent. 

From this he recalculated the results of the original inveati-

gation. Tabulated values of his corrections are reproduced 

below: 

Mean D content of ethane, 
percent 

Mean "percent exchange" 

Mean collision yield 

E, kcal. assuming a steric 
factor of 0. 1 

Original 
Values 

15.8 

25.4 

1.86 X 10-6 

6. 3 

Corrected 
Values 

11.3 

18.7 

1.37 X 10-6 

6.4 

It is noted that the alteration in the results is insignificant 

and further investi&ation ia necessar~r to determine the cause 

of the diaagreement. 

Free Radicals and th~thane Decompoaitio~. 

As has been mentioned before, Rice (l) has suggested 

that virtually all organic compounds decompose by mechanisms 

which involve the intermediate formation of free radicals. From 
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a free radical point of view, the primary step in the ethane 

decomposition is still a matter of great controversy (71). 

Granting that the primary step at high temperatures 

is a split into radicals, however, is not a proof that the 

ordinary thermal decomposition involves free radicals. Also, 

as we have seen, if it is to be postulated that the decom-

position proceeds by a free radical proceas, it is necessary 

to devise a mechanism which will lead to a first order rate 

equation and to an activation energy in agreement with 

experiment. The following mechanism has oeen suggested by Rice 

and Herzfeld (6) to fulfil these conditions: 

(l) 

(2) 

( 3) 

C2H6 ~ 2CH3 

CH 3 + C2H6 ~ CH4 + C2H5 

C2H5 ~ C2H4 + H 

(4) H + C2H6 ~ H2 + C2H5 

(5) 2H ~ H2 

(a) H + C2H5 ~ C2H4 + H2 

( 6) (b) o r ~ C 2H 6 

(7) 

(8) 

(9) 

H + CH
3 

,... CH4 

CH
3 

+ C2H5 ~ c3Hg 

Activation 
Ene£i.l: 

80 kcal. 

20 

17 

Triple collision 

~ Small 

Small 

8 

8 

Due to the occurrence of (3) and (4) reaction chains will 

occur, a large number of ethane molecules being decomposed for 

each initial split. The activation energiea allotted to the 

varioua ateps are based partially on experimental data, and 
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partially assigned so as to fit the mechanism. Assuming 

reactions (5), (7), (8), and (9) to be negligible, they obtain

ed 

Eoverall ~ l/2 (El + E; +E4- E6) = 73 kcal., 

in agreement with the measurements of Marek and McCluer (72). 

E1 is the experimentally determined value of Rice and Dooley 

for the split into radicals, and E6 is probably very small so 

that these two are fixed. E
3 

+ E4, however, ia merely adjusted 

to make the mechanism agree with experiment. For the overall 

rate the scheme leads to the expression 

I 

• h [c2H67 .. (KlK:t_!±r2/?2H6] 
2K6 7 

i.e. the reaction is first order as found experimentally. By 

adopting the reasonable approximation that all first order 

reactions have rate constants given roughly by 10
14 

-E/RT sec-l 

9 -E/RT -1 -l 
and all bimolecular constants are lO liter mol sec 

Rice and Herzfeld evaluate the velocity constants of the 

a~arate steps. By doing this they obt~in for the overall 

decomposition 

loglO K • 15. l - 13200 
2.3RT 

-1 sec. 

The chain length calculated from the mechanism is about lOO. 

Thus it is possible to explain the ethane decomposition 

on the basis of free radicals under all conditions. In addition 

it is known that ~ free radical mechanism takes place to a 

considerable extent at very high temperatures. 
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The work of Patat and Sachase (73) has thrown con-

sidera.ble doubt on the validity of the Rice-Herzfeld mechanisms 

for the decomposition of gaseous organic compounds. They 

measured the rate of the ortho-para hydrogen conversion in the 

presence of decomposing organic compounds and were thus able to 

estimate the hydrogen atom concentration. In general, using the 

activation energies assigned to the intermediate reactions by 

Rice and Herzfeld, Patat and Sachase find the hydrogen atom 

concentration to be several powers of 10 lower than those 

calculated from the free radical chain theory. 

