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INTRODUCTION

Although the attention of the earliest chemists
was probably attracted to slowly progressing chemical changes,
no definite ideas about the inherent nature of chemical action
could be formed until quantitative investigations on the rate
of reactions were made. Such investigations were first made
by Harcourt and Esson and by Wilhelmy. Their work and that
of van't Hoff, on chemical dynamics, can be said to have laid
the foundation of the whole subject of modern chemical kineticse
In as much as the reactions of the simple hydrow
carbons are of great importance from both the theoretical and
industrial points of view, it is not surprising that keen
interest has been shown in their thermal decomposition mechanisms.
Unfortunately, however, the thermal decomposition reactions of
these compounds generally involve many complicated steps,
difficult to untangle, with the result that to deduce a meche
anism from the experimental data obtained, is, in many cases,
little better than pure speculation. Consequently present
day trend, in the field of gas kinetics, 1s to the more
simple and elementary processes and for thls reason inves-

tigations with the lower members of the allphatic hydrocarbons

have been favourede.



Since the available information on the reactions
of the simple hydrocarbons comes from a variety of sources
it is considered desirable te outline briefly, in a general
way, the information that can be obtained by various indepene
dent metheds. Before doing this, however, it is neceasary
to discuss briefly the essential features of unimolecular

gas reactions generallye.



The Kinetics c¢f Unimolecular Reactions.

Chemical kinetics comprises the study of the velocity
of chemical reactions and whilst it constitutes one of the
oldest flelds in physical chemistry, the development of the
theory has been slow, However,following the discovery hy
Hinshelwood (1), in 1926, that a number of organic compounds
decompose by a first-order mechanism, the study of gas phase
reaction velocities hazx been a most active fielde It now
appears that at least the primary step in almost all organic
decomposition reactions is a unimolecular change, Accorde
ingly the stability of gaseous organlc substances is therefore
determined essentially by the size of the unimolecular veloeity
constant. This is usually expressed over a range of tempere
ature in terms of the integrated form of the Arrhenius equation

1090,

~E/RT
k = Ae

or

log: = log — E
10 10* 2+3.RT




where A 1s a constant and E is the so-called energy of actie
vation.

The mechanism of activation is obviously a prob-
lem. Perrin (2) and others (3,4) suggested that the molecule
obtalned the necessary activation energy by absorption of
infra-red radiation. This hypothesis however floundered in
difficulties almost from the start and did not last longe.

The modern theory of unimolecular reactions 1s
based on the hypothesis, originally proposed by Lindemann
(5) and elsborated by Hinshelwood (6) and others (7,8,9,10),
that activation occurs by éﬁllisions but that a time lag
exists between activation and reaction. Consequently, most
activated molecules are deactivated before they have a chance
to react. Hence there exists a stationary concentration eof
activated molecules, which ean be calculated from the Maxwell-
Boltzmann distribution, and the rate of reaction is proportion-
al to the first power of the concentration of the reacting
substance. At low pressures, however, the diminished number
of collisions will no longer be able to replace the activated
molecules destroyed by reaction. Thus the stationary concen=

tration will fall and the rate of reaction will diminish with



decreasing pressure. Thus formally the process may be rep-
resented by
(1) 24— A + A* Activation by collision
(2)A+A%x>2A Deactivation by collision
(3) A*_, products Reaction

In the steady state

- -guia*) me-gp(as)

or
2k) (A)% - kg (A*) = ky(A)(a%) = O
Whence
2k ()2
(A*) =

Now the overall rate of reaction is the rate of reaction 3,

.04, ks(A*), hence

2kzk) (A)2

d
- ===(A) =
dt kg + Kp(A)

At high pressures kg(A)>>kz and this reduces to

j.e., the reaction is of the first order. At sufficliently
low pressures, however deactivation is slower on account of
the decrease in the number of collisions and finally

kz;>ko(A). The rate expression then becomses
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- -gyla) = 2k (a)?

and the reaction becomes of the second order in the intermediate
range, the rate constant will gradually fall off and the order
of the reaction will have a value between 1 and 2.

On the basis of the Lindemann hypothesis various
theorles have been proposed, especially to account for that
portion of the rate-pressure curve where the velocity ceases
to conform to the unimolecular law. In the development of such
theories it 1s necessary to be more specific about the nature
of the energy of activation. The older type of theory, of
which Hinshelwood(ll) was the chief exponent, assumes that 1if
a molecule has an energy equal to or greater than E, it has a
definite probability of reacting, independent of its excess
energy over and above E« This is the simplest form of theory
and it does not agree well with experimental facts. The other
form of theory assumes that for reaction, energy must be con=
centrated in one particular degree of freedom or in one vib=-
rational bond of the molecule. Hence the chance of getting
energy E into one bond will be a function of the total energy
of the molecule and will increase rapidly with the excess of the

energy over E in the activated moleculee.



This type of theory gives results which are in
good agreement with experiments. There are a number of
forms of this theory (12,13) but all are essentially the
same. That of Kassel (14) is the one which is usually
employed.

The essence of Kassel's theory 1s that the activ-
ation energy 1s merely the total energy of that number of
quanta which must be localized in one particular bond before
reaction can occur. In other words, activation energy is a
measure of the bond strengthe. Obviously for the purpose of
predicting the products of decomposition reactions, it becomes
of prime importance to discover any possible relation between
the activation energy of a reaction and the strength of the

bonds formed and broken in it.

Free Radicals in Organic Decomposition Reactions

The mechanism involved in the decomposition of
many organic compounds at high temperatures is still a matter
of controversy. The various theories proposed however fall

into two main classese.

The first and classical theory considers that a

split into the final decomposition products occurs in a



single stepj applying this idea to a compound 1like, CoHg s
CoHg = CpHy+H,

This involved the simulteneous rupture of two valance bonds

and the formation of two new ones. It was therefore evident

that the activation energy could bear no simple relation to

bond strengthse.

The other alternative is that the primary step
consists of the rupture of a single bond to give unsaturated
radicals and that these radicals undergo secondary reactions
which ultimately lead to the formation of stable productse.
If this mechanism 1s the true one and if the secondary re-
actions are fast compared to the first, the activation energy
should be a direct measure of the strength of the ruptured
bond.

