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A. INTRODUGTION'®

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 tech-
niques, until recently been limited to the more simple compounds.
Lately, however, the development of improved light sources and
more precise and comprehensive methods of analysis, together with
the use of isotopes for the labelling of atoms in reactions, have

greatly extended the scope of these methods.

The Mechanism of Thermal Decomposition Reactions

There is at present considerable uncertainty concern-
ing the manner in which nearly all hydrocarbons decompose. For
example, cousider 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 stadle decomposition producta in a simple step,

C2H6 -¢—0234 + H2
This involves the simultaneous rupture of two valence bonds and

the formation of two new onses. Obviously, therefore, the

(a) Some of the material in this introduction has been used by
Steacie in "The Kinetics of Reactions of the Simple
Hydrocarobons" appearing in Chemical Reviews probably in
April 1938.
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activation energy of the process will bear no simple relation
to the bond strengths.

(b) The free radical mechanism.

It is, however, possible that the primary step con-
sists of the rupture of only a single bond, giving rise to two
unsaturated radicals,

CoHg —> ECE3
and that these radicals undergo secondary reactions which
ultimately lead to the formation of ethylene and hydrogen. If
this 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 such a
mechanism has been postulated by F. 0. Rice (l1). To maintain
this theory it is first neceassary to demonstrate the existence
of free radicals. Paneth and Hofeditz (2) had already
accomplished this when they showed that free radicals produced
by the decomposition of organic compounds at high temperatures
could be detected in a rapidly flowing gas stream by their
reaction with a lead mirror to form volatile organo-metallic
compounds. Following on this discovery, Rice and his co-
workers (3) made & comprehensive 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 employ 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 is certain that radicals are
present at very high temperatures, such teats do not con-
clusively prove their presence during ordinary thermal decom-
position at lower temperatures.

The greateat successes of the theory have besn 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 kcael., then the relative rates at 600°C are in

the ratio G-NOOO/a x 873 to 1,

i.e. 9 to 1. 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 poseible 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
the others, it alone will occur to any appreciable extantga)
The values of the strengths of the C-C, C=C, C.H and
C=C bonds are atill somewhat uncerteain. However it is certain
that the C=C and C=C bonds are by far the stronger, and it
appears probable that the C-H bond is about 15 kcal. stronger

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

(a) That thie argument is of general validity is because that
in practically all reactions A, the non exponential factor
in the reaction rate, is approximate%g constant and equal
to within a factor of 10 to about 10+..
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the decomposition of & 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,

C3H8 — CH3 + 02H5.

Now, methyl and ethyl radicals only can be detected
by the Paneth technigue, presumably because higher radicals
when formed decompose very rapidly intc unsaturated compounds

and CH 0235 and H. In general some activation energy will be

3'

required for subsequent steps, but this is supposed to be much
smaller than that required for the primary split. Continuing
the scheme for propane we have the following, B denoting a
methyl radical or an H atonm,

(1) cH CHZCE —> CH, + CH CHz

3 3 3 3

(2a) 033032033 + R—> RH + CH3CH2032

3

(3a) GH3CHacH3 + R —> RH + CH3GHGH3

(3b) CH3CHCH3 —-e—-CHBCH =CH, + H

On a probability basis, considering that propane possesses b
primary hydrogens to two secondary, one would expect (2) to be
faster than (3) in the ratio of 3 to 1. However, on the basis
that secondary hydrogen atoms are somewhat less strongly bound
Rice estimates that (2):(3)::6:4. Hence, neglecting all but

the chain carrying steps we have for the overall decomposition
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On the whole this method has been quite successful in predict-
ing the products of simple organic decompositions.

It would not be possible, however, to accept the free
radical theory on this basis alone. The kinetvics of the process
must be explained, and it thus becomes necessary for the theory
to answer two major questions:

(a) If the overall process is really the summation of a complex
series of reaction steps, how 1is it that experimentally first
order rates are found?

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

C-C bond is postulated as the initial step, how is it that the
measgured activation energies for decomposition reactions are
usually much smaller than the strength of this bond?

Rice and Herzfeld (6) answered these questions by
showing 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 molscule

Ml (7): E keal

(1) M, — Rl + MZ 80
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E kcal.
(2) By +M; —= B,H + R, 15
(3) Ra —_—> Rl + M) 38
(4) R, + Ra ——>-M]+ g

It is assumed that the molecule Ml decomposes into a radical

Rl and a molecule Mz. The radical Rl thus formed, reacts with
a fresh molecule of the reactant, removing an hydrogen atom
and forming the stable product RlH and the new radical Rz.
Subsequently R2 decomposes yielding a molecule M3 and reforming
the radical R;. Reactions (2) and (3) thus constitute a chain
process, since they will recur over and over again until the
radicals are removed by recombination by some such reaction as
(4).

It will be shown that such a series of steps in which
the chains are terminated by reaction (U4) will give a first
order expression for the overall rate. That this is somewhat
arbitrary is illustrated by the fact that if the chain terminat-
ing mechanism had been assumed to be

5
the overall order would be 3/2 while if
232 —— M6

completely predominated, 1/2 would result. However, since the
éxperimentally determined rates are generally only very
approximately first order, it does not seem too far fetched
that a random combination of the chain terminating steps might
be made to fit most 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 follows:

(5) "%‘»;' () = Ky [Ml] - KZ[RJ&]] + Ky (Re] - Ku[Rl]&Z]
(6) _% [Rz) = 0 = K, [Rl] [M]] - KB[RZ]- K“(R;l (2,]

Now the overall rate of decomposition"of Ml is given Dby
(1) - ——{MJ - &y(m i+ x fR][M

From these equations it is obvious that

<=l = i) (3 R o] ey

ZK)-I'

"

i.e. the reaction is first order.

Further
E overall = 1/2(E; + Ep + E3 - Ey)

whence substituting the values of E given for ths part
reactions one gets

E overall = 62.5 kcal.,
which is considerably below the strength of the C-C bond.

Until upheld by detailed experimental tests,
mechanisms of this sort are, of course, highly speculative.
The fundamental idea of free radical chain reactions has, how-
ever, been given striking support. Frey (&) was able to start
chains in butane at temperatures below its normal decomposition
range by adding methyl radicals produced by decomposing
dimethyl mercury. Similarly, Allen and Sickman (9) showed
that methyl radicals from the decomposition of azomethane
could cause the chain decomposition of acetaldehyde., Leermakers

(10) also produced sensitized chain decomposition of methyl
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ether at temperatures below 400°C by photolysing admixed ace-
tone. These observations, however, merely show that chains
can be set up by free radicals, and dow® not prove that free
raedicals are present and actually do set up chains during the
normal slow decomposition of the substances concerned.

The work of Staveky and Hinshelwood (11) and others
(l12) furnishes additional evidence for the chain character of
a number of decompositions. It was found that while large
amounts of nitric oxide catealyse many reactions, small amounts
caeused some inhibition. Their assumption 1is that the maximum
inhibition corresponds 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 decompositions.
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 of 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
jndicate that a few long chains are present rather than a large
number of short ones and that the substances may decompose by
both a chain and molecular mechanism.

It can thus be seen that & large body of information

exists in general support of the Rice free radical theory for
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the decomposition of hydrocarbons., Specific confirmation
of ite 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 is
necessary to unravel the kinetice of their thermal reactions.
Separate methods of obtaining information on the processes of
hydrogen atoms and organic radicals will therefore be of great
importance. Such information is frequently forthcoming from
from photochemical investigations. Indeed the reactions of
atoms and radicals serve as the means of relating thermal and
photochemical kinetics. Of course the two types of reaction
possess quite different modes of activation; one involves a
collisional process, while in the other the absorption of light
by a particular molecular group takes place. But once the
primary step has occurred, the subseguent stages of a photo-
chemical reaction are thermal reactions which often involve
atome and radicals.

Since the simple hydrocarbons are transparent down
to the extreme ultra-violet, and there are considerable
difficulties involved in working in the Schumanhregion, most
photochemical decompositions on these substances have been done
by photosensitization with mercury vapour. In this type of work
the reactant gas saturated with mercury vapour at around room

temperature is illuminated with mercury resonance radiation.
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Mercury possesses two resonance lines, one at 1249 K and the
other at 2537 2. 1m practice the shorter line is almost
completely absorbed by the quartz reaction vessels and jackets
of the light sources. Thus there is only one line which is
appreciably absorbed by the mercury vapour in the system,
normal mercury atoms (6180) being raised to the GZ’P1 level.
These excited mercury atoms may then tranefer their energy bdy
collision with other molecules. If efficient transfer results,
a wide variety of reactions may occur (14) since Hg(63P1) lies
4,8 volts or 112 kcal. above Hg(GLSo) which is greater than
the activation energy of almost all chemical reactions.

The mercury photosensitization method is of especial
importance because it allows one to investigate reactions
involving hydrogen atoms. Thie was firet demonstrated in the
classical work of Taylor and his co-workers (15). The
following scheme illustrates the application of the method
when we illuminate a mixture of hydrogen and the other re-
actant in the presence of mercury vapour:

(1) EHg(6ls,) + bv ——ng(63Pl) (a)
(2) Hg(6%P,) + B, —> HgH + B
(3) E + X — Products
(4) 2B + M —> Hy + M

(a) Reaction (2) may be
Hg(6P,) + Bp — Hg(6's,) + 2H

8lthough 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.



where M is a third body. If reaction (3) is not too fast, a
stationary concentration of H atoms exists,and if the intensity
of illumination and rate of recombination of H atoms are known'
the velocity constant of (3), (17), can be calculated. This
method is of wide applicability. However since many Hg-
Photosensitized hydrocarbon decompositions yield hydrogen,it
makes 1t exceedingly difficult to study such processes in
absence of the H atom reaction which will generally predominate
a8 soon as a few percent of hydrogen are formed.

It appears possible that this difficulty may be
obviated by the use of cadmium resonance 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 firet cadmium resonance line is
at 3261 $ which corresponds to 89 kcal. This is powerful enough
to break the C-C bond ( 80 kcal.) but has not the necessary
energy to dissocilate the hydrogen molecule (103 kcal.). However
it should be remarked that work by Bender (20) indicates that
the reaction

ca(53pl) + H, —> CdH + &
may take place.

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 atoms could be pumped out of a hydrogen discharge 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 and subsequently

)
a great number of reactions have been inveastigated by this
method (23).

The following section will review the available

data(a)on the atomic and photo reactions of the aliphatic

hydrocarbons.