Thus for the ethane decomposition, Sachsse (74) finds 

a value of [Hl • 6.3 x l0-
12 

mol liter-
1 

at a temperature of 

5sooc. This can easily be compared with the value calculated 

on the basis of the Rioe-Herzfeld mechanism outlined above. It 

is easily shown that - ~ [Hl -~K1K3 and assuming with Rice and 
2K4K6 

H erzf el d that 

- 0 /RT (a) 
and 

4900Q 
RT 

- 17000 
RT 

we calculate for the hydrogen atom 

concentration at a temperature of 580°0 a value of 5 x 10-9 

-l 
mol-liter a value obviously much too high to agree 

with experiment. 

However it is noted that reaction (4) is the com-

panion to the one studied here, viz: 

(a) 

- - - - - ..... - ... - - ... - ... -
Rice and Herzfeld do not explicitly give E9, but from a 
combination of Table A and Eq. (22) of the1r paper (6) 
it follows that they use E6 - 0. 
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Hence applying the new value of 6.4 kcal. for E4 we calculate 

anew for the H atom concentration a value of 1.7 x lo-12 

-1 
mo~ liter At first sight this seems a complete re-juatifi-

cation of the Rice-Herzfeld scheme, the calculated concentration 

being only 4 times less than the experimental. It thus appears 

that if we acc~t the value of 6.4 kcal. as being the activation 

energy of the reaction 

then the objections to the free radical scheme from the point 

of view of the stationary hydrogen atom concentration no longer 

hold. The same is true for most of the other free radical 

chain mechanisms if we assume that all the Bice-Herzfeld 

activation energies are too high for reactions of the type 

H+~ 
, 

Such a change in the activation energy of reaction (4), 

however, seems to introduce insurmountable difficulties into 

the application of the scheme to first order reactions. Thus 

in the case of ethane the fundamental reactions are (1), (2), 

(3) and (4), and these cannot be altered without virtually 

abandoning the entire free radical theory. As we have seen 

the change in E
4 

brings the results into line as far as the 

stationary hydrogen atom concentrations are concerned. The 

overall order of the reaction and the theoretical value of E, 

however, are largely dependent on the manner in which the 
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chains are terminated. The change in E4, by altering the 

relative concentrations of the reacting substances, upsets the 

relationships between the rate constants and it is no longer 

possible to neglect reactions (8) and (9). Under these circum-

stances the scheme no longer predicts a first order rate or the 

correct value of the overall activ~tion energy. 

Storch and Kassel (75) have studied the ethane 

decomposition with special emphasis on the production of pro-

ducts other than hydrogen and ethylene. In discussing the free 

radical mechanism they then broaden the Rice-Herzfeld scheme to 

take into account their new results. For the scheme to hold 

they find several necessary conditions for the mechanism to be 

incompatible with existing data. For reactions (4), (6a) and 

(9) (original Rice-Herzfeld numbering, i.e. 

(4) H + C2H6 

(6a) H + C2H5 

(9) 

.,.... C2H5 + H2 

or- C2H4 + H2 

__ ..-_ C4H10 ) 

they find with the new value of E4 • 6 kcal, in order that the 

free radical mechanism can hold it, it is necessary that 

__ KL_ 

K4 + K6a 

-6 
2 x lO 

It is extremely unlikely that such similar reactions should have 

rates differing so widely. Storch and Kassel therefore conclude 

that for this and other reasons the free radical mechanism for 

ethane is ruled out and that the major part of the observed 

reaction is to be accounted for by more or less classical pro-

ceases. 
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The Mercury Photosensitized Reactions of Ethane 

The following are some of the reac~ions which may be 

consi~ered in discussing the decomposi~ion oi ethane and its 

reaction with hydrogen or deuterium atoms: 

Primary B.eac t ions 

( l ) C 2H 6 + H g ( 6 3p 
1

) ~ C 2H 6 + Hg ( 6 3p o ) 

( 2) C 2H 6 + Hg ( 6 3p 1 or 63P ) 
l ___.. Hg(6 6 ) + 2CH 

0 0 3 
( 3) or + C2H5 + H 

( 4) or + CH
2 

+ CH
4 

(5) H2 + Hg(63pl) ~ Hg(61s
0

) + 2H 

Secondary Reactioua of Atoms or Ra~icals with Ethane 

( 6) 

(7) 

(8) 

( 9) 

(10) 

(ll) 

(12) 

( 13) 

( 14) 

Radical 

( 15) 

( 16) 

(l 7) 

(18) 

C2H6 + H 

+ H 

+ cn
3 

+ CH
3 

+ CH 2 

+ CH 2 

+ CH 2 

+ C2H5 

+ C2H5 

C2H5 + H2 

CH
3 

+ CH4 
c2H

5 
+ CH 4 

C 
3

H
8 

+ H 

C3H8 

C2H
5 

+ CH
3 

"> c2a
4 

+ CH4 
-__..;;>".., CH

3 
+ c

3
n8 

_ _,;;;,..~ H + C 4-H 1 O 

and. Atom Recombination Reaction!. 