Paneth and Hofeditz (15), in 1929 and Paneth and
Lautsch (16) in 1930, showed that methyl and ethyl radicals
from the decomposition of organic products could be detected
in rapidly flowing gas streams by their reactlion with lead
mirrors. Using this technique, P.0. Rice and co-workers
(17,18) made a comprehensive study of organic decomposition
reactions, and verified the existence of free radicals. These

findings led Rice to formulate a general free radical theory



for hydrocarbon decomposition reactions, which postulated
that the primary step in unimolecular reactions is a split
into free radicals, Rice points out that if two reactions
have activation energies differing by 4 Kcal., then the rel-
-4000/2 x 873
ative rates at 600°C., are in the ratio of e :1,
or approximately 9 to l. Similarly for a difference of 10
Ecal., the ratio is 500 to 1. Trusting then in the basic
assumption that the activation energy is intimately conn-
ected with bond strength, we may conclude that if there are
two or more ways of accomplishing a primary break in the
molecule, and 1f one of these has an activation 10 Kcal.,
or more, lower, it alone will occur to any appreciable
extent.
While there is some uncertainty about the various
bond strengths it is however certain that the C = C and € = C
bonds are much stronger for instance than C - G, C-= H,and it
appears probable that the C - H bond is about 15 Kcal.
stronger than the C - ¢ bond. We may therefore conclude that
if the decomposition of a hydrocarbon occurs through free
radicals it will always split at a C - C bond, and never at
a C - H or a double or triple bonde.

Methyl and ethyl radicals, though normally no
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higher radicals, can be detected by the Paneth technique (19)¢
presumably higher radicals decompose too rapidly. It should
be pointed out, however, that Pearson and Purcell (20) have
detected higher radicals by photolysis at room temperatures
The primary reaction of the propane decomposition,
according to the Rice scheme, would be
Cz8g = OH; + Cpliy (1)
and this would be followed by the series of reactions

CHzCHoCHz+R = RH + CHsCHpCHy  (2a)

CH5CH5CHy = CoHy + CHg (2b)
CHzCHoCHz+R = CH;CHCHz + RH (3a)
CHzCHCH3 = CHzCH = CHp+ H (3b)

where R denotes a methyl radical or hydrogen atom. This
scheme assumes, of course, that reactions (2) and (3) have
activation energies much smeller than that of (1) On the
basis of chance, reaction (2) would be faster than reaction
(3) in the ratio 3:1, since there are six primary hydrogen
atoms to two secondary. There 1s evidence, though, that sec-
ondary hydrogen atoms are less strongly bound. On this
assumption, Rlce estimates that reaction (2) is to reedtion

(3) as 6:4. Thus the overall reaction may be represented by
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6 CzHg = 6 CpHy + 6 CHy

or 10 Czﬂg - 6 CoH, +6 CH, + 4 CsHe + 4112

This method gives reasonably good agreement with experiment
in the prediction of products, especially for the lower
members of the hydrocarbonse.

Thus, using Rice's mechanisms, it is possible to
predict the products of reactlon. To be fully successful,
however, the theory must also account for the kinetics of
reaction. For instance, it must explain why the overall
mechanism of an organic decomposition appears to be of the
first order though the mechanism is really a complex series
of steps. Secondly, if most reactions occur by the rupture
of a C~C bond as postulated, it must explain why the experimw
ental activation energies for such reactions are usually far
smaller than the C-=C bond strength.

Rice and Herzfeld (21) answered these questions by
devising mechanisms on a free radical basis which would lead
t0 a first«order overall rate. Furthermore, by a suitable
choice of activation energies of the part reactions, they
were able to make the overall activation energy agree quite

well with the experimental value. As an example, consider the
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following artifically simplified scheme for this decomposition

of organic molecule (18)¢

E in Kcal.
M, =R + M 80 (1)
R+M¥ R H+Rg 15 (2)
Ra - Rl + Ms 38  (3)
R +Ry =M, 8 (4)

The molecule M, decomposes initially into a radical R, and a

1 1
smaller molecule ME' The radical Rl then reacts with the fresh
molecule of reactant My abstracts a hydrogen atom, and forms

the stable compound R.H and the free radical Ry« Rp then breaks

1
up into the radical By and a molecule Mze Thus a chain process
is set up since steps (2) and (3) can repeat over and over again

until the radical R1 is destroged to form a stable molecule Mﬁ-

By setting up equations giving the concentrations of

Rl and Ro in the steady state, we have assuming long chalns
& (R)=0=k (M) -k(R) (M, ) +Xk,(Ry) — K4 (By)(Rg) (5)
%? (Rz) = 0 =k, (R ) (M) - Kz(Ry) - K4 (Ry ) (Rp) (6)
The overall decomposition of Mi may be expressed as

-'g’t' () = x () + Ko(Ry ) (M) (7)

By solving equations (5) and (6) for Rl and substituting in
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(7), we obtaing

_a_ (Ml) - kl(Ml) (1+ szks/?.klkl ~ (Ml) \/ k. k z8DProx
dt 2 4
1.e., the reaction is of the first order. Furthermore

E - 3(Ey + Ep + Ex = E,)
Overall 1 2 S 4

80 that substituting the assigned values of E, we obtain

E - 625 Kcale.
Overall

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

The method by which the chalns are terminated
determines the order of the reaction. The above scheme
assumes they end by the radical recombination

Ry + Bz My
and this leads to a first-order rate. If, however, the
chains were terminated by
2R - M5
the overgll order would be 1,5, while
2Ry = Mg
would give a value of O.5. To predict successfully a first-
order rate, therefore, it is necessary to make the arbltrary
assumption that
Ry + Rp = My

is much faster than the other two possible recombinations,
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Mechanisms of this sort are of course, to a considerable extent,
based on conjecture; however,impressive support for the fundam-
ental idea of free-radical chain reactions soon made its appear-
ance. Frey (22) was able to start chains in butane at temperatures
below 1ts normal decomposition range by adding methyl radicals
(from the decomposition of dimethyl mercury)e Similarly Allen
and Sickman (23,24), Fletcher and Rollefson (25), Echols and Pease
(26) produced sensitized chain decomposition of a number of
organic substances. All these observations can cause chaln decom—-
position but they do not necessarily prove that such free

radical chaln decomposition occurs in the normal pyrolysis

of the substances concerned.

Evidence for the presence of chains was also obtained
from photochemical investlgations. Leermakers (27) showed that
the photolysis of acetaldehyde is a chaln reaction above 80°C.,
and his results are in agreement with Rice and Herzfeld's
predicted mechanisms. Leermakers (28) also found that chains

are set up in the decomposition of dimethyl and diethyl ether

induced by admixed acetonee.

Purther evidence for the chain charascter of some de-

compositions is furnished by Staveley and Hinshelwood (29)

and others (30,31,32,33). While these investigations indicated
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that large amounts of added nitric oxide would catalyze the
reactlons, small amounts caused some inhibition. These in-
vestigators assumed that the maximum inhibition corresponds
to the complete suppression of chains normally present, and thus
they caleulafe chaln lengths of from two to fifteen for a number
of decomposition reactions. This 1s definite evidence for the
presence of chailns, but in most cases the chain lengths thus
obtained are far too small to be in accord with the Rice=
Herzfeld mechanisms. However, recent work,(34,35) indicates
that in certain cases there may be a few long chains rather
than a large number of short ones, i.e., that the Rice~Herzfeld
mechanisms may hold for a small fraction of the total reaction,
the remainder decomposing by a molecular mechanism.