The Photochemical and Atomic Reactions of_ the

Aliphatic Hydrocarbonsa

Methane

The Photo- and Photosensitized Reactions

In a preliminary communication Leighton and Steiner
(24) report experiments on the decomposition 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 U4:1. 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 order of unity. They remarked that
in consideration of the large proportion of hydrogen the

processes

(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
discussion in Section E.
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CHy + hv —= CH, + Hj

2 0H2 —_ GZHM
could not be the only ones involved.
The complete results of a thorough investigation

have recently been reported by Groth (25) subsequent to a
preliminary note by Groth and Laudenklos (26). They used as a
gsource a Harteck xenon lamp (27) which produces strong lines at
1469 3 and 1295 X. A 30 mm. layer of methane at atmospheric
pressure was found to absorb completely at 1295 K and to the
extent of 13% at 1469 . The reaction products 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 1019 quanta had been absorbed. 1In 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 consideration of the low quantum yield the
reaction

CHu + hy —> CH2 + Hy
is assumed to be extremely unlikely and

CHM + hv — 033 + H (1)
is suggested, the following secondary reactions accounting for

all the products,

CH3 + B (+4) = CHy + (u) (2)
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CHy + CH; (+M) = CpHEg + (M) (3)
CHy + CH, = CoH) + Hy (&)
CH, + OH, = CH +H, (5)
CHy + EH = CH, + H, ()
B + BE + M = H, +M (71
CHy + CHy + (M) = OCpH) + (M) (8)
CH, + CH, = CoH, + H, (9)
CH, + H ~ CH +H, (10)
CH + CH = CoH, (11)

A brief investigation of the direct reaction has
been recently reported by Kemula and Dyduszynski (28) employ-
ing the shorter wave lengths of & mercury lamp (= 1850 2).

Previous to the initiation of this research, all
investigators (29) had found methane to be stable in the
Presence of mercury atoms excited by resonance radiation.
Further work indicating a measurable rate for the reaction

cH, + Hg(6p,) —— CH, + E + Hg(6s))
will be discussed in Section G.

The Reaction of H Atoms with Methane

In investigating the reaction of H atoms produced by
a Wood's tube with hydrocarbons, Bonhoeffer and Harteck (30)
found that methane was surprisingly stable and could detect no

reaction.

These results were confirmed by v. Wartenberg and
8chultze (31). 1In addition they found that no appreciable heat

was developed on mixing hydrogen atoms and methane (apart from
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the normal amount due to atomic recombination). Further
confirmation of the inertness of methane was furnished by the
work of Chadwell and Titani (32).

Geib and Harteck (33) studied the process over a
temperature range and showed that no reaction occurred up to
1839C. On the basis of this result they concluded that the
reaction

CH4 + H -—4—-033 + HZ
has an activation energy of at least 17 kcal. An alternative
suggest ion was that this reaction takes place easily, but the
reverse reaction

033 + H + M -———s---GH)+ + M
occurs with a greater velocity than all other possible reactions
of the methyl radical such as

.‘.’.CH3 —_— 0236’
80 that methane 18 regenerated as rapidly as it is consumed.
Such a suggestion was ruled out by Geib and Harteck on the
grounds that (a) it is improbable that no other secondary re-
actions of the methyl radical should occur, and (b) the
introduction of methane causes no significant change in the H
atom concentration, whereas the above mechanism would involve
consumption of hydrogen atoms by both the forward and back
reactions.

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 is somewhat in doubt.

The first investigation of the deuterium atom
reaction was made by Taylor, Morikawa and Benedict (35) the
atoms being produced by photosensitization with mercury, and
the resulting deutero methanes deterumined by infra-red
spectroscopy. Considerable reaction from 40° to 300°C was
reported and the conclusion made that the activation energy 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 £ does not con-
firm this work,

The same reaction was investigated by the Woode
Bonhoeffer method by Geib and Steacie (36). No detectablse
reaction of deuterium atoms with methane was found up to 100°C,
indicating an activation energy for the exchange reaction of
not less than 11 kcal. in sharp contrast to the above results.
Their investigation shows that the reaction in gquestion is
very probably an analogue of the ortho-para hydrogen conversion,
viz,

CHM + D — GHBD + H
Whatever the mechanism, however, a lower limit of 11 kcal. is

set for both reactions.
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Ethane

The Photo- and Photosensitized Reactions

The only work reported on the direct Photo reactions
is a quélitative investigation by Kemula and Dyduszynski (37)
employing radiation from a mercury arc at a wave-length of
about 1850 3- The formation of hydrogen and unsaturates was
noted.

A few investigations, however, have been made on the
mercury photosensitized reaction. Taylor and Hill (38) were
firet to make observations on the decompoaition 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 suggested that radicals were undoubtedly
involved in the process. Kemula (39) also showed that ethane
could be decomposed by excited mercury atoms.

A more thorough investigation of the pPhotosensitizad
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
-80°C in an attempt to remove the products of higher molecular

weight as fast as formed, and thus prevent secondary processes.



They found that the decrease in pressure as the reaction went
on was accompanied by an exactly parallel increase in the
volume of the ligquid 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 iufinity if the
trap were kept at -20°C instead of «80°. The condensable
products were analyzed by & very rough fractional distillation,
and were found to consist mainly of butane and octane, with a
small amount of hexane and no propané or pentane.

Tolloczko (42) had previously suggested that the
mechanism of the process was

2CoHg _ 202115 + 2H —— Cquo + HZ

CEHG + Cuﬁlo = 0235 + G, Hg + 2H

= csnlu + Ha, etc.

This assumes only a C-H rupture and leads obviously to hydro-
carbons with an even number of carbon atoms only. It gives,
however, no explanation of the formation o0f methane., Kemula,
Mrazek, and Tolloczko therefore suggest

'8 W
°2H6 + Hg —_— 0236 + Hg

20235 + M - C)_*Hlo + M
2H + M —=H, + M

02H6 + H -— CH3 + CH“‘
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The higher hydrocarbons then result from secondary reactions
of butane, etc. The fact that octana appears t0 be the chief
higher product makes it plausible that the chief reaction of
butane is
CquO —— CuH9 + H
204H9+M ——’CSHlS + M

The chief fallacy in thie work and all other mercury
photosensitized studies of the hydrocarbons has been the
complication of the reaction under study by secondary processes.
The difficulties introduced by secondary reactions, in attempts
to unravel the mechanism of any chemical process, although by
no means slight, are particularly troublesome here. Table I
shows the values of the effective quenching areas for some
hydrocarbons and hydrogen after Bateg (43) and Zemanasky (i%).
The last column shows 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). As mentioned before, under the
conditions of reaction hydrogen produces H atoms which have been
shown by independent methods to react with hydrocarbonas (46).
It therefore follows, that in &all mercury photosensitized
hydrocarbon decompositions, unless the products are removed as
fast as formed, no reasonably accurate estimate of the initial
products of reaction or of their rate of formation can be made.

In part Kemula and his co-workers must have realized
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TABLE I

The Quenching of Resornance Radiation

Percentage rejuired
in ethane-gas mixture
80 that the gas will

Mean wuenching quengh one half the
Compound Diameter _ Hg(6”7P,) atoms.
-16 2

hydrogen 8.60 x 10 cm 1.7%
methane 0.0852 84

ethane 0.594 -

propane 2.32 24

butane 5.88 12

deuterium (76) 12,0 1.7
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this, hence the trapping at «80°C. However at this temperature
the vapour pressure of butane is 1l mm. and that of propane

118 mm. No methane nor hydrogen was removed. For methane this
is not serious as it is quite inactive at room temperature.
Nevertheless, in view of the facts cited above, combined with
the additional information that all their products contained
large amounts of hydrogen in the gas phase, it must be con-
¢luded that the reaction which they studied was almost entirely
the H atom reaction accompanied by the sudsequent decomposition

of propane and butanse.

The Reaction of H Atoms with Ethane.

It was found by Bonhoeffer and Harteck (47) and

v. Wartenberg and Schultze that luminescence occurs on mixing
hydrogen atoms with ethane, bands due to CH and CC being
obaserved., In spite of this the major part of the ethane was
recovered unchanged. The latter authors found that there was
a considerable loss of gas in their experiments (up to 25 per-
cent), which might have been due to methane formed in the
reaction. Thie, by their technigue, would have been lost on
passage through the liguid air trap. On the evidence that the
hydrogen atoms were almost completely destroyed they suggested

0256 + H — 0235 + I-I2

CoHg + H + M — CpHg + M
as the main process. As & complex mixture of products is not

formed, it 1e evident that the emission of the CC and CH bands



is caused by the presence of only relatively small quantities
of CC and CH produced by secondary reactions or by impurities.
If dehydrogenation to CC and CH were tbe chief processes it is
luprobable that these could be quantitatively hydrogenated
back to ethane without the formation of some additional
products.

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 CoH, gave 5% CH,,, l1.4% COp, 1.6% CH),

(b) 150 cc. of CoHg gave 3% CHM' 3% CO,, 1.7% CoH),
The carbon dioxide must come from the action of water or
phosphoric acid used as a poison for the walls of the apparatus.
They suggest that the gas lost in the investigation of v.
Wartenburg and Schultze was ethane rather than methane. It
might be expected that some ethane would be lost under the
latter authors' experimental conditions. It is difficult to
understand why this 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

someé methbane.

Higher Hydrocarbons
Comparatively little work has been done on the atomic
or photochemical reactions of the higher hydrocarbons.

Recently Kemula and Dyduszyheki (50) decomposed propane and
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butane in the light of a mercury lawp at a wave length of
5521850 R. The formation of hydrogen and unsaturated compounds
was noted. In their classical work on mercury photosensitized
decompositions, Taylor and Hill (51) found that propane reacts
more rapidly with hydrogen atoms than doea ethane, but more
slowly than butane. The mercury photosensitized reactions of
n-pentane were investigated by Klemenc and Patat (52) and by
Frankenburger ana Zell (53). The products were found to consist
of hydrogen, methane and higher hydrocarbons. Similar results
were obtained by Taylor and Bates (54) on the mercury photo-
sensitized decomposition of n-hexane. A few brief preliminary
experiments on the reaction of D atoms with propane and n-
butane have been reported by Trenner, Morikawa and Taylor (55).
The results of this investigation will be referred to in

Section E.
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B, THE MERCURY PHOTOSENSITIZED EXCHANGE REACTION BETWEEN

DEUTERIUM AND METHANE

In consideration of the large discrepancy (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

D+CH“ ———PCHSD-*H
& preliminary investigation using the mercury photosensiti-

2ation method was bsgun.

Experimental

The apparatus employed was of the usual static type.
The reaction vessel, a cylindrical fused gquartz bulb of about
140 cc. capacity, was arranged so that measured amounts of
various gases could be intrcduced and the pressure could be
continuously observed. It contained a small poecl of mercury.
The vessecl was immersed in a thermostat filled with distilled
water at 23°C.

The light source was a Hanovia quartz mercury vapour
rare gas discharge tube Sc-2537. The lamp was & double U grid
type operating at 320 volts and 100 milliamperes from a 5000
volt Jefferson sign transformer. With this lamp almost all the
emitted light 1s in the resonance line at 2537A. The light
rassed through a quartz tube, cemented into the side of the

thermostat, filled with 25 percent acetic acid solution (56).
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This serves to remove the radiation below 2300 i to which
methane may be sensitive. The tube thus acted as a window, &
condensing lens, and a filter. This arrangement was not very
efficient, and reflection losses from the cylindrical vessel
were very high. As a result the intensity was low considering
the source used, and rather long exposures were necessary.

The intensity of the absorbed radiation was inferred
from measurements of the rate of the mercury photosensitized
synthesis of water from hydrogen-oxygen mixtures. It was
assumed that 5 molecules of (hydrogen + oxygen) disappeared per
quantum of light absorbed (57). An average value of 8.77 x 1012
quanta per cc. per second was found.