H + H ~ H2 

H + cn 3 
~ CH ij. 

H + C2H5 
,..... 

C2H6 

cn
3 + C2H5 ..... c3Hg 
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(19) CH
3 

+ CH
3 

~ C2H6 

(20) C2H5 + C2H5 ,. 0 4Hl0 

{ 21) CH
2 

+ CH
2 

~ C2H4 

Other Secondary React ions of Atoms and Radi~ili 

(22) H + CH. ~ CH + H2 Lt 3 
(23) H + CH ~ CH

4 
+ H 

2 3 
( 24) C2H5 + H2 

;p-
C2H6 + H 

(25) 0~5 + C2H5 ~ C2H4 + C2H6 

(2 6) CH 4 + CH
3 

.,... 
C2H6 + H 

( 27) CH 4 + C2H5 :. CH + C2H6 
3 

(28) CH + C3H8 ~ C4H10 
2 

In the above equations H refers to either H or D. 

The R~acti~ in the Pre!!££!_Of_~drogen or Deute~ 

These reactions will be considered first, since 

there is no doubt thati the predominc.ting primary step (after 

the absorption of the incident energy) is the formation of H 

or D atoms. Fmploying the relation used on page 28 together 

witb the relative quenching areas given in Table I, we find 

with the various values of [H2 or D2] I rc2R6l employed 

that hydrogen or deuterium molecules will quench more than 99 

percent of the Hg ( 63P ) atoms. 
1 

Hence (5) is the primary step. 

In the circulatory system as the reaction proceeds a consider-

able quantity of methane is produced which remains solely in 
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the gas phase. However, this methane due to ita very small 

quenching diameter will absorb even less energy than the 

ethane. 

Since methane is formed and hydrogen consumed there 

seems to be no doubt that (7) is the predominating methane 

producing ate~. The only other ways of producing methane 

involve methyl radicalsJand since (7) is the only reaction 

producing these in relatively large amounts
1

(7) is established 

with certainty. To explain the formation of butane it is 

necessary to have some ethyl radical producing step. For this 

the only possible reactions seem to be (6) or (8). To fit data 

for organic decomposition reactions Rice (83) aesigns a value 

of about 17 kcal. for (8). This is much higher than theoretical 

estimates by London (84) for reactions of this type. The data 

available for (6) include the value found in Section C (6.3 

kcal.) and that found by Trenner, Morikawa, and Taylor (11.4 

kcal.). Recent work by Taylor(a)and coworkers would indicate 

that their previous value is somewhat high, the present 

estimate being roughly 9 kcal. 

In absence of more positive information(\\ might be 

assumed that (8) would take place. However, the occurrence of 

(6) seems much more certain. The next question to be answered 

is: how satisfactorily will these reactions account for the 

results on a stoichiometric basis? Before doing this we will 

(a) Private communication. 

(b) This aosence no longer exists, see page 86a. 
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The day before the submission of this thesis 

some very important information was obtained concerning 

reaction (8) in a private communication from Professor 

H. s. Taylo r. He says •all the evidence we have had for 

methane-producing processes, s~arting from metnyl, seemS 

to lead to the conclusion that such processes were slow. 

With methyl iodide and with metal alkyls it was necessary to 

assume activation energies of 10 kcal. or more. Morikawa 

found ll to 15 kcals. for the interaction of methyl anu 

deuteromethane. I have had some experiments made ••••• 
photo-

o nthe decompo sit ion of mercury dimethyl causing this to 
1\ 

take place in the presence of ethane and determining 

at 35, 90 and 160° whether any me~hane was formed. There 

are negligiole amounts at the two lower temperatures and 

very much less at 160° than .. :we wo:\1-l.d---have .go~ with .. hydrogen 

in pla~e of ethane. This indicates •••••• that the 

activation energy must oe more than 10 kcals." 