It may therefore be concluded that, on the whole,
the evidence of a general nature favors the free-rgdical theorye.
However, when the specific Rice~Herzfeld mechanisms for a number
of reactions are tested the situation is qulte different. Up
to the present three methods have been used for thls purposes
(a) The stationary hydrogen~atom concentration during a de-
composition reaction 1is measured and compared with the value
calculated from the theoretical valuese. (b) The activation
energy of one of the part reactions in the RicewHerzfeld scheme
is determindd in an independant way. (c) Deutero~compounds

are used as indicators of the mechanism. The results of ine
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vestigations using all these methods seem to indicate that the
validity of the Rice-Herzfeld mechanisms leave much to be desired.

Consequently more information is necessary concerning
the elementary processes involved in decomposition reactions and
no great confidence can be placed in any one theory, until we
have further knowledge about the individual reactions.

The methods of attack which have been directed towards
this end consist of (1) thermal decomposition, (2) photochemical
bond splitting, (3) photosensitized reactions, (4) reactions with
atomic hydrogen. Very little information is available from the phote-
decomposition of the simple hydrocarbons since these compounds are
transparent down to the extreme ultra~-violet and the difficulties
involved in working in the Schumann region are very great. Also
the thermal studies have little bearing on the present work, since
the temperatures used in thermal work are some 300°C - 400°C.,
higher. Attention will therefore be confined to reaction involving
He-atoms. This will involve certain considerations of Photosenw

sitized reactions however since H-atoms can be produced in this way.
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Principles Underlying Photosensitized and Atomic Reactions.

The most straight forward means of photochemical
activation of the simple hydrocarbons has been done by photo-
sensitization with mercury vapour. In work of this kind, mercury
vapour 1s mixed with the reactant gas and the mixture illuminated
with mercury resonance radiatione. Mercury possesses two resonw
ance linesy One at 1849 A. U., and the other at 2537 A. U., but
in practice, the shorter line is almost ccmpletely absorbed by
the quartz reaction vessels and jackets of the light source.

Thus only the one line (2537 A«U.) is appreciably absorbed by
the mercury vapour in the system and the normal mercury atoms
are ralsed to the 25P1 level which lies 4.8 volts, or 112 Kcal.,
sbove the ground state. Such excited mercury atoms may then
transfer their energy by collision to other molecules. If such
transfers take place efficiently, a wide variety of reactions

is possible since 112 Kcal., is greater than the activation
energy of almost all chemical reactionse.

Cadmium resonemce radiation is also being employed
in photochemical studies. Steacie and Poivin (36) (37),
following the pioneer work of Bates and Teylor (38) have de-

veloped a powerful source of cadmium resonance radiation which

they have used in their studies of the photosensitlized reactions
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of the simple hydrocarbons. The first cadmium resonsnce line
is at 3261 A. U., which corresponds to 87 Kecale.,

At the present time, zinc photosensitized reactions
are being studied in this laboratory by Steacie and Habseb (39).
The purpose of using zinc or cadmium resonence radiation is the
attainment of greater selectivity than that allowed by mercury
photosensitization.

Photosensitization can also be used to study reactions
involving hydrogen atoms. This was first demonstrated by the
classical work or Tgyior and his co-workers (40,41). In the

presence of hydrogen and a reacting substance, we haves

Re (1'sg)«+ bv = mg (2°P)) (1)

Bg (2°py) + Hy B (1ls,) + 2H(2)

or possibly

g (2%p,) + B, HgH + H (2a)

B

H + X Products (3)

2H + ( a third )
( body ) - Hé (4)

Recent woek by Olsen (42) indicates that the formation of HgH

is due to secondary reactions of hydrogen atoms and excited

mercury atoms so that reaction (2) is more probable than (2a).
Under these circumstances, a stationary concentration

of hydrogen atoms exists and, knowing the rate of reactions (1),

(2) and (4), we can calculate the velocity constant of reaction
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(3)« Although this method lends itself to wide appiication the
results are not always easy to interpret.

A much more direct method for investigation of reactions
with atomic hydrogen is the Wood-Bonhoeffer method. Wood (43)
showed that it was possible under certaln circumstances to pump
hydrogen atoms out of a hydrogen discharge tube and carry them g
considerable distance before recombination occurred « Bonhoeffer
(44,45), adapted the idea to the investigation of hydrogen atom-
hydrocarbon reactions by mixing the reactant with the atoms in a
¥low system. Many reactions have been investigated by this
technique, but the experiments are limited to a narrow pressure
range of hydrocarbons between Ool and lmm., and a reaction time

of the order of a second. This was the method used in the present

study.
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Atomic Reactions of the Simple Hydrocarbons.

METHANE o

Studies on the reaction of methane with hydrogen atoms,
by Bonhoeffer and Harteck (46) using a Wood's tube, showed methane
to be suprisingly stable. The results of this investigation were
confirmed by von Wartenberg and Schultze (47) and later, further
evidence of the inertness of methane was furnished by Chadwell
and Titani (48).

Geld and Harteck (49) extended the experiments over a
range of temperatures and found thét no reaction occurred up to
183°C. They concluded that the reaction

CHy + H =~ CHz + Ho, (1)
had an activation energy of at least 17 Kecale An alternative
suggestion was that this reaction occurs readily but that the
back reaction

ca3 + H+ M = CH4 + M
proceeds more rapidly than other reactions such as

2CHz = CzHg

80 that methane is regenerated as fast as 1t is consumed. This
suggestion was ruled out by Geildb and Harteck on the grounds that
such a mechanism would involve the consumption of hydrogen atoms

by both forward and back reactions, whereas the hydrogen atom
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concentration is not significantly changed by the introduction of
methane. Their objection, however, could be overcome if the sec-
ondary reaction
CHy + Hob = CH + H (2)

occurred with a low enough activation energy. Since estimates
of the actlvatlon energy of reaction (2) vary from 8 to 23 Ecale.,
(50,51,52,53,54) the issue is somewhat in doubte.

The reaction of methane with deuterium atoms has been
studled extenslvely by Geib and Steacie (55,56) in an attempt
to get at the problem more directly. They used the Wood-Bonhoef-
fer method and found no detectable reaction of methane with
deuterium atoms up to 100° C., indicating that the activation
energy of the emchange reaction is not less than 11 Kcal. Thelir
investigation indicated also that the reaction was probably the
analogue of the orth-opara hydrogen conversiong

CHf + D = CHzD + H
rather than
CR4 + D = CHz + HD

This eliminates the necessity of secondary reactlons to account
for the non-formation of ethane and the apparent regeneration of

of atoms,

In a8 study of the thermal reaction between methans
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and deuterium at 100°C., Farkas (57) deduced that the mechanism
was atomic and the same Qs that of Geib and Steacie.