In general deuterium was in considerable excess, the
experimental migture being usually about sz + 1CH). The large
excess of deuterium employed diminished the effect of the back
reaction to a great extent and yet the quantity of methane was
ample for analysis. The total pressure was in the neighbourhood
of 50 cm. After illumination the reactant was separated from
hydrogen, burned and the deuterium content of the water
determined.

S8ince liquid hydrogen was not available, methane was
separated from the reactant mixture by preferential absorption
with silica gel at ~183°C. This had previously been used in a
flow system at low pressures by Geib and Steacie (36). As it

wae at first not realized how sensitive the method was to

experimental conditions, satiafactory results were not
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immediately achieved. The apparatus is shown in figure 1
together with a diagramatic sketch of the analytical set-up.
The technique of separation was developed as follows:

(4) The methane-hydrogen mixture was allowed to come in
contact with alumina at -183°9C gel for 10 minutes., After
evacuation with an o0il pump for 10 minutes, the gel was warmed
to -80°C and the methane desorbed into the combustion bulb.
Since desorption was carried out at -80°C, 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 eir
trap. After combdbustion the products were pumped through trap
T, or T2 where water vapour was condensed at =80°C,

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

These procedures gave rather high blank values, i.se.
accomplished only at partial separation, as 1is shown in Table
II, so the procedure was modified as follows:

(¢c) The gases were pumped through silica gel at «183°C
and the pumping was continued for 10 minutes. The methane was
desorbed at «80°C and combusted as before.

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

The separations thus effected were quite satisfactory,
the blanks being reduced to 1 or 2 percent.

The method employed to determine the deuterium content

(a)

of the water formed was one due to Harteck 1 (58). This con-

(a) Private communication,
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FIGU I

Apparatus for the analysis of exchanged methane

for deuterium content.
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siste 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 vapour 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 type con-
taining a platinum wire with & thickness 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 & linear function of the deuterium
content of the water employed. In making measurements, readings
with ordinary water and with the water being analyzed were made
alternately. The valuee reported are the mean of a number of
separate determinations. 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
combustion wae therefore re-distilled approximately ten times in
high vacuum back and forth from traps T, and Tp and was condensed
each time at a temperature of approximately -60°C.

Deuterium was prepared by the electrolysis of 99.3%
heavy water rendered slightly alkaline with sodium hydroxids.
The electrolysis was commenced in a vacuum, and the oxygen and
hydrogen were collected separately. The deuterium was passed
through a furnace at 600°C containing platinized asbestos to
free it from any oxygen. It was then passed through a liguid

air trap to remove water, and was stored 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. As it was only about 80 percent pure
conesiderable treatment was necessary. It was therefore purified
according to the directions of Moser (59) with the exception
that Fieser's (59a) solution was employed in place of the usual
alkaline pyrogallate. This procedure consisted of paassage of
the gas through ammoniacal cuprous chloride, dilute and concen-
trated sulphuric acid, a 50 cm. column of copper oxide at 300°C,
concentrated potassium hydroxide solution, and Fieser's solution,
In addition it was dried by passage through a trap at -80°C, and

fractionated several times.

Results

The results are given in Table II.

In order to calculate the collision yield and hence
the activation energy, 1t is first necessary to evaluate the
stationary concentration of deuterium atoms produced by the
illumination.

The initial reactions

Hg (6180) + v —— Hg (6%P))

Hg (6°P)) + D, — Hg (6'80) + 2D
can be directly evaluated, since the light intensity has been
determined by the hydrogen-oxygen actinometer. The fraction of

excited mercury atoms deactivated by methane can be calculated
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TABLE I1I

Deunteriuam and Methane

Temperature 23°C

(1) (2) (3) (&)
Run Illﬁi?Zation F; PCH“
No. (sec.) (cm) (cm)
1 0.95 x 102  39.6 9.5
2 0 37.5  10.5
3 4,08 x 107 45.0  10.0
4 1.58 x 10° 52.5  12.5
5 3.81 x 102  39.2 1h. 4
6 0 39.0 13.0
7 0 40.0 14.0
g 5.68 x 10°  39.6  10.8
9 0 39.8 11.2
10 0 k2.2 11.3
11 2.25 x 10° 38.9  12.6

(5)

Method
of
Analysis

A

A
B
B

(6)
D Content
of
Methane (%)

4.5
6
11.5

4.5

N O W~

1+o5
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(1) (8) (9) (10) (11) (12)
D Atom Fraction of
Concen=- Methane
Run tration Converted Collision Collision E E
No. (moles cc) per sec. Yield Yield (Kcal) (Kcal)
1~ 6x10712 < 10°° -- -- > 11 =10
2 - ae - e - o - - -
3 5.8x107%2  4.5x1077  2.6x1072° 2.6x1077 11.6  10.3
4 f~’6x10-12 = 10'6 -- - > 11 > 10
5 -~~~ 6x10 << 10 6 -- -- > 11 >10
6 - e - .- - - e - e - e
7 - - - - e - - - e - .
&  6.5x10 2.5x10°7  1.4x1070 1, 4x10%9 12,0  10.7
9 - - - = - - - e -
10 -- -- -- -- -- --
11 6.1x10712  6.0x1077  3.2x10-30 3,2x1077 11.4%  10.1



to be negligible by the usual formula,
2 £ -1

1 0+ [De] O/Hgng //{Hg_lig_
2 7
[cnu] JH.gCHu yas Egcnu

where O is the effective collision diameter and /u is the

reduced mass of the colliding particles. The values of U
were taken from Table I. On subetitution of these and also the
approximate ratio of 4 for [Dé]/fbﬂg] we obtain a value of
about 8 x 1o'n for the fraction deactivated by methane. The
initial processes will be followed by

(1) D + D + M —D, + M

(2) D —>1/2D, (wall)

(3) D + CBM -——’-OH3D + H (or other producta
which use up D atoma)

The reaction
H + D + M —™ HD + M
may be neglected, asince for small percentage conversions there

will be an inappreciable gquantity of atomic hydrogen present,

Hence we may write

d _ 2laps, 2
= [p] - " x, (][] - &, [l

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 investigzated by

Farkas and Sachasse (60), who found that at a 1light intensity of
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3 -1

2 x 1015 quanta cm. ? sec. and at pressures higher than 20 cm.

the term K,[H]/(M] could be neglected, and estimated

Kl (for H atoma) to be 3.4 x 1016 cm.6 mo].e-2 sec.-l at 24°C,
There is some discrepancy between these results and those
obtained by discharge tube methods (61). In Farkas and Sachase's
experiments the rate constant given is based on the assumption
that "M" is Ez. Smallwood found 1.7 x 1016 for the cass where
M i1s a hydrogen atom, and stated that the constant for the
reaction H + H + H2 was at least 50 times smaller. The
two values for the latter reaction differ, therefore, by a
factor of 100, The conditions in the two experiments were,
however, widely difrferent, since Farkas and Sachsse worked at
pressures of the order of atmospheric and used 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 Sachsse, their value for the
rate constant of the reaction H + H + H, will be adopted.
It should be noted that Farkas and Sachasse measured the
stationary hydrogen atom concentration and calculated their
rate cénstant 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 values calculated in this way should
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therefore be but slightly 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 calculaved the number of effective triple
Ccollisions in & mixture of perfect gases for the case where
molecules of kinds (1) and (3) will react if they come within

a diatances of a molecule of kind (2). The result is
3 2 2 1 ~£ ~4
-4 z 2
Zw 8V2T2 NN, Sy Tyy SGem® | Mas™ + Ly
\

where the N's refer to the number of molecules per cc. of each
type, the @ 's to the average molecular diameters, and the M e
to the reduced masses, It follows from this that the reaction
H + H 4+ M should be e times faster than D + D + M(az
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 Kl

(3.% x 1026 [ 1.4 2.4 x 10%°
Neglecting for the time any loss of D atoms due to

wall recombination, we have the necessary data to calculate the

stationary deuterium atom concentration. If o is the fraction

(a) This relation has been confirmed experimentally by Amdur
(63), using a discharge tube method. Under these conditions
however, atoms, not molecules, were effective third bodies.
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of CHN reacting per second, then L
o]« (Erese o -xCezgl) 2
KI[M]

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

Since the mean life of the deuterium atoms is
Cb} / 2l pg. the atom lifetime under the present conditions can

be calculated to be 0.2 sec. Employing the diffusion equation
e
)Av.

where (12)A is the mean square displacement of the diffusing
Ve

particle, ¢t its mean life, and where D, the diffusion

(x 2Dt

coefficient, is given by

V RT
b M
2
3Tl O XN
in which CT'2 is the diffusion cross section and N the number

of molecules per c¢c. through which the particles are diffusing,
the fraction of the deuterium atoms in the reaction c¢ell which

are within diffusing distance of the wall may be calculated.

2 -16
If CT; is taken as 4 x 10 cma, at 23°C and a gas pressure

of 50 cm., Xy,

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

may be calculated to be ~ lcm. This means

volume of the reaction vessel are within diffusion range of the
walls during their mean lifetime. There is thus some uncertainty
in the value of the D atom concentration. Oane would not expect
however that it would be less than one order lower than that

calculated on a non-diffusion basis.
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Thus, in columns (9) and (10), the collision yield

has been calculated assuming both D atom concentrations. This
Kfo[o]

2
where d. + M + M
b = 2\,211 (D dCH“) CEy D po.y
2 M

M
CH, "D

is equal to

in which the d's are the diameteras of the colliding particles
and the other symbole have their usual meaning. Assuming a
molecular diameter of 3.75H x lO-Scm. for methane, and of
2.14 x 10-80m. for a deuterium atom (taken as being equal to
the collision diameter of a hydrogen atom as found by Harteck
(6k4))

b= 3.0 x 101“ sac..1 at 239C

In calculating E from the collision yield a steric
factor of 0.1 has been assumed in conformity with the usual
practice, These values are given in columns (1ll) and (12).

On account of the analytical difficulties previously
mentioned, the data for runs 1 to 6 are merely qualitative.
Neverthelesas they serve to set 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 results of Morikawa,Benedict and
Taylor (35) and those of Geib and Steacie (36). After this

had been done a very thorough and complete research was reported
by Melville and Farkas (65)(5) 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) see Section E.
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C. THE REACTION OF ATOMIC 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
demongtrated that under the conditions of their experiments
there was appreciable destruction of hydrogen atoms and little
decomposition of ethane. It therefore appeared possible that
congiderable information might be given by investigating the

exchange reaction with deuterium under similar conditions.

Experimental

The deuterium was split into atoms by means of a Wood
discharge tuve.

The main section of the apparatus built of soft glass
is illustrated diagrammatically in Fig. 2. A discharge was run
through the tube A (3 cm. in diameter). The electrodes E were
aluminium cylinders 3 cm. in diameter and 15 cm. long attached
to platinum leads and sealed through the apparatus. The
discharge was operated on an &lternating current of about 3000
volts maintained across the tube with a 5000 ohm resistance in
geries. The voltage was varied with a step transformer and a

rheostat in the primary so as to maintain a constant current of
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Apparatus for studying the reactions of D atous

produced by a discharge tube,
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325 milliamperes through the tube.