This estaolishes without douo~ the untenaoility 

of Scheme ~ and is overwhelming evidence against the 

mechanism for the decomposi~ion reac·cion initiated oy 

a C-C bond split. 
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consider the mode of disappearance of the atoms and radicals. 

Present evidence seems to be in favour of assigning very fast 

rates to recombination reactions such as (18), (19) and (20) 

(see for example (85)). Reactions ~reducing H atoms like (9) 

and (14) are generally cousidered to have high activation 

energies possibly in the order of 15-20 kcal. (83). The 

occurrence of reactions (23) and (24) presents some possibility 

because of the concentration factors in their favour. Leermakers 

(86) sets E2 4 = 15 kcal. For E23 we have estimates (34) from 

8- 23 kcal., though the best evidence seems to be definitely 

in favour of a value lower than 15 kcal. The occurrence of (23) 

and (24) however, would give too high a value for (hydrogen 

consumed) /(methane produced) as well as having chain character

istics which would not be in accord with the low quantum yield. 

Recomoination of radicals with H or D atoms, it would seem, 

could hardly compete with radical recombination reactions as 

there are no reasons for assuming very different orders of 

concentration for the atoms and radicals and as the reactions 

involving atoms are more inefficient due to third body 

restrictions (see for example Morikawa, Benedict and Taylor 

(66)). Because of their more rapid rates o! diffusion H or 

D atoms may be assumed to disappear at the wall as well as in 

the gas phase. 

We then have as alternatives: 

Scheme_! 

(5) 
____ ,...._ 2H 



-88-

(7) H + C2H6 ~ CH
3 

+ CH 4 
( 6) H + C2H6 ~ C2H5 + H2 

( 19) 2CH
3 ,... C2H6 

(18) CH + C2H5 ~ c3Hg 
3 

(20) 2C 2H
5 

~ 0 4H10 

(15) 2H ~ H2 

Scheme II 

(5) H2 >- 2H 

(7) H + C2H6 :c CH
3 + CH 4-

(8) CH + C2H6 ~ CH + C2H5 
3 Lt 

( 1~) 2CH ~ C2H6 
3 

(18) CH 3 
+ C2H5 ~ C3H8 

(20) 2C 2H
5 

...... C4H10 

( 15) 2li ;-- H2 

In Table VII run No. 5 we obtain the stoichiometric 

equation 

In Scheme I if we assume for the relative rates of reactions 

(7), (6), (19), (18) and (20): 1.21, 0.34, 0.55, 0.10 and 

0.12 the etoichiornetric equation is exa.otly satisfied. This 

is also true if in Scheme II we take for the relative rates of 

reactions (7), (8), (19), (18) and (20): 0.87, 0.34, 0.21, 

0.10 and 0.12. In both cases the rates tor (l9) seem reason-

able. 
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The acceptance of Scheme I would bring definite 

support to the new value for ~he activation energy of (6) 

determined by Taylor and eo-workers (9 kcal.) relative to 

Steacie's (69) value for Eg of 8.6 kcal. To satisfy the 

value forE of 6.3 kcal. determined in Section C, we would 
6 

have to assume some reaction of comparable velocity to (6) 

consuming hydrogen and destroying ethyl radicals. The former 

is necessary to account for the overall hydrogen consumption 

and the latter to account for the low yield of propane and 

butane relative to methane. The only possiole react ions seem 

to be 
(17) H + C2H5 ~ C2H6 

(24-) H2 + C 2H5 ~ C2H6 + H 

Considering the low concentrations of both colliding particles 

and the dreierstoss restrictions for (17) its occurrence with 

s uf f i c i en t rap i di t y 1 s imp o ss i b 1 e. In add it ion, even if it 

did occur the concentration of H or D atoms would be so lowered 

that the quant·wn yield would be re due ed to a value much lower 

than that found experimentally. The unlikelihood of the 

occurrence of (24) has already been mentioned. That this 

reaction does not occur with an activation energy as low as 

6 kcal. is demonstrated by the small exchange o£ ethane in rune 

made in the :presence o£ deuterium. 