Several estimates of the activation energy of this
reaction, have been made, using mercury photosensitization as

well as the Wood-Bonhoeffer method. These are tabulated helowe.

" Investigators Method Result
Steacle and Phillips (58) Mercury photo~ 11.7 Kcale.
sensitization
Farkas and Melville (59) wood-Bonhoeffer 13 EKeal.
Morikawa, Benedict (60) Mercury photooen—o
and Taylor sitization at 100°C 12.5 ¥cal.
Steacie (61) Wbod-Bonhgeffer
up to 500°Ce. 12.9+2 Kcal.
Trenner, Morikaws (62) wWood-Bonhoeffer
and Taylor 25° to 208° ¢. 15.6 Kcale.

According to Gorin, Kauzmann, Walter and Eyring (63) this ac~-
tivation energy of about 12 Kcal.,, must be identified with the
reaction

C4 + D = CHy + HD
in view of their computations, which give a value of 9.5 Kcal.,
for this reaction, and 37 Kcal., for

Cy + D = CHgzD + H

The results of Farkas and Melville (59) indicate that hydrogen

abstraction must occur at high temperature to account for a
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decreased atom concentration.
Methane, therefore, obviously does not react with
atomic hydrogen until the temperature is over 18000. At suff-

iclently high temperatures it reacts according to
CH4 + H = CHy + Hp (12 Kcal.)
with subsequent reformation of methane to some extent by

CHy + Hy, - CH, + H (10 Kcal.)

and by
CH5 + H = CH4

ETHANE .

Bonhoeffer and Harteck (64) and von Wartenberg and
Schultze (65) found that luminescence occurs on mixing hydrogen
atoms and ethane, bands due to CH and CC being observed. The
major part of the ethane was recovered unchanged, though & loss
of gas up to 25% was reported by von Wartenberg and Schultzee.
This appears to have been methane, in the light of later work.

In a preliminary investigation Chadwell and Titani (66) reporte
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ed the finding of 4% methane, along with some ethylene.

Studies were made by Steacie and Phillips (58) using
the Wood-Bonhoeffer technique, on the reactions of deuterium
atoms with ethane. They found an activation energy of 633
Kcal., for the exchange. They decided that the most likely

mechanism was

CoHg + D - CpHy + HD (1)
CoHy + D = CgHgD (2)

the primary step is in accord with the Rice-Herzfeld mechanisme.
According to Trenner, Morikawa, and Taylor (62)

who repeated the work by this method, 10 to 20 percent of the

ethane was decomposed with formation of considerable amounts

of deuterized methane. They concluded that the main reaction,

at room temperature, must be

and that it is only at temperatures from 10000., and up that
the ezchange reaction is appreciable, since below 100°C., no
deuterized ethane was detected. Above 100°C., then, they

postulate additional reaction by the exchange as suggested by
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Steacie and Phillips, but find an activation energy of 1l.4
Kcal., for this.
Recently, Steacie (67) has confirmed the production
of methane, finding about 10% decomposition. This, however
1s not enough to bring the two activation energies into line.
The reaction of ethane with hydrogen atoms has
been studied qualitatively by photosensitization with mercury,
by several investigatore (68,69,70). This reaction has recently
been reinvestigated by Steafie and Phillips (71)e. They found
that methane, propane, and butane, but no higher hydrocarbons
were produced and that hydrogen was consumed. In a typical
experiment using a trapping temperature of =125°C., the following

stoichiometric equation expresses the results

( + traces of CTxzHg)
They suggested that the mechanism is
3 1
Hg (2 py) +H: = Hg (1 S,) +2H
H + CoHg = CHy + CHz

B + CoHg = Hy + CyHg
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followed by variomns radical recombination reactions.

PROPANE o

The first to investigate this reaction were Bonhoeffer
and Harteck (46) using the Wood-Bonhoeffer method. They observed
that the recombination of the atomic hydrogen was accelerated
by the presence of propane.

Taylor and Hill (69,72), investigated the reaction
of hydrogen atoms with ethane, propane and butane, using mercury
photosensitization. They reported that the speed of reaction
increases with higher molecular weight, a finding that is sup-
ported by the large decomposition of pentane by hydrogen atoms

observed by Frankenburger and Zell,

Another investigation by Tremner, Morikawa and Taylor
(62) by the Wood-Bonhoeffer method, using hydrogen and deuterium
atoms, showed that the products were mainly methane, with a
small amount of ethane. The methane and ethane were found to
be highly deuterized, while the propane was not exchanged.

Propane is thus much less reactive than ethane. They found
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no evidence for the catalytic recombination of hydrogen atoms
observed by Bonhoeffer and Harteck.

Steacie and Parlee (73,74), investigated the reaction
by the Wood-Bonhoeffer technique over a temperature range from
30° to 250°C. The products they found were methane, ethane,
ethylene, but no hydrocarbons heavier than propane. The only
product present at 30° was methane but as the temperature was
raised, the ethane production increased rapidly and the ethylene
formation more slowly. The activation energy of the primary

step

E + 05H8 - 0337 + Hz
or

H + CgHg = CgHy + CHy

was found to be 10*1.5 Kcale The reaction was also studied
by the same method using deuterium atoms. Methane and ethane

were found to be highly deuterized but propane was less than

0+5% heavy,
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BUTANE .

Little work has been done on the reactions of hydrogen
atoms with elther the normal or iso-form of butane.

Trenner, Morikawa and Taylor (62) made one run with
n-butane and deuterium atoms produced by discharge tube method.
They found about 11% decomposition at 110°c., to give methane,
ethane and propane. The methane being highly exchangeéd while
the recovered butane is not exchanged at all.

In a recent investigation Steacie and Brown (76)
using the Wood-Bonhoeffer technique studied the reaction of
hydrogen atoms with n-butane over a temperature of 35° =250°C.
They found that the products consisted solely of methane at
temperatures below 1oo°c; above this temperature ethane was
formed in considerable amounts which increased steadily up to
250°c. It is concluded that the results indicate a mechanism
in which a series of "atomic cracking" reactions play the main
role. The activation energy of the primary step was found

to be 9+ 1.5, The maln steps in the postulated mechanisms

areg



Primary process

H +CH

4710
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t ]

Cglg + Hy

Secondary processes at low temperatures

H + C4H9

H + 03H7

H + Csz

H ‘*’CHs

Additional secondary processes

Cefy

H + CZHA

03H7

at

03H7 + CH3
202H5
02H5 + Cﬂz
ZCHs

CHy

high temperatures

+
0234 02H5

Caly

CZHi + CH3

02H5 + H

CH, + H
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EXPERIMENTAL .