Below the discharge was a reaction vessel C, with a
diemeter of 7 cm. and a length of 30 cm. Ethane entered the
reaction vessel through a tube 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 suriace. To facilitate this, the main
section of the apparatus was made vertical as indicated. In
order to wash the apparatus the tops of the tubes were cut off
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 apparatus dried by evacuation to
a pressure of 10~ ma.

The hydrogen atom concentration in the reaction vessel
was measured with the Wrede gauge B. This was of the usual
type (67) and consisted of a tube with a very fine orifice
situated in the reaction vessel, and an arrangement of stopcocks
such that either the inside or outside of the tube could be
connected to the Pirani gauge. This 1is used to measure the
pressure difference set up across the orifice owing to the
difference in the diffusion coefficiente of hydrogen atoms and

hydrogen molecules. From the pressure difference the percentage
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of atoms in the reaction vessel may be easily calculated, the

relation being

% atoms = 100(1 - Fz/Py)
1 - Yyz

where pr = pressare fote | goa P, = pressare outsiade of fube
Deuterium was prepared as descrived on page 26. By

means of the Toepler pump it was put into & smell mercury gas-
holder anda delivered to the apparatus at atmospheric pressure.
Ethane was secured in cylinders from tkhe Ohio Chemical and
Manufacturing Company and was stated to be 95 percent pure. It
wae purified by fractional distillation and stored in a large
reservelir, The pressure in this vessel governed the rate of
flow.

Both gases entered the reaction vessel through cali-
brated capillary flow-meters, After remairning there about 1
second the mixture passed out of the reaction vessel through the
outlet tube L, over some gold foil which destroyed the remaining
deuterium atoms, through a trap at liquid ailr temperature and a
three stage steel mercury diffusion pump. This had a very high
speed (approximately 20 liters per sec. at the mouth of 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 cc. at N.T.P.
per minute.

After the gases had passed through the reaction chamber
it was necessary to separate the ethane from deuterium. ZExperi-
ments by Chadwell 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 may be
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(a)

neglected . The vapour pressure of ethane at liguid air
temperature 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°C in a trap between the diffusion pump
and the oil pump.

At the end of the experiment, which normally lasted
about 10 min., the silica gel trap was maintained at -183°C
and pumped out for 5 min., with the Hyvac pump alone. Trials
showed that it was poesible to desorb virtually all adsorbed
bydrogen in this way without loss of ethane. The trap was then
allowed to warm up to =80°C to desorb 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 distilletions at -80°C in a high vacuum.
The water was then analyzed for its deuterium content by the
thermal conductivity method of Harteck as described on page

26.

Resultis

Atom Concentration

As was mentioned above, the deuterium atom concen-

(a) As will be shown later however in Section E, this con-
clusion was not completely justified.
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tration was measured with a Wrede diffusion gauge. In order to
conserve deuterium, these measursments were made 1in apecial
callibration 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
got 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 balance-
(b) Also the activation energies of the recombination
reactions
BE+H —H, (wall)
D+ D —=D, (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 1is negligible
compared to uncerteinties in the atom concentration due to
fluctuations in wall activity.

The average atom concentration in a number of

calibration runs was 20 percent.

Regsulte of the Reaction of Deuterium Atoms with Ethane.

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

The Reaction of Deuterium

Atoms with Etnane

Deuterium Flow = 0.202 cc/sec. at N.T.P.

Average Atom Content = 20%

(1) (2) (3) (%) (5) (6)
Pres- CoHg, Reaction P
Run sure cc/sec.at Time D
No. Remarks (mm) N.T.P. (sec) (em)
1 Blank, no discharge 0.27 0.049 1.11 -
- 0.28 0.049 1.15 0.0046
3 Blank, ethane alone, -- 0.047 -- -
D, through dis-
'cﬁarge later
b e it . 0.28 0.04Y4 1.17 0.0047
5 © 6 0 5 06 06 86 6 0 0 ¢ 0 63 5 0 0 0 0 0 0028 O-Ouu 1017 000047
B teeeeeneenieneaaenes 0.28 0.037 1.20 0.00k8
R o DY - 0.034 1.22 0.0048
8 Blank, D, through - 0.033 - -

discharge alonse,
ethane later
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TABLE III - (continued)

(1) (8) (9) (10) (11)
% D Col-
TR SR AN v
No. (x1072) ethane change (x10°) (cal.)
1 -- 0.0 0.0 -- -
2 7.8 10.7 18.5 1.5 6400
3 -- 0.0 0.0 - --
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
1 8.5 17.9 27.0 1.9 6300
g -- 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 space. 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°C) of the reaction vessel. A correction is applied for the
increase in volume due to the fact that some of the hydrogen is

present as atoms. Zczné’p in column (7) represents the

average number of collisions of 1 ethane molecule with deuterium
atoms during its time in the reaction vessel. It is calculated
essuming a molecular diameter of 3.75 x 10=8¢m. for ethane, and
of 2.14% x 10~ cm. for a deuterium atom (assumed equal to the
collision dismeter of & hydrogen atom as found by Harteck (64)).
The values of the "percent exchange" in column 9 are calculated
on the assumption that at equilibrium the distribution

coefficient
D/H in ethane - 1

D/H in hydrogen

In calculating the collision yields in column (10) allowance has
been made for the fact that 6 fruitful collisions are reguired
to convert a molecule of CZH6 to °2D6' The activation energies
in the last column are calculated assuming a steric factor of

0. l.
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D. THE MERCURY PHOTOSENSITIZED REACTIONS OF ETHANE

As 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 besn reported
inactive it was decided to investigate in as precise a manner

a8 possible the reactions of the next member of the series.

Experimental

In the 1deal experimental systew for the atudy of
pPhotochemical reactions several conditions should be met. Some
of these are mentioned below.

(a) Optical System.

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 i1ts light can be realized.

(b) Methods of Analysis.

Senaitive and precise methods of analysis should be
available to enable a thorough estimation of small amocunts of

products to be made,

(¢) Concentration of Products.

The concentration of the products in the reaction

mixture should be kept low enough 80 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 necessary; 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.

Optical System

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 known if the kinetics
are to be studied in detail in order to derive the correct
sequence of reactions comprising the total process". WIf the
exciting line 18 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 s0
complicated that no real use of this method of initiating
reactions can be made kinetically".

"The usual type of mercury lamp having mercury-
mercury 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 R, 1849 X and emits, if the water
cooling ie not efficient, a partially reversed resonance line

unlees the additional complication of & magnet 1is employed to



el

rress 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." (77).

Such & lamp, containing argon, is manufactured by the
Hanovia Chemicel 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

8 x 10.6 einsteins sec. . at a wavelength of 2537 X. Tnis ie

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

Having & strong lamp, utilization of an appreciable
fraction of ites 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 emiesion 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 reactlion vessel was annular
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in form, being 10 cm. long, & 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 &
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 radlation proportional
to the angle they subtend from the lamp because of the almost
complete reflection losses from tangenvial and nsar tangential
surfaces exposed to the light beam. For example, Melville and
Farkas (78) employing & powerful resonance lamp emitting 1019
quanta per sec. could only utilize 5 x 1016 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 date published by Melville (77) & 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

details of construction are shown in Fig. 3. The tube was fill-

ed with neon at a pressure of 12 mmn. and a small droplet of
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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 usuwal neon sign technique. The coated elec-
trodes were found to be very coocl in operation, the electrods
chambers being at a temperature of not greater than 359C during
operation. This is quite an improvement over the Hanovia Sc-
2537 tube whose electrode chambers attain a temperature in
excess of 150°C. This results in an improved efriciency for
the new lamp.

In operation source A was employed only with the
reaction system at 35°C, 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°C to 570°C.

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



FIGURE IV

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)and by varying the gquantity of liguid air being
blown in at the top)the rate of reflux and rate of distillation
is controlled., In practice the still is operated 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 and the gas is slowly drawn

/
off through an adjustable leak (a filed stopcock) into cali-
brated glass bulbs,where the volume of the exit gas is estim-
ated by means of a menometer. 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
8till, With careful operation very sharp cuts are obtained, the
separations of the different constituents being nearly 100 per-

cent efficient.

Experimental Setups.

To lessen the complications of secondary reactions two
experimental systems were used, one a circulatory system and

the other a single pass flow systen.

Circulatory System

One form of the apraratus employed is shown in

Figure 5.
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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 elid a close-fitting steel
cylinder lubricated with di-butyl 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 solenocid by
means of a wheel and crank. The displacement of the pump waes
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 Sl and 82, each of which
provided a mercury surface of about 30 cm.2 The saturators were
heated electrically to about 60°C - 80°C. 1In addition, & small
pool of mercury was kept in reaction vessel A.

As mentioned above, one of the main oojects of the
present work was the elimination of secondary processes by the
removal of hydrocarbone of higher molecular weight from the
eystem 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 ilmmersed in mercury
contained in two holes drilled in a steel bloeck, Swall 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
ligquid 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 temperature could thus be controlled
to within l-2°. The temperature of the traps was measured by
means of copper-constantan thermocouples situated inside the
traps themselves, These were calibrated at the boiling points
of oxygen eand ethylene, at the sublimation point of carbon
dioxide, and from «H0° to 0°C by means of standard thermometers.

The maia 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 Toepler pump,
gas holders, etc.

In later runs some changes were made which added to
the convenience of operation, without however greatly affecting
the resulte of the experiments. Mercury valves wers employed
which made it possible to circulate the gas continuously in one
direction. Thus it was only necessary to use one trap and one
saturator, the consumption of refrizerant being very greatly
reduced. Other improvements included: (1) The insertion of
a trap (volume 100 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
previoualy described was replaced by a double-walled Pyrex
glass container. The ianterior of this surrounding the trap
was filled with mercury, and the space between the double walls
with air., By heating the mercury bath with a small electrie

heater and dipping the whole arrangement in liquid oxygen as
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before temperature countrol to + 1/2° 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 pressure 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°C. 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.

Materials

Ethane and butane were obtained in cylinders from the

Onio Chemical and Manufacturing Company. The gases were stated
to be not less than 97 and 99 percent pure respeéctively.

Analysis of the cylinder ethane showed it to contain 1.3 percent
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ethylens, less than 0,3 percent of H2 + CHu, 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
300°C, through a 40 percent KOH solution and a trap at
-80°C, 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°C, through
saturated bromine water, into a 2 liter bottle illumnin-
ated by a Point-o-lite lamp, through 40 percent KOH
golution and finally a trap at «809°C,

The butane was purified merely by fractional distillation.

Hydrogen was taken from cylinders and passed over
platinized asbestos at 600°C and then through a trap cooled to
-183°C,

Deuterium was prepared by the interaction of 99,6
percent deuterium oxide with metallic magnesium at 4859C
according to the method of Knowlton and Rossini (81l) and also
by the interaction of deuterium oxide with calcium at room
temperature. Both preparations were performed in vacuo and the

gas was dried by passage through a cold trap at =183°C.

Characteristics of the Light Sources

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 O.5N and 0.25N. Thess gave
identical results, showing that absorption was complete. The
solution after irradiation was analyzed either by (a) neutrali=-
zation with NaHGO3 and titration with AgNoj, using KzGrOu as

an indicator, or by (b) addition of an excess of AgNO3 and back
titrating, after the filtration of the precipitated AgCl, with

KSCN using Fe(NO )3as an indicator.