In the runs in the presence of deuterium we first 

note the high exchange of the methane. Morikawa, Benedict and 

Taylor (66) re:port a quantum efficiency for exchange in 
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methane-deuterium mixtures o:t:' 0.59 at a tem:pera.ture of 9soc 

and a mercury satura.t ion ·temperature of 55 °0. To explain the 

high exchange of the methanes they assumed that exchange took 

place with radicals and atoms through the formation of a 

qua. s i-mo 1 ecul e 

CH
3 

+ CH D '*" D ~ :> CH 2D + H 
3 

CH 2D + D .. OHD + H ___.;;:. CH2D2 
, etc. 2 

Farkas and Melville ( 65) find for the same reaction a quantum 

efficiency of 0.10 at 189° with a mercury vapour pressure of 

0.001 mm. and state that the reaction is of the true excha11ge 

ty:pe 

CH Lt + D 

In the present experiments we notice that for •uns 4 and 5, 

Table VIII, the deuterium content of the methane is only 4 

percent and 1 percent, respectively, above what would be expect-

ed if the deuterization of the methane took place solely by 

As mentioned before it is not likely that reaction (16): 

D + cH
3 

{or exchanged methyl radicals) ~ CHxD4 _ x 

will compete with solely radical recombination processes (18), 

{l~) and (20). However it is quite easy to account for the 

slight additional exchange, in an em~irical fashion at least, 

by assuming, consistently with other investigations, that an 

exchange between deuterium and methane takes place, without 

referring to the exact mechanism of this exchange. 

With reference to the proposed schemes for the 
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reaction it should be noted that propane and butane should be 

unexchanged since further reactions of these molecules are 

prevented by the low trapping temperatures em~loyed. The 

most obvious explanation for the high exchange of about 15 

percent seems to lie in the mechanism proposed by Trenner, 

Morikawa, and Taylor (68) and by Morikawa, Benedict and Taylor 

(66) of exchange of methyl radicals through the formation of 

quasi molecules. If we assume this ior ethyl radicals also, 

according to the scheme 

C2H5 + • C2HltD + H D ~ c2HsD 
.,..... 

~ 
C~ij.D + D 

___,. 
C2H4D2 > c2H3D2 + H 

etc. etc. 

the exchange is easily accounted for. 

It is now necessary to consider the exchange which 

has taken place with the ethane molecule. To account for the 

products of reaction on the basis of either Schemet?, I or II 

considerable recombination of methyl radicals is necessary. 

If these are exchanged through quasi molecule formation as 

mentioned in the preceding paragraph, the exchange is adequate-

ly accounted for. If we assume that the exchange is solely 

due to 

(24) 

and assum4W reaction Scheme I we may set an u:pJ;-er limit to 
I 

the velocity of (6) relative to (7). Let us take run No. 5, 

Tables VII and VIII, as an exam~le. At the beginning we have 

n
2

(84 percent) + C2H5(16.2 percent D) 

C2H6(30.2 percent D) + D(84 ~ercent) 
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(where the percentages refer to the hydrogen isotope content 

which is da.-terium) and at the end 

D2(33·5 ~ercent) + c2H
5

(16.2 percent) ~ 

C2H6(19 percent) + D(33·5 percent) 

This gives on the average 

hydrogen isotope molecules + ethyl radicals 

ethane (24.6 percent) + 

hydrogen isotope atoms. 

Now in run No. 5 the residual ethane is 11.2 percent exchanged. 

Hence approximately 11.2/24.6: 45 percent of the residual 

ethane would have reacted according to (24) if it were the 

only reaction causing exchange of the ethane. Then to account 

for the stoichiometric relationships (6) must occur to the 

same additional extent to compensate. In run No. 5. 66 percent 

of the ethane was decomposed and of this percentage according 

to Scheme I (omitting the recombination of methyl radicals by 

(19)) 121 ~ercent proceeds by (7) and 34 percent by (6). Hence 

the ratio of the frequencies of (6) to (7) should be 121 to 

(34 + (34/66) x 0.45) ~ 121 to 57· Such a calculation although 

definitely invalid (since there must be some ethane formation 

b_y radical recombination and indeed an amount com~arable to the 

butane or propane formation) indicates without doubt that (6) 

is slower than (7). With the ratio of the velocities 121 to 

34, E6 - E
7 

would have a value of O.S kcal. and with the ratio 

1.21 to 57, 0.5 kcal. Hence if E7 = 8.6 kcal, E6 cannot be 

far from 9 kca.l. 
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The Decomposition of Etha£! 