The experimental work in this investigation was
carried out using a Wood-Bonhoeffer type of apparatus. This
consisted essentlially of a hydrogen and iso-butane purification
and flow system (Flgure 1), a discharge tube and reaction
vessel (Figure 2) and a trapping and pumping system (Figure 3)

The hydrogen from cylinder Yi (Figure 1) was admitted
to the apparatus through a purlfying system which consisted of
an electrically heated quartz tube Z, containing platinized
agsbestos and a condensing trap Qe

Any tendency to build up pressure, greater than
atmospheric, was counteracted by means of a mercury blow-off
valve, at the base of the manometer tube My. Small fluctua~
tions were smoothed out by the ballast bulb Vl- The purified
hydrogen, at atmospheric pressure diffused through the cal-
ibrated flow meter and passed into the discharge tube through
P2 (Pigure 2).

The iso~butane gas, taken from cylinder Yé was

expanded into volumes Vs and /Y through trap Qs and from
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Figure l.

Purification and Flow Regulation Systems.
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there passed into the reaction vessel by diffusing through a
calibrated flow meter. The iso-butane flow was malntained at
a definite value by reference to the right leg of the absolute
manometer Mé and was regulated by means of a scratched stop
cock N.

The hydrogen atoms were formed in the high voltage
discharge tube D (Figure 2). This consisted of a pyrex tube,
2,5 cm., in diameter to which were sealed side tubes containing
the aluminium electrodes E. The leads to the electrodes were
heavy platinum wires which passed into the compartments through
tightly sealed thickwalled caplllary tubinge.

In order that atomic recombination, prior to re-
action with iso-butane, would be a minimum, the outlet of the
discharge tube was sealed directly to the reaction chamber R
(Figure 2). The pyrex reaction chamber R had a diameter of
7 cm., and a length of 70cm., it was surrounded by a close-
fitting electric furnace F. Two tubes entered the reactlon
vessel from below, one of these T, was a thermocouple,the other Pz
served as an inlet for the lse-butane.

The products of reaction were pumped out through

trap Q3 (Pigure 3), which was immersed in liquid air, This
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would remove iso~butane as well as propans, ethane and ethy-
lene, should they be present. The remainder passed through
the diffusion pump U and through a sillca gel trap Qs which
was kept at liquid air temperature and which would remove
methane and some hydrogen. Unadsorbed hydrogen passed out
through the hyvac pump to the atmosphere.

Vg 1s a volume into which the products were ex-
panded, and the pressure measured on the absolute manometer
Mﬁ’ before they were removed from the apparatus through the
outlet S.

The diffusion pump, U, was a triple stage mercury
pump with a potential speed of 20 litres per second. It was
backeé by a hyvac pump, and maintained a vacuum of 0.35 mm.,
under operating conditions. The diameter of all tubing in the
pumping and trapping system was about 2 cm., and all stopcocks

were of correspondingly large bore.

Poisoning of Reaction Vessel.

To minimize the rate of recombination of atoms on
the walls of the reaction vessel, and thus obtain the greatest

amount of reaction, the walls were "polsoned" with phosphoric
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acide In order to do this it was necessary to remove cap K

and the fitting J. The tips of the drainage tubes on the elec-
trode compartments were cut off. The apparatus was flushed with
large quantities of distilled water, cleaned thoroughly with
fuming nitric acid, rinsed again many times with distilled water
and the surface poisoned with 8% solution of phosphoric acid.
This was run through several times until the whole interior
surface had been thoroughly wetted, and the system was then
sealed up and dried by evacuation. A coating of metaphosphoric
acid was left on the walls as a result of this treatment; at
higher working temperatures, the metaphosphoric acid probably
dehydrated to the acid anhydride. The polsoning efficlency
drops off at first until a fairly steady condition 1s reach-

ed, and providing operating temperatures are not above 25000.,
this condition persists for some months and ensures a good

working concentration of atoms. Above 250°C., the anhydride

slowly distills to colder parts of the apparatuse.

Gases Used.

{so~butane, approximately 99% pure, was obtained

from the Ohio Chemical and Manufacturing Company; the only
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impurity was n-butane and this was not removed.

Before making a run the usual procedure was to pass
the gas from the 1so~butane cylinder into trap Q2 and using
liquid air, freeze out a certain amount. The solidified iso-
butane was allowed to warm up slowly and the first fraction
of 1t was pumped off, to remove dissolved air. A middle frace
tion was expanded into volumes V3 and V4, which had previously
been thoroughly evacuated; the residual fractlon of gas was
discarded.

Hydrogen was taken from the industrial cylinder
Y, by means of a needle valve and purified by passing over
platinized asbestos in the quartz tube Z, heated electrically
to 500°C. This converted any oxygen present to water vapour,
which was subsequently condensed out, along with other impur-
ities, by means of a liquld air trap Qe

Procedure of a Typical Run.

In a typical run the apparatus was first pumped
down thoroughly and the reaction vessel was brought to the
desired temperature by adjusting the current through the furw
nace F. ILiquid air was put around trap Q; in the purification

train for hydrogen, and the hydrogen tank was opened slightlye.
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The platinized asbestos tube was heated to 500° C., and the
hydrogen was admitted to the discharge tube.

The dischargze current was allowed to settle down
for about five minutes, while the hydrogen was pumped through
the apparatus., Traps QS and Q4 were then immersed in liquid
air, and the pressure and temperature of iso-butane in the
storage volumeswas observed. The iso-butane flow was then
turned on and the time noted. The volume of iso-butane
passing the calibrated flowmeter was kept at a constant value
by maintaining a certain definite pressure head in V. . This

4
was accomplished by expanding gas from V_ at a controlled rate

3
through the scratched stopcock N so that the right arm of the
absoclute manometer M2 showed a reasonably constant reading
throughout a run, The flow ratio of H2 to iso-butane was about
6.5 : 1. Knowing the volume of bulbs V; and V; and the pres-
sure before and after each run the total flow of iso-butane
during a experiment could readily be calculated. All runs
were of two hours duration, as a ceonvenient volume of produects
accumulated in this time, At the end of two hours, the iso-

butane flow was cut off, the scratched stopcock N was closed,

and the pressure and temper=ture of iso-butane



39
in the storage volumes noted. The*flow of hydrogen was allowed
to continue for about five minutes in order to flush out all
produets. It was then cut off, and the apparatus pumped down

to about 0,35mm.

Analysis of Products.

Two methods were used. The first consisted of com-
bining the produets from trap Q3 and Q4 and then separating the
components by means of low temperature fractional distillation.
The second consisted in removing the prodﬁcts from each trap
separately and carrying out a combustion analysis on the methane
hydrogen fraction, trap Q4, directly, while the produects from
irap Qz were submitted to a low temperature fractionel distill-
ation. This latier method was found satisfactory in view of the
faect that methane vas the only produet of reaction which appeared
to any appreciable extent.