3
The mean of a number of concordant measuremeants made
at different times gave for the total resonance radiation

entering reaction cell A 4.2 X 10'6

einsteins per second.
Thie, of course, refers to the radiation emitted after the
lamp's output became conatant. This was attained in less than
10 minutes.

With opticel 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 100 milliamperes are illustrative of
the constancy of the output. The efficiency in production of
mercury resonance radiation is the highest ever recorded,

The 1ight intensity in eystem A was also measured
by means of a Moll large surface thermopile in conjunction with

a Lesds and Northup type HS galvanometer. The thermopile was

placed outside the reaction vessel, and the intensity of
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TABLE IV

Resonance Efificiency
Radiation in

in Reaction Production

Potential Current. Input Vessel of 2537

Volts Milliamperes Watts einsteins/sec. percent

450 120 5 4 1.62 x 10~ e
495 100 50 1.49 x 1072 --
- 100 - 1.4 x 1072 28
- 100 -- 1.50 x 102 -
5073 80 40 1.36 x 1077 32
572 50 23 1.22 x 1075 39
655 19 -- --- --
668 11 -- --- --
706 7.7 -- -—- --
708 4.2 -- --- .
713 2.5 1.8 1.54 x 107° g0
g20 1.9 -- --- --
920 1.7 -- --- --
1000 1.5 -- --- --

< 1.5

lampy goes out.
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resonance redilation was determined by taking the difference in
the thermopile readings with the cell evacuated, and with it
filled with mercury vapour at 35°C in the presence of a high
hydrogen pressure. This method gave & 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 actinometrically is better than

could be expected.

The Absorpgtion of Resonance Radiation.

By means of the galvanometer-thermopile system,
measurements were made of the absorption of resonance radiation
in optical system A. To make the measurements more sensitive
a filter to exclude visible and heat radiation was interposed
between the cell and the thermopile. This consisted of an
aqueous solution 1 M in Nisou and 1 M in Cosou as recommended
by Backstrom (82). It was enclosed in a transparent vessel of
fused silica 10 cm. long with plane ends. Its transmission in
the region 3900-7000 % 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 10~7 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-
sengitized hydrogen-oxygen resaction 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
4O0. This is an excellent check on the absorrtion 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
amounte 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 60° - 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 productes of
reaction were completely pumped by the Tospler puup into a
portable gas-holder. The gas was then analyzed by low-
temperature distillation in the apparatus described. 4 500 cec.
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

Absorption of the Resonance Line under Various Conditions

Arc current 0.100 amp.
Cell temperature 35°C

Mercury saturation at 35°C = 4 x 10.3 mm.

Resonance radia- Fraction of res-
S avaorbed. on
H, 180 8.0 x 1077 1.00
&7 7.7 0.96
72 7.6 0.95
51 7.4 0.92
10 5.2 0. 65
C Hg 680 7.8 x 1015 0.97
k20 7.8 0.97
330 7.8 0.97
210 7.1 0.96
171 7o 1 0.96
151 7.6 0.95
136 7¢5 0.95
75 7.0 0.87
4o 6.3 0.79

10 4.3 0.54

———— a—— —— — o — —

——— — ———— ——— > - - o—
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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 reg 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
8lightly modified to eliminete 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 to0 be
one of the reactants also it was now admitted. The saturator
and trap 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° - 80°C and the
collecting traps cooled to -183°C., After adjusting the filed
stopcock for the predetermined pressure of gas to be in the
reaction veaaellthe ethane, whose flow was controlled by the
capillary, was run through for a definite period of time.
Blank experiments showed that only hydrogen and methane
collected in the packed traps,and that no hydrogen was con-
densed with the unreacted ethane in the unpacked trap. The
volume of the gas condensed in the packed traps was estimated
by measuring its pressure in the 500 cc. bulb and traps after
the system had been brought to room temperature. The gases
could then bs transferred and the hydrogen determined by

combustion.

Results

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
in the runs with deuterium«ég; 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, May 1938.



-57-

TABLE VI

The Mercury Pnotosensitized Decomposition of Ethane

Volume of System 12060 cc. iu runs 1 to 6

1500 cc. " *" 7 and 8

2180 cc. " " 9 to 11
Mercury Vapour Pressure b x 1072 ma. in runs 1 to 8
l.3 x 1072 mm. o w g n 1]
Arc Current 0.100 amperes
Arc Voltage 370 volts in runs 1 to 8

u95 ] n n g n 1]

Resonance Radiation Absorbed

4.0 x 10 einsteins per sec. in runs 1 to 6

3.7 X 10'6 n n " " run 7
3.4 x 107 n noom mov g
11.8 x 10™° " LI nono9
~12 x 1076 (8) wooo no"o10

15.0 x 10-6 " " u woonog

Laup fluctuations abnormal.
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TABLE VI (convinued)

(1) (2) (3) (#) () (6) (7) (8)

| Circu- Partial

Bun Time Initial Final Trap lation Press. Cell

No. Presa. ©Press. Temp. Rate of CpoHg  Temp-
1 600 i, 1 42.0 =70 6 40 to 15 75
2 480 43,1 41.8 =70 6 40 to 15 35
3 510 42,2 41.9 <100 1.3 40 to 20 35
L 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 39.0 393.0 =125 3 7 35
8  L05 39.0 39.0 =131 3 4 35
9 1133 26.0 -130 3 4 18
10 28 30.5 -130 3 4 450
11 30 30.9 -130 7 L 460
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TABLE VI (continued)
(9) (10) (11) (12)

Run Fraction Decom- Quantum Products

No. of CoHg position " Yield mol percent

Decomposed Tate —_— —
Mols per Hz. CHj CiHlg CuH1g Cghy
8eC, x 106
i Q.07 0.53 0.13 47 16 not 23 1h
detecved

2 0. 60 0.58 0ol 43 23 " 20 1y

3 0.50 O. Ll 0.1l  wce === n 85 preseni
4 .23 0.38 0.095 19.6 kb4, 7 35.7 trace
5 0.45 0.39 0.098 waa - cae == 1none
6 0.58 6 ! ’

. Oo ".0 O .l * L"ob "
3 .09 6 59.3 . 3 A_J

1 0.55 0.54 0.15 0.0 59,5 21.5 19.0 "

g 0.45 0. 61 0.18 0.0 58.8 23.5 17.7 "

9 0.574 2,22 0.19 0.0 57.9 26.6 15.5 "
10 0.458 9.99 0.8 26.7 28.2 lb.4 26.7 2.0
11 0.612 12.5 0.83 31.0 23.7 1ll.3 32.5 1.5
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TABLE VI1

The Mercury Photosensitized Decomposition of Ethane in_ the

Presence of Hydrogen and Deuterium

Volume of System 1500 cc. in runs 1 to 3

2180 cec. " m 4 to 6

Mercury Vapour Pressure 4 x 10 ° mm. in runs 1 to 3

1.3 x 10.-3 am, " " 4 0 6

Circulation Rate 3 liters per min. in runs 1 to 4
6 " n fl n " 5 and 6
Arc Current 0.100 amperes
Arc Voltage 370 volts in runs 1 to 3
495 " " v 4 to 6

Regonance Radiation Absorbed

4,0 x 10"° einsteins per sec. in runs 1 to 3

1.5 x 10'9 " n " n ] 4 to 6

Trap temperature «124°C in runs 1 to 3

-130°C * " L4 to 6

Partial Pressure of Ethane

10 cm. in runs 1 to 3

Y cm. " " 4 to 6



TABLE YII - (coantinued)

«b0 =

(1) (2) (3) (4) (5) (6)
No. Time Total Gas Percsnt Cell
Initial Dg or Hy Temp.

Preass.

min. cm. °C

1 300 47.7 H, 40.0 35

2 360 45.7 Hy 39.3 35

3 360 45, 4 H, 40.0 35

4 75 31.6 D, 34,1 75

6 83 63.5 D, 64 7 75
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TABLE VII - (continued)

(1) (8) (9) (10)
No., Fraction Decom- Quantumn
of CoHg position TYield Products
Dec om - Rate of Mols /Mol Ethane
posed 02H6 Decomposed
L)
Mols per (con=- CH C_H C H
sec. x 106 sumed) 4 58 410
1
1 0. 39 0. 45 .11 0. k48 1.32 ' 0.16 (a)
2 0. 4i 0.46 .12 0. 46 1.30 0.15 (a)
3 O. 44 0. 45 .11 0.50 L3 0,17 (a)y
n 0.51 2. 74 .182 0.23 1,01 0.10 0©.1l2
5 0. 66 2. 48 165 0.43 1.21 0.10 0.12
6 0. 40 1.95 <130 0. 38 1.13 0.12 0.13

Note - HZ’ CHu etc. signify the total hydrogen, methane, etc.

irrespective of isotopic species.

- a» - E» ER @ e en @ @ & S W 4 ¢ 2 W & W @ & @ W-m @ S ® W W - =& =

(a) Total of butane + propane
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TABLE VIII

Complete Analysis of the Products

of Runs 4 and 5, Table VII
No. 4 No. 5
Product Deuteriza- Product Deuteriza-
Percent tion Percent tion
Percent Perceoent

Hydrogen 26. 4 28.6 5.8 33.5
Methane 33,7 23.3 39.9 21. 4
Ethane 32.5 4.8 17.0 11.2
Propane 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

L}

n

5

"

gy



TABLE_IX

Tne Mercury Photosensitized Decomposition of Butane

Operating conditions as in Table VI run No. 1
Time, hours 4.5

Initial pressure, cm. 59.5

Final pressure, cm. 40.25

Trap temperature, °C 0.0

Fraction decomposed 0.88

Hydrogen produced, cum. 30.0

Mols decomposed per secound 2.2 X 10‘"6
Quantum_yield 0.55

-6
Mols hydrogen formed per second 1.3 x 10
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TABLE X

The Productlion of Hydrogen in the Flow System

Rate of flow of ethane - 3.0 cc. per sec. at u, T. P.
Mercury vapour pressure - 1l.3 x 10-3 mm.

Regsonance Radiation absorbed -« l.2 x 10'5 einsteins per sec.

(1) (2) (3) (&) (5) (6) (7)
H Rate
Run Time Pressure Temperature Formed of Hy, Quantum
No. Forun- Yield
ation
mola/s%c.
min, cm. °C cm, x_10
1 30 4.3 90 b, i 0.96 0.080
2 30 b,3 67 .7 1.03 0.086
3 30 4.3 67 4.3 0.9k 0.078
4 61 4.8 65 8.7 0.95 0.079
5 30 4.3 -- 0.0 Blank Run -

arc not on

6 60 .3 -- 0.0 Blank Run -
arc not on

7 30 4.3 450 26. 8 5.5 0.48

In runs Nos. 1 and 7 tank gas was used, in all
other cases purified gas.
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The runs done witn the flow system relative %o hydrogen for-
mation are reported in Tabie 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
rartial pressure of ethane in column 7 are lower than the
values in column 3 for tane 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 (11) the vapour pressures
of propane and butane should bs less than those inferred from
the temperature of the traps, because of thneir solubdbilisy in
the condensed etananse ig:iraps. The vapour pressures of pro-
pane and butane at a few temperatures are given below to show

the extent to which they were removed at the various trapping

temperatures employed.