There are three fundamentally different possibil

ities for the primary reaction, a C-C bond split (2), a C-H 

bond split (3) and the elimination of a methylidene radical 

(4). These will be discussed separately. 

~L~ elimiuat i~!!_Of_!.~~hylidene_£,~£~1. 

This is intrinsically not a very likely mechanism. 

If (4) were the primary step, it would be ~ossible to account 

for the products obtained by assuming secondary reactions of 

the methylidene radical such as (10) and (28). On this basis 

we would expect the amount of methane to oe equal to 

(C
3

H8 + 2C4H10 }, in exact agreement with runs 7 to 9 of Table 

VI. However, since in this case all the butane is formed via 

propane, we would expect practically no butane at the lowest 

trapping temperatures. As is noted this is not the case. 

This objection might be overcome by assuming (11) followed by 

(8), (18) and (20). The main objection to (4) as the primary 

step, however, is the absence of ethylene as a product of the 

reaction. It seems very unlikely that (4) could be the primary 

~tep without any combination of methylidene radicals to form 

eth7lene by (21), especially in view of the low quantum yield 

of the overall reaction. The only way to avoid this diffi

culty would be to assume that (ll) was extremely fast. To 

inhibit recombination of ethylene, therefore, it would be 

necessary for (11) to have an activation energy much lower 
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than 7 kcal., which is very unlikely. There would also be 

the p o as i b i lit y of e thy 1 en e f o rma t ion by ( 12) . As a mat t er of 

fact Storch and Kassel (75) assume this to be very rapid. It 

ap1-eare therefore that (4) is not a very :plausible primary 

step1 and as the experiments with the flow system give very 

dsfinite evidence as to the nature of the initial process, 

(4) will not be further considered • 

.lll The C-C cond sl'lit. 

If the primary process is (2) it is necessary, it 

would aeem, to have some process for the generation of ethyl 

radicala. The only means for this to occur is by {8) forming 

methane and an ethyl radical. The various radical recombin

ation reactions can then regenerate ethane by (19) or form 

butane (20) and (or) propane (l8). Such a mechanism gives a 

complete explanation of the products of the reaction in a 

circulatory system, i.e. large formation of methane and no 

hydrogen production. The unlikelihood of the occurrence of 

reactions (9), (lj), (l4), (24), (26) and (27) has already been 

discussed (page &J). From the evidence gathered in the cir

culatory system there do not seem to be many object ions to 

t~is mechanism. It should be noted, however, that (8) is 

competing with (lS) and (19) for the destruction of methyl 

radicals. The rate of (8) involves (c2H6] while the other 

processes do not. An analysis of these equations assuming a 

steady state of methyl and ethyl radica~ concentrations is 

somewhat complicated algebraically. However, a qualitative 
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inspection indicates that the ratio [c4H1J I {93H8] should 

increase considerably with increase in [c 2H6l . In runs Nos. 

7 and 8, where the ethane pressures are 7 and~ cm. respect-

ively,little change in the reaction products is noted. This 

is very definite evidence against Scheme II for the reaction 

in the presence of deuterium or hydrogen. The most conclusive 

evidence against this mechanism, however, will be given in the 

next sect ion. 

The C-H bond split. 

If a C-H bond split according to (3) is the primary 

step, we would have as secondary reactions (6) and (7) followed 

by recombination of atoms and radicals by (15), (18), (19) and 

(20). The occurrence of (8) to any extent has been ruled out 

in the preceding paragraph. The small probability of the 

occurrence of reactions (9), (13), (l4), (2Lt), (26), and (27) 

has already been discussed. It shoulu be noticed that the 

occurr enc e;~eact ion ( 6) to any e.xt ent1 if followed by (5 >;will 

make no alteration in the products of the reaction, the two 

p roe esses 

> C2H5 + H2 

_.......,,..._. 2H 

being equivalent to the primary step. The quantum yield of 

course would be diminished. Other factors which would explain 

the low quantum yield are the occurrence of (l) and (19). The 

metastable mercury atoms procuded by (l), due to their long 
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life could be assumed to disappear at the wall. 