To remove the products from the apparatus, the liquid
air was reaxoved from the silica éel adsorber Q4, which was then
allowed to warm up to room temperature, and the methane and

hydrogen were pumped off irnto a gas holder by ..cans of a Toenler
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pump. This fraction of the products was then transferred to
a combhstion apparatus where its volume was meaéured, and the
amount of methane present determined by eombustion analysis.
The products from trap Qs were expanded into volume 5, from
which it was likewise pumped off into a gas holder to be put
through the still,

The products were analysed in a low temperature
fractional distillation apparatus of the Podbielniak type.
It was found necessary to use acetone-dry ice as refrigerant
at the base of the column while passing the sample into the
still, since liquid air would freeze the iso~butane out solid
and plug the apparatus.

As a check on umsaturates an occasional sample was

analysed with a Burrell gas analysis apparatus.

Determination of Hydrogen Atom Concentration.,

The hydrogen atom concentration in the reaction
vessel, for each working temperature, was measured with the
Wrede diffusion gauge W (Figure 2). This was af the usual
type (113), and consisted of a capillary tube with a very small
orifice, situated in the reaction vessel and an arrangement of
stopeocks, by means of which the inside or outside of the or=

ifice could be connected to a Pirani gauge at will.



41

The instrument is based on the different rates of
diffusion of atoms and molecules through the small orifice,
whose diameter 1s small relative to the mean free path of
hydrogen. Atoms diffusing through the orifice recombine on
the walls of the capillary tube to form molecules. Thus the
pressure inside the orifice is due to molecular hydrogen alone.
Hence a pressure gradient is set up between the inside and
outside of the orifice. This pressure grgdient coutd be measur-
ed on the Pirani gauge. Thus, knowing Pl,the pressure inside,

and Pothe pressure outslide, the percentage H atoms is glven

by

P (1 -~ 6.5V2)

Determinations of atom concentration could not be
made during a run since the presence of iso~butane molecules
would interfere with this relation. Consequently measurements
were made under the same conditions as the rum, but with no
iso-butane present. The difference in pressure due to the

absence of iso-butane was very small since the ratio of
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Hé s 04310 was high throughout all the runs.

In making the atom concentration measurements the
Plrani gauge was flrst calibrated against the McLeod gauge,
giving the curve shown in Figure 4; this being the plot of
pressure in mm., of mercury against the corresponding resist-
ance in ohms of the Piranl gauge filament.

The Pirani gauge was kept 1mmersed in ice water.
With the discharge tube operating, the inside orifice was
connected to this gauge and the resistance due to the pressure
was measured by means of Wheatstone Brlidge arrangemente.
Switching over to the outside a similar series of readings
were takene. Thls procedure was repeated several times al-
ternating between the inside and the outside. TFrom the
measured resistance, in each case, the corresponding pressure
in mm., could be obtained from the graph (Figure 4).. Sub-
and P_ in the equation above,

1 2
the percent atom concentration was determined.

stituting these values for P

It was observed from these measurments that the
percentage atom concentration increased with rise in temper-
ature indicating an accompanying thermal effect. @Gonsequent-

ly it was necessary to correct for this, in arriving at the
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true atom concentration This was done by making a series of
(plank) measurements with the discharge off, at each operating
temperature. Results of these measurements are shown graphe

ically in (Flgure 5).
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Table 1.

Experimental Conditions.

Run Tgmp. mm., Atom Flow in mols/sec. X 107°
no. C. Press., conc.% H, C4Hio
1l 32 0,36 9.1 1.54 0.245
2 31 0.36 Jel l.54 0.250
3 32 0.36 9.1 1.54 0.246
4 101 0.35 Bel l.54 0.239
5 101 0.36 8.2 l.54 0.247
6 100 0,35 B.2 1.54 0.245
7 101 0.35 8.2 1.54 0.245
8 101 0,35 8.2 1.54 0.239
9 171 0.37 7.1 1l.54 0,251
10 171 0,37 7.1 1.54 0.245
11 172 0.35 7.1 1.54 0.245
12 171 0,35 7.1 1.54 0.249
*13 251 0.36 5.6 1.54 0.245
14 250 0.36 5.6 1.54 0.243

*Runs in which distillations were made on combined products
from both traps.
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Table 2,

Products Formed in Reaction of Iso-butane and Hydrogen Atomse.

Run No. Products. mol percent Total Conversion

C4H) 4 CH, %
1 881 11.9 Sed
2 88 ¢3 1l.7 Se2
3 8763 12.7 Se5
4 88 .0 12,0 33
5 89.0 11.0 30
6 861 1369 3¢9
7 86 .0 34.0 39
8 86 «3 13.7 38
9 86 «3 1367 38
10 86 5 1345 38
11 87.1 12.9 346
12 86 <6 13.4 37
13 88 .8 11,2 3.0
14 85.0 15.0 442
15 85.0 150 4.2

Plus definite traces of ethane, propane and possibly traces
of unsaturates,
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200 ——

Legend
A = Apparent H atom Concentrzation ,
B - Correction Curve ({due to thermal efe

fect) in terms of H atom Concentration.
€ - True H atom Concentration.

Fercent H atome - Tezperature Peslation.
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Lalculation of Collision Ylelds‘and Activation Energies.

The total flow rate of gas during a run could be
calculated from the flow rates of hydrogen and iso-butans,
and knowing the atom concentration the total flow rate could
be corrected for the hydrogen atom formatione

The reaction time (in seconds), for any run was
calculated by dividing the capacity of the reaction vessel,
(1370 c.c., at OOC.,), in mols at each operating temperature,
by the corrected flow rate (in mols/sec).

Then knowing the fraction of hydrogen atoms present,
and the total pressure, the partial pressure (Pg) of hydrogen
atoms during the run was calculated (in mm.,). EKnowing Avogadro's
number, and the capacity of the reaction vessel, the number of
atoms of hydrogen per c.C. (NH)’ could be calculated in terms
of a constant times PH/T, T being the absolute temperature of
the run.

The number of collisions per second with hydrogen

atoms undergone by a butane molecule is given by the relation

(114,115)
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2
d
H+%ﬁn %hh% d
0
2 H - Y R — - X RT X N
C4Hyo’ MM, H
2 H 4710
where
dH -~ diameter in cm., of the hydrogen atom, (2.14 x 10-8).
d
C,E;y = diameter in cm., of the iso-butane molecule{4.66 x 10'8).
nﬁ ~ atomic weight of hydrogen
M
C4Hio = molecular weight of iso~butane

gas law constant in ergs/mol/°0.18.313 x 107).

=
i

T - absolute temperature of the run

N number of hydrogen atoms per ceCe.