Temperature Vapour pressures, mm.(a)
- °C propane butane
-70 209 19
-100 30 2
-110 13 0.7
-120 5 0.3

-130 e 0.07

(a) Values taken from International Critical Tables.
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Still lower trapping temperatures 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 sufiiciently high to insure
complete absence of secondary decomposition products of pro-
rane and butane when sufficiently low temperatures were
emplo yed.

As poirted out previously, the analytical apparatus
eveilable was not satisfactory for the determination of higher
hydrocarbons., In runs in which such products were present
they are reported as CSHx’ calculated from a carbon balance,
since the boiling point of the residue corresponded with that
of octane. Actually, however, the hizher fraction was by no
means pure octane, and its presence was not compleéetely 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 basies of the number of mols of butane
conaumed}and in Table X on the basis of the number of mols of
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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Cchecked by a detailed carbon-hydrogen balance. 4 typical

result is shown below:

Frow Table VII run No. 6

Basis ~ 100 mols of gas

Initial
Gas Analysis Mols of H Mols of C
H2 o4. 7 129. 4 0
02H6 353 211.8 70. 6
341.2 70.6
Fingl
Gas Analysis Mols of H Mols of C
H2 59. 4 118.8 0
CHM 15.6 62. 4 15.6
l . ol
CH, 1.7 3.6 5
CquO 1.8 _1lg.0 [« 2
341,.8 70.9

Before entering on a discussion of the mechanism
of the reactions in Section E, it will be convenient to sume

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

(1) The decomposition of ethene in a circulatory system,
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(a) At bigh trapping temperatures, in agreement with the
results of previous investigators, much hydrogen is produced,
the HZ/CHH ratio being approximately 3. Considerable butane
and higher hydrocarbons are formed, but no propane.

(b) When the trapping temperature is reduced toc about -115°
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 HZ/CHu.ratio falling to
about 1/3.

(c) At very low trapying temperatures where butane has a
negligiole vapor pressure, and that of propane is also low,
hydrogen formation ceases entirely. Propane now makes its
eppearance in large quantitvties. 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 observed that, especially at low trapping
temperatures where the partial pressure of ethane is low while
the methane formed is all 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 Morikawe, Benedict, and Taylor(a)

that the gquantum yield in the mercury photosensitized methans

(a) Morikawa, Benedict, and Taylor, J. Chem. Phys. 5, 212,
(1937).
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decomposition is very low at low temperatures. Thus they
obtained values of about 0.2 at 196°C, and only 0.008 at 98geC.
It appears, therefore, that the decomposition of methane is
negligible at 35°C, and the methane merely quenches the reason
ance radiation without being Chemically affected. On account
of this effect the guantum yields obtained will be somewhat low,
and a& value of about 0.20 for the ethane decomposition at 359C
appears the most probable.

(e) At high temperatures of the reaction vessel, (i.e 450C),
hydrogen appears in large quantities; the percentage of butane

8lso rises while that of methane and propane decreases. The

quantum yield approaches unity.

(2) Experiments in the presence of added hydrogen and

deuterium (Tables VII and VIII).

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

consumption decreases with a decrease in the partial pressurse

of deuterium.

(o) The production of methane 1is very large compared with that

of higher hydrocaroons.

(¢) ©No hydrocarbone 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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prorane and butans are considerably exchanged, but below the
equilibrium value. The deuterium content of the ethane is
considerably increased, but that of propane and butene unalter-

ed when the partial pressure of deuterium is increased.

(3) The decomposition of butane (Table IX).

() Much hydrogen is produced. The decomposition of butene 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 eth:ane in a flow systew (Table X).

(a) In contrast with the experiments in the circulatory system
hydrogen appears in large quantities when its partial pressure
is kept down by rapid removal of the products of reaction.

(b) The quantum yield (ia terms of hydrogen formation) is
about half as great as that based on ethane disappearance in a
circulatory systen,

(c) The production of hydrogen goes up rapidly with

temperature.



-71-

E. _DISCUSSION

The reaction between deuterium atoms and methane.

The results as tabulated in Table II indicate a value
of about_1ll kcal. for the activation energy of the photo-
gsengitized 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 Taylor,
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 ur to 610°C. In their experiments,

the isotopic content of the exchanged deuterium 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 experiments. 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°C or so the half-life of the
conversion was increased by factors of from 2 to 10 (i.e. the
(H] decreased in the inverse ratio). From the usual log tl/2
(exchange) vs. 1/T plot they find an apparent activation
energy of exchange of only 7T 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, Benedict and Taylor (66) studied the mercury

photosensitized reactions in the systems CHy + Dp, CDy + H,,

and CHy + CDy, from room temperature to about 500°C. The
progress of the exchange was followed by measurement of the
absorption spectra of the methanes in the infrared region. 1In
addition the formation of higher hydrocarbons was measured in

& 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 CH) + Dp in

various temperature ranges to be as follows:

Temperature Range Activation Energy (kcal.)
o0 Py et 55°C Py, st 0%

98 ~ 196 2 3

196 - 296 1 10

296 - 392 11 12

392 - U4g8 14 -

By employing the value for the atom concentration

calculated on the basis of Farkas and Sachsse's recombination
rate for the reaction H + H + M — He + M (see page 28)
they calculate from the collision yield a value of 14 kcal. for

the exchange reaction at 98°C. The discrepancy between this
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value and those tabulated avove for the 98° - 196° 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 egquilibrium value of 2 percent)
led them to conclude that the reaction is largely

Hg(3P1 or 3Po) + CHy —-—->-CHB + H + HS(]'SO)
followed by a rapid exchange of the methyl radical, probably
through the formation and decomposition of a quasi-molecule,

CH, + D ——-‘PCHD*-——?CHD-i-H

3 3 2
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
Mor ikawa, Benedict and Taylor are too small in the low
temperature region. It seems to the writer a{ howevsr, that
any reasonable assumption regarding the reduction of the D atom
concentration would not completely invalidate their results,
and due account should be taken of the primary decomposition
of the methane. That this does take place at a measurable
velocity even in the neighbourhood of 200°C has been confirmed
(see Appendix). On this basis Farkas and Melville's results

at higher temperatures may be %oo complicated to admit of any

simple interpretation.

(a) For an expression of & 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 intensities 100 times smaller
and pressures | times greater than those of Farkas and
Melville), it would appear that further work will be needed %o
clear up this discrepancy as well as to elucidate the nature
of the processes.

However, even though the mercury photosensitized
proceeses may be more complicated than they appeared to be on
first examination, all work shows without doubt that if the
reaction

R
GH)+ + D CH3D + H

does occur in a simple fashion its activation energy cannot be
less than about 11 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°C and obtained an
activation energy of 12.9 + 2 kcal. the valuea calculated fronm
the temperature coefficient and from the collision yield being
in good agreement. Trenner, Morikawa, and Taylor obtain values
from 15.6 - 18 keal. It is quite possible (69) that these
latter values may be high, due to a falling off of the D atom
concentration at higher temperatures. If this is 80, all results

for the reaction of D atoms with methane are in approximate



agreement, viz: E
Geib and Steacie (36) 11 kcal.
Frakas (70) (Thermal. E not deter=
mined but compared with D + NH3

reaction, and may therefore be estimated

as roughly) 11

Farkas and Melville (65) 13

Morikawa, Benedict and Taylor (66) 12.5 to 1k

Steacie (69) 12,9 + 2
(a)

Trenner, Morikawa and Taylor 15.6

This investigzation 11

The Reaction of Atomic Deuterium with Ethane

As shown in Table III this reaction has a much lower
activation energy than that of the corresponding process with
methanse. There are three main possibilities for the mechanism
of the reaction:

I Hydrogenation

(a) CoHg + D —>CoHED

(b) CoHgD + D —CpHg + D2
or —» CpHgD + HD

II Dehydrogenation

(a) CoHp + D -—4—-0235 + HD
(b) CaHs +4 D — CgHsD

(a) The value of 18 kcal was determined for only 1 run.
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III Exchange 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 counversion. However, in view of the
fact that ethane and acetylene are known to have a strong
"catalytic% efiect in destroying hydrogen atoms (47), some other
meéchanism 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 mechanisms musst
be distinctly different.

Mechanism I is very unlikely, since I (a) would
presumably have to occur at a triple collision. This would maks
the reaction far too slow to enavle 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 0236D would have little chance of
survival long enough (‘LO"6 sec.) to mest a D atom and give I (b).
Hence in general we would expect I (a) to be followed by

02H6D — 02H5 + HD

or —_— CQHuD + Hp
which would make the whole process indistinguishable from II (a),

or else by

02H6D —_— 02H5D + H



-77-

which would give a result indistinguliskable from III, Hence
we muet conclude that II is the correct mechanism, and that
the measured heat of activation (6.3 kcal.) is that of the
reaction

CogHg + D —> C2Hf + HD
and hence the companion reaction

02H6 + B — CZHS + H2
has an activation energy of the same order of magnitude. This
reaction is very important in connection with free radical
mechaniems, and the bearing of its activation energy on the
thermal decomposition of ethane will be discussed on page 82.

Since the completion 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
we s

CoHg + D ——> CHy + CH3D (E = 7.2 kcal.)
and that the exchange reaction was only appreciable above 100 °C,
wzth an activation energy of 1ll.4 kcal. In their experiments
from 10 to 20 percent of the ethane was found to Dbe decomposed
to methane. They made complete analyses of the reaction
products, and determined the deuterium content of each product
separately. The methane was aboub 50 percent deuterized bdbut
below 100°C ethane was entirely light.

As mentioned before in this investigation the separate

products were not isolated, it being assumed from the work of
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Chaedwell 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 that
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°C to be 8.2 percent.
From this he recalculated the results of the original investi-

gation. Tabulated values of his corrections are reproduced

below:
Original Corrected
Values Values
Mean D content of ethane,
percent 15.8 11.3
Mean "percent exchange" 25. 4 18.7
Mean collision yield 1.86 x 10'6 1,37 x 10-6
E, kcal. assuming a steric
factor of 0,1 6.3 6.4

It ie noted that the alteration in the results is 1insignificant

and further investigation ia necessary to determine the cause

of the disagreement.

Free Radicals and the Ethane Decomposition.