The most important question to be answered is whether 

(5) will occur with suf:t'icient ra~idity to account for the 

absence of hydrogen in the products of reaction. A rough 

estimate may be made as follows: The reaction is assumed to 

take place through steps (1), (3), (6), (7), (l8), (19) and 

(20). A steady state of the concentration of hydrogen can be 

deduced. Its formation will occur by (6) and (15) and its 

destruct ion by (5). On this basis we get 

--a 

dt 

-t 
( 0 H] (}:;- 211 1/2 
l' 2 6 2 ~2 

where er; and CJ; are the mean quenching diameters of excited 

mercury and hydrogen, and excited mercury and ethane res~ectively 

and~l and }'
2 

their respective reduced masses; Iaos is the 

tesonance radiation absorbed in einsteins per sec; e is the 

efficiency of reaction (3) relative to reactions (l) + (3) and 

t is the fraction of H atoms which react to form H2 • The 

last expression will be equal to 
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xJaL£c2a 6L~ x15(a] /[c 2a6] ______ _ 

x6(a] [c 2
H 61 + x15 [a]j[c 2a61+ x

7
(a](c 2a6] 

if the H2 is assumed to be formed mainly by diffusion. On 

a impl i-£ ica t ion of the steady state expression we get 

[n2] ef 
= 

[c2H6J 2r(l-f) 

C1l 2 Jil 1/2 
where r =- ~ 60 

a;- 2 f'2 
1/2 

Now in the experiments })erformed at the lower trapping 

temperatures
1
as in rune 7, Soand 9 of Taole VI

1
the pressure of 

ethane in the reaction system was only about l/10 of the total 

gas pressure due to condensation in the traps. Then if we 

assume in the extreme case that ea l and f say= 0.9 

then the percentage of hydrogen which should be found in the 

products of the reaction would be 0-75· This would be two or 

three times the sensitivity of the analytical method used. If 

e = 0.5 and f =- 0.5 then H2 ~ 0.0~ ~ercent, a value much 

below that possible to detect by the methods employed here. 

It is therefore quite J?Ossible that the decomposition can take 

~lace by a C-H bond split mechanism. 

The above analysis although indicating that a C-H 

bond split mechanism is possible offers no direct proof that 

(3) is the primary step. It was to establish this point with 

certainty that the experiments in the continuous flow system 

were performed. By this method the concentration o£ H2 (if 
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formed) would be kept low and so the back reaction by (5) 

would be diminished. The results showing a quantum yield of 

0.08 in the production of hydrogen demonstrate with certainty 

that the primary reaction is (3) and establish the mechanism 

as outliued above. 

In discussing the results obtained at higher 

temperatures it seems that the obvious explanation lies in an 

increase in the rate of (6) with respect to (7) as would be 

expected from its higher activation energy. This is in 

accord with the results of Trenner, Morika.wa and Taylor (68) 

who found that above 100°0 or so (6) predominated over (7). 

This process would also lead to an increased production of 

ethyl radicals. The higher yields of butane relative to 

propane confirm this idea. 

The Re!£ti2.!L,!.l_],igh T rapp in&_!.em;peraturea. 

Under these circumstances the reaction is compli-

cated by secondary processes, and the results are thus only of 

minor importance. Since the addition of hydrogen to ethane at 

low trappifJ.g temperatures leads to hydrogen co:c .. sumption rather 

than production, it ia apparent that the production of hydrogen 
. 
from ethane alone at high trapping temperatures is not "auto-

catalytic", and must be due to secondary decomposition of 

butane. Also, the low methane production relative to the 

butane and higher products formed must be due to the presence 

of butane. It thus appears that the butane decomposition 
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leads to the formation of higher products from ethane in 

some manner not involvi.Llg the production of methane. 

The Decomposition of Butane. 

Since these experiments were made merely to con-

fir~ the production of hydrogen, no discussion is necessary. 

A New Field of Quantitative In~stigation. 

The results obtained for ethane, though far from 

constituting an exhaustive study, indicate that the mercury 

photosensitized method is a ~owerful tool fo~ studying the 

primary processes of hydrocaroon decompositions. Now that 

the experimental technique has been ueveloped, and the products 

of a decomposition need no longer Je reported as ahydrogen 
,, 

and a non-volatile oil, results should be rap idly r'orthcoming 

on the various reactions of the other hydrocarbons. This 

will constitute an important step in unravelling the com~lexities 

of organic decomposition. 