H =

The value of dH was taken from Bonhoeffer and Harteck (77) and the

value of ds g from Titani (78).
4 10

Taking into account all the constant values in the
above expression, which do not vary from run to run, and sub=-
stituting the proper values for the constants in the expression,
it reduces to the following

/2

8

7 1
C4Hjgs H = 516 x 10 oPy/T
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where PH is the partial pressure of hydrogen atoms in mm., where
T 1s the absolute temperature of the run.

Multiplying this value by the reaction time gave the
number of colllslons with hydrogen atoms undergone by an iso-butmame
molecule in the reaction time. Dividing the percent decomposition
by this, gave the collision yleld for the run,(the number of mol-
ecules of iso-butane decomposed, or of product formed per collision
of an iso-butane molecule with a hydrogen atom)

From the relation
collision yield = Ae-'E/RT
the activation energy E was calculated, assuming for the steric
factor A, a value of O.l in this case.
0.1

E = 26303 x 1.987 x T X 10 =====- —-—
= collision yleld

The results of the various calculations are shown in

Table 4.



Run Temp
Nno. °c.
1l 32
2 31
3 32
4 101
5 101
6 100
7 101
8 101
9 171
10 171
11 172
12 171
13 251
14 250

15

250
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Table 3.

Total Flow Core
rected for Pree-
sencs of Atoms.
(mols/sec X 107 5)

1.93
1.93

1,93

1.91
1.92
1.92
1.92

1.91

1.91
1.90
1.88

1e91

1.89
1.88

1.88

Reaction
Time
(sece)

1.33

1.33

1633

1.09

1.09

1.09

1.09

1.09

094

0494

0.94

0.94

083

083

0.83

Hydrogen Atoms®
Partial Pressure
(ram. )

«033
+033

«033

«029
«029
«029
«029

+029

«025
«025
«025

«025

«020
«020

«020
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Table 4,

Galculation of Collision Yields and Activation Energies.

2 5
0
X
Run ZG4H10,H Reaction % Collision K(Keal)
no. . time reaction yield A = 0.1
1 9,73 x10° 12,9 x 10° 3.4 2.64 x 10° 9.2
2 9,73 12,9 " 32 2.48 " 9.2
3 9,73 " 12,9 » 3.5 2,70 " 9.2
4 Pe47 M 8.15 " 3e3 4,05 " 10,9
5 7.47 M 8,15 M 3.0 3.68 " 10,9
6 7,47 " 8,15 " 3.9 4,78 " 10.8
7 7,47 " 8415 " 349 4,78 " 10.8
8 7.47 " 8,15 " 3.8 4.66 " 10,8
9 5,52 5.18 " 3.8 7.3¢4 " 12.4
10 5.52 " 5.18 " 3.0 5,79 " 12.4
11  5.52 " 5.18 " 346 6.95 " 12.5
12 5,58 5,18 " 307 7.15 ® 12.5
13 4,50 » 3,74 " 3.0 8,03 " 14.6
14 4,50 3,74 " 4.2 1.2 14,2

15 4,51 " 3e74 " 4.2 11.2 " 14.2
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DISCUSSION.

Over the tempserature range 30o - 25000., it has been found
that methane is the sole product of reaction between H=atoms and 1s0e
butane. The activation energy, calculated from collision ylelds,
increases from 9:2 Kcal. at SOoc to 14,3 Koal. at 25000., with an ave
erage value of 1ll.6 Kcale.

The inerease of activation energy with temperature is
probably only apparent. Similar increases have been observed with other
H~atom reactions, and have been explained on the basis of error in the
assumed H-atom concentration at higher temperatures, where the increased
amount of reaction might be expected to lower the stationary atom cone
centration, Steacle and Parlee (74), Steacie and Brown (76). It seems
safe to take E - 11.522 Kcal. The value reported by Steacie and Brown
(76), for n-butane is 9¥ 1.5 Kcal. This value is subject to some une
certainty, since the H-atom concentration seems to have been determined
with one of the connecting tubes of the Wrede gauge almost completely
plugged. This was discovered only during the present study. A check
run on n-butane, and a run with propane, confirmed that the H-atom
concentration during the investigation by Steacie and Brown must have
been about three times that reported by them. On this basis, E for
the n-butane reaction with H-atoms should be about 7.5% 1.5 Kecal.
However, a second factor must also be considered.

The values reported by Steacie and Brown, and those found

for iso-butane are as followsg
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Temperature. E(n-butane) E(iso~-butane)
30 749 9.2
100 945 1049
170 103 12.4
250 1047 14 .3

It is highly likely that the value 10¢7 at 250°C. for n-butane is too
low relative to the values at lower temperatures,again owing to error

in H-atom concentration at 25000. The value for the activation energy
for n-butane should therefore probably have been chosen higher than
9%1.5 Kcal. on the basis of the actual values recorded above. When the
situation 1s reviewed as a whole it seems reasonably satisfactory te
take the value of E for n-butane to be that assumed by Steacle and Brown
(76), 9% 1.5, recognizing however, the inherent uncertainty in the value.
If this is done, it is obvious that the activation energy for the iso-
butane reaction may be estimated about 2 Kcal. greater than that for

the n-butane reactione. Thls is in agreement with the relative callision
yields, which show that the n~butane rate is approximately ten times that

for iso~butane.
Again, propane, with an activation energy of 10%2 Kcal. has

been found to have a rate estimated from collision ylelds of about twice
that for iso-butane (76). The results for isobutane therefore agree well,
insofar as relative rates and activation energles amne concerned, with

previous studies.
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Mechanism of the Reaction.

In attempting a formulation of the mechanism of the reaction
it must be remembered that methane was found to be the sole product of
reaction over the entire temperature range used.

The primary step. Various possibilities for the primary

step may be suggested,

A, Hydrogen abstraction
CHS\

c
Hg‘CH-CH +H —> CH - CH, + H,
/ 3 /

Gﬂé CHE

This type of reaction has been postulated for H~atom reaetions with

(1)

propane (Steacie and Parlee 74) and wi th n-butane (Steacie and Brown
76). It is energetically sound, leaves the nature of the products to

be determined by the fate of the isobutyl radical and would seem sat-

isfactory from a probabilitiy point of view, since there are 9 primary

H-bonds accessible to attack.

CH CH

3\ - 3\

CH, oH .

This reaction involves the abstraction of a tertiary H-atom, which

C - CH3-+ H

apparently requires some 4.4 Keal. less energy than the removal of
a primary H-atom, (Smith and Taylor 79). If the primary step in the
reaction involves the rupture of a primary C - H bond, the actiygtion

energy of 11.5 2 Keal. for the iso-butame reaction cannot correspond

to the removal of a tertiary Heatom
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Reaction (2) cannot then be the primary step.
B. Chain breaking
Varlous chaln-~breaking reactions may be postulated for the

primary step. As an example we may consider:

CHg, CHz,
(1) " cH=-CHg+ H—> CH+CH
CHg CHx

If we may consider this reaction analogous to
CoHy+ H —» CH; + CH,

1ts occurrence cannot be assumed on the basis of available evidence,
which fines the activation energy of reactions of this type at about
30 Kcale, (Gorin, Kauzmann, Walter and Eyring 63). The fact that the
chain-brealling would occur at a tertiary carbon atom in iso~butgne 1is
not likely to modify the situation enough to allow of this type of
feaction as the primary step.