As has been mentioned before, Rice (1) has suggested
that virtually all organic compounds decompose by mechanisms

which involve the intermediate formation of free radicals. Fron
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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 eplit into radicals, however, is not & 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 process, 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 been suggested by Rice

and Herzfeld (6) to fulfil these conditions:
Activation

Energy
(1) CoHg —> 2CH3 80 kcal.
(2) CHEy + CpHg —= CHy + CpHg 20
(3) Coy —» CpHY + H 4g
(&) HE + CpEg —> Hp + CpHj 17
(5) 2E —» H, Triple collision
(6) (a) H + 0255 —= CpHy + Hp E Small
(v) or —>CpHg
(7) H + CH, —> CH), Small
(8) CH3 + 02H5 — °3Hs g
(9) 2C,Hy —s CyH)q g

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 energies allotted to the

various steps 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
E

overall = 1/2(Ey + Ey +Ey - Eg) = 73 keal.,

in agreement with the measurements of Marek and McCluer (72).
El 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. E3 + Eh’ however, is merely adjusted
to make the mechanism agree with experiment. For the overall

rate the scheme leades to the expression

yi
- & CERE 515355)2[‘3236]
2K

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

adopting the reasonable approximation that all first order

“E[RT oot

-1

1y
reactions have rate constants given roughly by 10 ,
9 <E/RT -1
and all bimolecular constants are 10 liter mol sec
Rice and Herzfeld evaluate the velocity constants of the
separate steps. By doing this they obtain for the overall

decomposition

=1
1 Ewe 15.1 = 13200 gec.
0810 £ = 2. 3RT

The chain length calculated from the mechanism is about 100.

Thus it is possible to explain the ethane decomposition
on the basis of free radicals under all conditions. In addition
it is known that a free radical mechanism takes place to a

coneiderable extent at very high temperatures.



The work of Patat and Sachsse (73) has thrown con-
siderable doubt on the validity of the Rice-Herzfeld mechaniams
for the decomposition of gaseous organic compounds. They
measured the rate of the orthoe-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 Sachsse 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 [H] = 6.3 X 10-12 mol li.tser-1 at a temperature of
h80°eC. This can easily be‘compared with the value calculated
on the basis of the Rice-Herzfeld mechanism outlined above. It

is easily shown that [H] = _Elgﬁ and assuming with Rice and

2KuXg¢
Herzfeld that
14 _80 00 13 - 49000 9 = 17000
K. = 10 T , K_= 10 RT , K, = 10 RT
1 3 I
9 - O/RT (a)
and K = 10 , we calculate for the hydrogen atom

6

concentration at a temperature of 580°C a value of 5 x 1()"9

mol-l.’n:er"l 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 Eg, but from a
combination of Table A and Eq. (22) of their paper (6)
it follows that they use E6 = 0.
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Coig + D —»—CoHgD + H
Hence applying the new value of 6.4 kcal. for E) we calculate
anew for the H atom concentration a value of 1.7 x 10-12
mol liter-l. At first eight this seems & complete re-justifi-
cation of the Rice-Herzfeld scheme, the calculated concentration
being only 4 times less than the experimental. It thus appears
that if we accept the value of 6.4 kcal. as being the activation

energy of the reaction

H + 0236 — 02H5 + H2

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 Rice-Herzfeld
activation energies are too high for reactions of the type

H + RH —> H2 + R

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 virtuelly
abandoning the entire free radical theory. As we have seen
the change in EM 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 Ek’ 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 ($). Under these circum-
stances the scheme no longer predicts a first order rate or the
correct value of the overall activation 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 + CpHg —> CoHg + Hp

(ea) H + CZH5 — C.H) + Hp

(3)  2CzHj —> Culg )
they find with the new value of E = 6 kcal, in order that the
free radical mechaniem can hold it, it 1is necessary that

K -
9 << 2 x 10 6

Ku + K6a
It is extremely unlikely that such asimilar reactions should have

rates differing so widely. Storch and Kassel therefore conclude
that for this and other reasons the free radical mechaniam for
ethane is ruled out and that the major part of the observed
reaction i1s to be accounted for by more or less classical pro-

cesgses.
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The Mercury Photosensitized Reactions of Ethane

The following are some of the reactions which may be
considered in discussing the decompositvion of ethane and its
reaction with hydrogen or deuterium atowms:

Primary Reactions

(1) CHg + B&(6%P,) > CHg + Hg(6°P,)

(2) CoHg + Hg(63P1 or 631>°> — Hg(6lso) + 2(:113

(3) or + C Hg + H
(4) or + CH, + CH,
(5)  H, + Hg(6°P)) —— Hg(6ls,) + e

Secondary Reactions of Atoms or Kauaicals with Ethane

(e) CoHg + H — 02H5 + H,
(7) + H —> 033 + CE,
(8) + CH3 —_ C2H5 + CH,
(3) + CH3 — 03Hg + H
(10) + CH2 —_— 03H8

(11) + CH, —_—— 02H5 + CH3
(12) + CH, —_— 02H4 + CH4
(13) + CoHg —> OHg + CjHy
(14) + 02H5 —> H + 04H10

Radical and Atom Recombination Reactions

(15) H + H —_— Hg
(16) B + CH3 —_— CHR
(17) H + CpHy —= CpHg

(18) CH} + 02H5 —_— GBHS
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(19) CH3 + CH3 —= CpHg
(20) 02H5 + 02H5 —_— Cuﬁlo
(21) CH2 + CH2 —_ 02H4

Other Secondary Reactions of Atoms and Radicals

22 H + CH,. — (CH
(22) , 5 + H,

(23) B, + cn3 —= OH +H
(2“‘) 02H5 + H2 —_ 02H6 + H
(25) 0235 + 0235 > CpH, + CpHg
(26) CHu + 033 — C2H6 + H
(27) CH) + 0235 — 033 + CoH,

(28) CH2 + C3Hs — Cuﬁlo

In the above eguations H refers to either H or D.

The Reactions in the Presence of Hydrogen or Deuterium

These reactions will be considered first, since
there is no doubt that the predominating primary step (after
the absorption of the incident energy) is the formation of H
or D atoms. Euploying the relation used on page 28 together
with the relative guenching areas given in Table I, we find
SEER with the various values of [Hz or Dé] / (CZHé] employed
that hydrogen or deuterium molecules will quench more than 99
percent of the Hg(63P1) atoms. Hence (5) is the primary step.
In the circulatory system as the reaction proceeds & consider-

able quantity of methane is produced which remains solely in
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the gas phase. Howsver, this methane due to its very small
quenching diameter will absorbd even less energy than the
ethane,

Since methane is formed and hydrogen consumed there
sesms to be no doubt that (7) is the predominating methane
producing step. The only other ways of producing methane
involve methyl radicals,and since (7) is the only reaction
producing these in relatively large amounte](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) assigns 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 (1ll.4
kcal.). Recent work by Taylor(a’)and coworkers would indicate
that their previous value 1is somewhat high, the present
estimate beilng roughly 9 kcal.

In absence of more positive information(g% might be
assumned that (&) would take place. However, the occurrence of
(6) seems much more certaiun, The next queation to be answered
is: how satisfactorily will these reactions account for the

regults on a stoichiometric basis? Before doing this we will

(a) Private communication.

(b) This epsence no longer exists, see page 8ba.
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The day before the submission of this thesis
someé very imporivant informetion was obtained concerning
reaction (&) in a privape communication from Professor
H,S. Taylor. He says "all the evidence we have had for
methane-producing processes, svarting Irom metayl, seean$S
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 11 to 15 kcals, for the ilateraction oI methyl ana
deuteromethane, I have had some experimeénts made (...,

photow

onthe decomposition of Mercury dimethyl causing this to
take place in the presence of ethans and determining
at 35, 90 and 160° whether any mevhane was formed. There
are negliziole amounts at the two lower temperatures aand
very much less at 160° than.we wonld.-have gat wkthuhydrogen
in place of ethane. This indicates ...... that the
activation energy must oe more than 10 kcals."

This estaolishes without douotv the untenaonility
of Scheme TL¥ and is overwhelming evidence against the

mechanism for the decomposivion reaction 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 producing H atoms like (3)
and (l4) are generally counsidered 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 Epy = 15 kcal. For E23 we have estimates (34) from
& - 2% 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.
Recombination 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 (8ce for example Morikawa, Benedict and Taylor
(66)). Because of their more rapid rates of 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 I

(5) Hp — 2i
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(1) H + CpHg —> CHE, + CH,
(6) H + CoHg — CoHg + H,
(19) 2CH3 —C,H,

(18) CH3 + 0235 — °3Hs

(20) 2C ,H; —> CH
(15) 2H —> H,
Scheme II

(5) H, —> 2H

(7) H + CpHg ~—— OCHy + CE,
(8) CH3 + C,H( — CH_ + C i
(19) 2cn3 — G Hg

(18) CH.3 + Ol —> C3Hg

(20) 2C 58, —> CuHjp
(15) 2H — H,

In Table VII run No. 5 we obtain the stoichiometric

equat ion

0.4}H2 + 02H6 —_— 1.210Hu + 0‘1003H8 + 0.1204Hlo

In Scheme I if we assume for the relative raves of reactions
(7), (6), (19), (18) and (20): 1.21, 0.34, 0.55, 0.10 and
0.12 the stoichiometric equation is exactly satisfied. This

is also true if in Scheme II we take for the relative rates of

react ions (7), (8), (19), (18) and (20): 0.87, 0.34, 0.21,

0.10 and 0.12. In both cases the rates Ior (19) seem reason=-

able.
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The acceptance of Scheme I would bring definite
support to the new value for the activation energy of (6)
determined by Taylor and co-workers (9 kcal.) relative to
Steacie's (69) value for Eg of 8.6 kcal. To satisfy the
value for E of 6.3 kcal. determined in Section C, we would
have to assume some reaction of comparable velocity to (6)
consuming hydrogen and destroying etayl radicals. The former
is necessary to account for the overall hydrogen counsumption
and the latter to account for the low yield of propane and
butane relative to methane. The only possiovle reactions seem

to be
(17) E + CpHy ~ —> CpHg

(24) H, + Coly —» CpHg + H

Considering the low concentrations of both colliding particles
and the dreierstoss restrictions for (17) its occurrencs with
sufficient rapidity is impossible. In addition, even if it
did occur the concentration of H or D atoms would be so lowered
that the guantum yield would be reduced 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 keal. is demonstrated by the small exchange of ethane in runs
made in the presence of deuterium.

In the runs in the presence of deuterium we first
note the high exchange of the methane. Morikawa, Benedict and

Taylor (66) report a quantum efficiency for exchange in
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methans-deuterium mixtures of 0.59 at a temperature of 989C
and a mercury saturation temperature of 55°C. To explain the
high exchange of the metnanses they assumed that exchange took
place with radicals and atoms through the formation of a
quasi-molecule

CH, + D —————-PCHD*_-——a CH.D + H

b 3 2
CED + D —> CH,DX*

> 2D, — QHD2 + H etc.