SUMMARY AND CONTRIBUTION TO KHOWLEDGE 
----,------------~ 

l. The reaction of deuterium atoms with methane has 

been investigated, the atoms being produced by ~hotosenaitization 

with mercury. The activation eneegy of the reaction 

H 

ie found to be not far from ll kcal. 

2. The reaction of deuterium atoms with ethane was 

studied, the a tome being produced Dy the discharce tube ....._ 

method. The a ctivation energy of the process is found -
to be 6. 3 kcal. 

3· The mechanism of the la_tter reaction was analyzed 

and it ia concluded that the measured activation energy 

is that of the reaction 

Hence the reaction 

must have approximately the same energy of activation. 

4. The effect of this value on the Rice-Herzfeld 

mechanism for the decomposition of c2H6 has oeen examined1 

and it is concluded that although a value of 6.3 kcal. for 

the above reaction would give calculated values of [Hl 
in agreement with the experimental results of Sachase 1 
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the scheme would no longer predict a first order rate or 

the e~erimental value o£ the overall activation energy. 

5. An arrangement has been devised making it possible 

to utilize, in a photochemical reaction, 1019 quanta per 

second..~ of mercury resonance radiation (~2537). 

6. The mercury pho~osensi~ized decomposition of ethane 

has been studied both in a continuous flow and in a circulatory 

system. 

7• In the circulatory system by employing improved 

trapping methods it is possible to remove propane and 

butane from the system as fast aa formed and thus further 

reactions of these hydrocarbons are entirely il1hioited. 

Under these circumstances the products of the reaction 

(at near room temperature) consist exclusively of methane, 

propane, and butane, the hydrogen and higher hydrocarbons 

found in previous investigations oeing secondary products of the 

propane and outane decompositions. The quantum yield 

at 35o-75oc (in terms of ethane diaappearing) is approximately 

o. 2 • 

8. On the other hand in the continuous flow system at 

rates of flow identical to those used in the circul~tory 

sys~em hydrogen was found to be produced in large quantities 

the quantum yield for its production being 0.08 at 65°C. 

9. The reaction of H and D atoms with ethane was 

investigated, the atoms being produced by photosensitization 

with meJ:·cury. Higher products were removed from the system 
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oy circulating the gases through cooled traps. Under 

these conditions hydrogen and deuterium were consumed and 

la __ rge amounts of methane formed. Propane and butane were 

also formed but in much lesser quan~ities. In the reaction 

in the presence of deuteri~ methane, propane, and uutane 

were found to be considerably more exchanged than the 

residual ethane. The quan~um yield at 35°-75°0 in terms 

of ethane disappearing is 0.15. 

10. A data iled considera tion of the reactions shows - ......._,. 

~hat the decomposition of ethane with or without the initial 

fi'esence of hy<irogen canoe adequately expressed by the 

f o llo w in g s t e p a : 

Hg ( 63p l) 
l 

+ C2H6 _.. C2H5 + H + Hg ( 6 s0 ) 

Hg( 63p 1 ) + C2H6 ~ C2H6 + Hg(63p 0 ) 

Hg(63pl) + H2 ~ 2H + Hg ( 6
1i 0 > 

H + C2H6 ~CH; + CH4 

H + C2H6 ..,... C2H5 + H2 

2H ~ H2 (wail) 

2CH 3 
C2H6 

2C 2H
5 

~ C4H10 

CH
3 + C2H5 c

3
H8 

11. The reaction H + C2H6 ~cH3 + CH4 has an 

activation energy roughly l kcal. less than the reaction 
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&PENDIX 

Two ex~eriments were made on the mercury 

~hotosensitized decomposition of metha~in a circulatory 

system. The experimental conditions with the exception 

of the cell and trapping temperat·tli'ea were -che same as 

in run No. 9 Table VI. The methane used was obtained 

from ~he Ohio Chemical and~..:.Manu!acturiug Oo. and was 

~urified by diatilla tion in an apparatus of the -
Po dbielniak type. The trapping temperature was -183°0. 

The quantum yield for the ~rodu~tion oi hydrogen was 

roughly o.o~ at 195°0 and 0.25 at 350°0. 
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