Other chaln-breaking reactions than the example mentioned
above are entirely analogous ani may be ruled oute.

The primary reaction would seem then to be the removal of

hydrogen according to:

CHz, CHy
_CH - CHg + H —> ~CH - CHy; + Hp
CE CH,
Secondary Reactionse.

Since the gole rroduct at both low and high temperatures
is methane, presumably the reactions subsequent to the primary abs$racte

ion of hydrogen remain unaltered as the temperature lncreases.
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The only mechanism fodlowing the primary step that may
reasonably be expected to yileld methane as the sole product 1s a series

of cracking reactlons, the first of which would obviously be:

CHz « CHz + CHy
SNeH

/CH-CH2+ H -

gHz CHyg

The CHz radlicals can be hydrogenated to CHy only by three-body collislons

7

CHy + H ( + M) —=> CHy (+)
since the CHz.H complex has a 1ife of about 3 X IO'm( seconds (Kimball 80).
The activatlion energy for the process is probably small (Rice and Rice 18)
The probable fate of the isopropyl radical is of considerable
interest. Keeping in mind the fact shat no other product than methane
is formed, even at high tmmperatures, there would seem to be two reason=

able possibilities.

CHz, CH,
(a) CH+ H — ,C + H
CH CH
3 3
CHg,
followed by °,C +H —> CH, CH + CHjy
CH5

These two reactions are entirely analogous to the sequence postulated
for propane (Steacie and Parlee 74) and for n-butane (Steacie and Brown 76)
at low temperaturese.

The subsequent behaviour of the ethyledene radical is a matter
of pure speculation. Since radicals such as CHzC or CHy CH would presume

ably give rise to products other than methane, the most logical step would

seem to be

CH,CH + H —» CH

3 3 + CHZ
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followed by hydrogenation of CH5 and CH, to glve CH, presumably by
H-atoms (Steacie, 93).
(b) The behaviour of the isopropyl radical might more logically
be assumed as follows:
Ta\en + 1 —> CH_ CH, + CE
Cﬂé, 3 2 3
The companion reaction with n-propyl radicals apparently has an activation
energy of about 5 Kcal.(Trenner, Morikawa and Tgylor GQQ(Steacie and Parlee
74), The CH;.CH; radical can then react with H-atoms according to
CH;CHy + H—> 2CHy

for which the actiyation energy is estimated to be about 5 Kcal.(Taylor 81)
(Moore and Taylor 82)

| However, 1t must be recognized that this mechanism is contrary
to the assumption that ethyl radicals begin to undergo reaction with Hy
modecules at temperatures of about 160°c.(steacie and Parlee 74)
(steacie and Brown 76)e« There is, in fact, considerable doubt as to the
true activation energy for the reaction

CoHg + Hy —> CpH, + H
Estimates vary from 9 Kcal.(Moore and Taylor 82) up to more than 15 Kcale
(Leermekers Geddes and Mack 83), (Cramer 84) It should also be noted that
the closely related reacticn
Cﬂé + Hz'—* CHy + H

has been the subject of much controversy, with an activation energy various-

ly determined as followss
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Taylor and Burton (88) have expressed the opinion that the value of
about 9 Kecal. might be for the reaction
ZGH3 + H, — 2CH4
and that the reaction
CH; —+ Hy —> CH; + H
should be assigned a value for E of about 19 Keal,

The higher values are in quelitative accord with that
calculated by Gorin, Kauzmann, Walter and Eyring (63). Moreover
by assuming & value for the activation energy of 19 Keal. for the
reaction

Gﬁé + Hy —> CHy + H
and an activation energy of 13 Keal. for the back reaction (Trenner,
Morikawa and Taylor 62)(Steacie 61) the C - H bond strength is
determined as 96.5 Keal. which is in good agreement with values
otherwise estimated (Rice and Herzfeld 89), (Burton 90), (Taplor and
Burton 91) and (Pauling 92), The low value (9 Keal) gives a bond

strength of 106.5 Keal, which is high corpared with most estimates.

It is apparent from the above discussion that to assume
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an activation energy of more than 15 Kecal. for the reaction

Clly + Hy —> CoHy + H

is not unreasonable. If E for thie reaction is, in fact, greater
than this figure, then presumably ethyl radicals would not react

with hydrogen molecules to any appreciable extent until temperatures
of 250°C. or more are attained. It would then be possible to postu=
late the reaction between isopropyl radicals and H-atoms to form

0255 radicals without there being ethane produced in a secondary
reaction at high temperatures., Indeed it might be reasonably said
that the present study affords additionsl evidence that the activation
energy for the reaction of ethyl radicals with hydrogen molecules is
of the order 15 - 20 Keal.

In conclusion it might be fairly said that no real
decision about the complete mechanism of the iso-~butane regetion
with H=-atoms can be made without additional information. However,
the essential point is that this reaction, like propane and n-butane,

is apparently initiated by an atom=-cracking process.



SUMMARY AND CONTRIBUTION TO KNOWLEDGE.

The reaction of atomic hydrogen with isO-butane has been
studied over the temperature range of 30°%C - 25000. The wood=-Bonhoeffer
method was used.

Experiments were carried out at SOOC, 10000, 170°C and 250°C,
The ratio of hydrogen to iso-butane was maintained at 6.5 : 1 and the
operating pressure was 0,36 mm., throughout the runs. The average
concentration of atomic hydrogen was sbout 72 %. Under these comnditions
the only product of reaction found in measurable quantity is methane
although traces of ethane and propane were indicated.

A suggested mechanism to account for the reaction involved

in the present investigation is as follows:

Primary
CHxz GH3

CH CHy —3 ' CH CHp + H

GHS CH3

with activation energy of 11.5+2 Keal.

Secondary
CH3~ GHss
CHCH, + H CH -+ CH
~ 2 e 3
CH GH5
3

followed by

c CH,,
H?:CH-+ H —> s C+H
CH CHs

3
CHg

c + H —> CHz CH + CHy
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2
and hydrogenation of CHz and CHp to CH,

Aldernative

CH,

,CH+H — CHz CHz + CHg
CH:3
followed by

('}H:3 CH2+ H— ZCHS

CH

5 H(+M) — CH

4

The bearing of this last proposal on current opinion of the reaction
between ethyl radicals and hydrogen molecules at high temperatures

has been discussed.
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