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 exchangs
type

CH,+ + D _— CH3D + H
In the present experiments we notice that for Funs 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 deuterizaticn of the methane took place solely by

(7) Cplig + D —> CHy + CHyD
As mentioned before it is not likely that reaction (16):
D + CH3 (or exchanged methyl radicals) —s CHxDu - x
will compete with solely radical recombination processes (18),
(19) and (20). EHowever it is quite easy to account for the
slight additional exchange, in an empirical fashion at least,
by assuming, consistently with other investigations, that an
exchange between deuterium and methane takes placse, 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 employed. The
most obvious explanation for the high exchange of about 15
percent seems to lie in the mechanism proposed by Trenner,
Morikawe, and Taylor (68) and by Morikawa, Benedict and Taylor
(66) of exchange of methyl radicals through the formation of
guasi molecules, If we assume this Ifor ethyl radicals also,
according to the scheme

Colis + D — CZHSD*'——~%’ CQHuD + H

CoH\D + D — CZHhDé* > 02H3D2 + 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 oxn the basis of either Scheme:s 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) CZHS-XDX + Dz —_— CZHL}-XDX'FI + D )

and assundg® reaction Scheme I,we may set an uprer limit to
the velocity of (6) relative to (7). Let us take run No. 5,

Tebles VII and VIII, as an exanple. At the beginning we have

D, (84 percent) + CpHg(16.2 percent D) ———=—

CoHg(20.2 percent D) + D(84 percent)
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(where the percentages refer to the hydrogen isotope content
which is dgwmterium) and at the end
D5(33.5 percent) + 02H5(16.2 gpercent) —=>

°2H6(19 percent) + D(33.5 percent)
This gives on the average

hydrogen isotope molecules + ethyl radicals
= gthane (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 (2k) if it were the
only reaction causing exchange of the sthane. 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 percent 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
by radical recombination and indeed an amount comparable to the
butene or propane formation) indicates without doubt that (6)
ia slower than (7). With the ratio of the velocities 121 to
34, Eg - E7 would have a value of 0.8 kcal. and with the ratio

1.21 to 57, 0.5 kcal. Hence if E, = 8.6 kcal, Eg cannot be

far from 9 kcal.
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The Decomposition of Ethane

There are three fundamentally different possibila
ities for the primary reaction, a C-C bond split (2), a CH
bond split (3) and the elimination of & methylidene radical

(k). These will be discussed separately.

(a) The_elimination of & methylidene radical.

This is intrinsically not a very likely mechanism,
If (4) were the primary step, it would be possivle to account
for the products obtained by assuming secondary reactions of
the methylidene radical such as (l10) and (28). On this basis
we would expect the amount of methane to ve egual to

(C Hg + 20 H10), in exact agreement with runs 7 to 9 of Table

3
VI. However, since in this case all the butane is formed vias
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
(g), (18) and (20). The main objection to (L4) 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
atep without any combination of methylidene radicals to form
ethylene 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 (11) was extremely fast. To

inhibit recombination of ethylene, therefore, 1% 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 poesibility of ethylene formation by (12). As a matter of
fact Storch and Kassel (75) assume this to be very rapid. It
aprears therefore that (4) is not a very plausible primary
step,and a8 the experiments with the flow system give very
definite evidence as to the nature of the initial process,

(4) will not be further considered.

(b) The C-C bond split.

If the primary process is (2) it is necessary, it
would seem, to have some process for the generation of ethyl
radicals. 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) propene (18). Such a mechanism gives a
complete explanation of the products of the reaction in a
circulatory system, i.e. large formetion of methane and no
hydrogen production. The unlikelihood of the occurrence of
reactions (9), (13), (i4), (24), (26) and (27) has already been
discussed (page 87). From the evidence gathered in the cir-
culatory system there do not seem to be many objections to
this mechaniem. It should be noted, however, that (8) is
competing with (18) and (19) for the destruction of methyl
radicals. The rate of (8) involves CCeHs:}while the other
processes do not. An analysis of these eguations assuming a
steady state of methyl and ethyl radical concentrations is

gomewhat complicated algebraically. However, a qualitative
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inspection indicates that the ratio [CquO] /@3}18] should
increase considerably with increase in [bzﬁél . In runs Nos.
71 and 8, where the ethane pressures are |7 and 4 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 moat conclusive
evidence against this mechanism, however, will be given in the
next section.

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 (&) to any extent has been ruled out
in the preceding paragraph. The emall probability of the
occurrence of reactions (9), (13), (1), (24), (26), and (27)
has already been discussed. It shoula be noticed that the
occurrencﬁzieaction (6) to any extenﬁ,if followed by (5)jw111
make no alteration in the products of the reaction, the two
processes

(6) 0236 + H —> 02H5 + Hp

(5) H, —> 28

—>
02H6 CZH5 + H
being equivalent to the primary step. The guantum yield of
course would be diminished, Other factors which would explain
the low quantum yield are the occurrence of (1) and (19). The

metestable mercury atoms procuded by (1), due to their long
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life could be assumed to disappear at the wall.

The most important guestion to be answered is whether
(5) will occur with sufricient rapidity 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), (18), (19) and
(20). A steady state of the concentration of hydrogen can be
deduced. Its formation will occur by (€) and (15) and its
destruction by (5). On this basis we get

d[HZ] 0 [HQ]OS._ 2/'(11/2

e [ Oz 4 Pl a 24’
£ [bzﬂé]Cj;— " U L . Slans
[CaHeldzl 2/12 R (m ] g ® 1 1/ Z
/
+ (._Hel 0;— 2/(1 : :/2 labs 5 Lje
[CZHG]O: 2/'(2 * [Hz] a, "M

wheretjz_ and ng’ are the mean quenching diameters of excited

-Taps.

mercury and hydrogen, and excited mercury and ethane respectively
and/ll and /Iz their respective reduced masses; I, . is the
resonance rediation absorbed in einsteins per sec; e is the
efficiency of reaction (3) relative to reactions (1) + (3) and

£ is the fraction of H atoms which react to form Hj. The

last expression will be equal to
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x6[:a] [0236_] + glE[H],/[CZHG]
K¢(5] [c ] + Kl5[H]/[02H6]+ KY(H][CZI:Ie]

if the Hz is assumed to be formed meainly by difiusion. On

simplification of the steady state expression we get

[H27 ef

[0236] i 2r(laf)
a2y LR
g, Zp P

Now in the experiments performed at the lower trapping

= 60

where r =

temperatures as in runs 7, 8sand 9 of Tavle VI the pressure of
ethane in the reaction system was only about 1/10 of the total
gas pressure due to condensation in the traps. Then 1f we
assume in the extreme case that e = 1 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 = 0.04 percent, a value much
below that possible to detect by the methods employed hers.

It is therefore quite possible thatv the decomposition can take
place by a C-H bond split mechanism.

The above analysis although indicating that a C-H
bond eplit 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 of Hy (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
a8 outlined 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, Morikawa and Taylor (68)
who found that above 100°C or so (6) predominated over (7).
This process would also lead to an increased production of
ethyl radicals. The higher yields of butene relative to

propane confirm this idea.

The Reaction at High Trapping Temperatures.

Under these circumstances the reactvion is compli-
cated by secondary processes, and the results are thus only of
minor importance, Since the addition of hydrogen to ethane at
low trapping temperatures leads to hydrogen cousumption rather
than production, it is apparsnt that the production of hydrogen
from ethane alone at high trapping temperatures is not %"auto-
catalytic“, and must be due tvto 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 involviang the production of methane.

The Decomposition of Butane.

Since these experiments were made merely to con-

firm the production of hydrogen, no discussion is necessary.

A New Field of Quantitative Investigation,

The results obtained for ethane, though far from
constituting an exhaustive study, indicate that the mercury
photosensitized method is a powerful tool for studying thse
primary processes of hydrocarwvon decompositions. Now that
the experimental technigue has been ceveloped, and the products
of a decomposition need no longer Jse reported as "hydrogen
and a non-volatile oil? results should be rapidly rorthcoming
on the various reactions of the other hydrocarbons, This
will constitute an important step in unravelling the complexities

of organic decompesition.
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F, SUMMARY AND CONTRIBUTION TO KNHOWLEDGE

i. The reaction of deuterium atoms with methane has
been investigated, the atoms being produced oy photosensitization

with mercury. The activation enemzy of the reaction

CH“’#D _> CH3D + H

is found to be not far from 11 kcal.

2. The reaction of deuterium atoms with ethane was
studied, the a_ toms being produced by the discharge tube
method. The a_ctivation energy of the proceas is found
to be 6.3 kcal.

3. The mechanism of the la_tter reaction was analyzed
and it is concluded that the measured activation energy

is that of the reaction

D + CoHg ———?CZH5 + HD
Hence the reaction

H + Colg ——> 02H5 + Ho

must have approximately the saume energy of activation.
, The effect of this value on the Rice-Herzfeld

mechanism for the decomposition of C H has veen examined,

and it is concluded that although a value of 6.3 keal. for
the above resaction would give calculated valuea of [H]

in agreement with the experimental results of Sachuse,
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the scheme would no longer predict a first order rate or

the experimental value of the overall activation energy.

He An arrangement has been devised making it possible

to utilize, in a photochemical reaction, 1019 quanta per
second. of mercury resonance radiation (A2537).

6. The mercury photosensitized decomposition of ethane
has been studied both in a continuous flow and in a circulatory
system,

Te In the circulatory system by employing improved
trapping methods it is possible to remove propane and

butane from the system as fast as formed and thus further
reactions of these hydrocarbons aré entirely iuhionited.

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 peing secondary products of the
propane and outane decompositions. The quantum yileld

at 35°9-75°C (in terms of ethane disappearing) is approximately
0.2 .

g. On the other hand in the continuous flow system at
retes of flow identical to those used in the circulatory
sysvem hydrogen was found to be produced in large quantities
the guantum yield for its production being 0.08 az 65°C,

9. The reaction of H and D atoms with ethane was
investigated, the atoms being produced by photosensitization

with mercury. Higher products were removeéd from the system
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oy c¢irculating the gases through cooled traps, Under

these conditions hydrogen and deuterium were consumed and
la_rge amounts of methane formed. Propane and dutane were
aleo formed but in much lesser guanvities. In the reaction
in the presence of deuterium, methane, propane, and outane
were found to be considerably more exchanged than the
residual ethane. The quantum yield at 35°-75°C in terms

of ethane disappearing is 0.15.

10. A detqv}led considerqv}ion of the reactions shows
that the decompositvion of ethane with or without the initial
rresence of hyarogen cCan oe adegquately expressed by the

following steps:

Hg(63Pl) + C2H6 —_— 02H5 + H <+ Hg(GlSO)

Hg(63P1) + C Hg —> CoHg + Hg(GBPO)
Hg(63P1) + Hy ——=2H + Hs(61§0)
H + 02H6 - CH3 + CHLI-

2H — Hy (wadl)

20,5 —> G0

% C.H
CH3 + 02H5 3Hg

i1, The reaction H + CpHg —=CH3 + CHy bhas an

activation energy roughly 1 kcal. less than the reaction

E + 02H6_’02H5 + Hpy |



«100«

G. BIBLIOGRAPHY

(1) Rice, F. 0. and kRice, K. K., The Aliphatic Free
Radicals, Johns Hopkins Press, Baltimore, 1935,

(2) Paneth and Hofeditz, Ber. 62, 1355 (1929).

(3) Rice, F. 0., J. Am. Chem. Soc. 53, 1959 (19131).
ibid. 5% 3035 (1533).
ibid. 56, 488 (193L).

Trans. Faraday Soc. 30, 152 (1934).

Rice, F. 0., and Dooley, J. Am. Chem. Soc. 55, 4245
(1933).
ibid. 56, 2747
(1934). |
Rice, ¥, 0., and Herzfeld, ibid, 5%, 284 (1534).
Rice, F, 0., and Johnston, ibid. 56, 214 (1934).
Rice, F. 0., Johnaton, and Evering, ibid. 54, 3525 (1932).
Rice, F, 0., and Polly, Ind. Eng. Chem. 