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ABSTRACT

~ The thermal decomposition of pentene-l in a
‘statié system has been investigated over a tem-
perature range of 470 to 530°C. and a pressure
range of 50 to 250 mm. The decomposition was a
homogeneous first-order reaction with an average
overall activation energy of 52 kcal./mole. The
reaction raté was retarded by propyleﬁe and by
inert gases, but was unaffected by nitric oxide.
Free radicals from lead tetraethyl produced an
acceleration. The activation energy exhibits a
slight increase with increasing initial pressure
of pentene. Evidence is presented for a composite
reaction mechanism invblving both a free~radical
chain proéess and a direct intramolecular re-

arrangement.
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INTRODUCTION

The thermal decomposition reactions of hydrocarbons are
of considerable interest from a theoretical standpoint, since
a study of their mechanisms ylelds valuable informatibn on the
fundamental nature of éhemical change. In the whole paraffin
series, decomposition reactions involve the breaﬁing and forma-
tion of only two types of linkage; only three types are in-
volved with olefins. The nature of the problem is therefore
not unduly complicated. However; the mechanism of olefin
decémpositions is not well understood, in spite of the fact
that such thermal decompositions have been the subject of a

‘considerable amount of stﬁdy.

Thermal Decomposition of Hydrocarbons

Although the kinetics of the thermgi decémpositions of a
fariety of complex organic molecules have received much study,
mechénisms are not, in all cases, fully established. It seems.
evident however, that each such reéction involves one or both
of two primary acts of decompositioné an intramolecular re-
arrangement to stabie products or a split into free radicals,
which initiate further decomposition by a chain process.

When both mechanisms operate simultaneously in a given
vreaction, their relative importance depends upon two factors:
(a) the relative activation energies and steric factors, and
(b) the chain length. On the basis of much experimental

evidence a composite reaction mechanism involving both types
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of reaction has been assigned to the pyrolysis of normal paraf-
fin hydrocarbons (1). |
Evidence fof the participation of free radicals in such:

reactions comes from experiments on sensitized decompositions
at temperatures far below those at which the normal decomposi-
tions occur. Radicals from ethylene oxide-ioduce the decom-
position of propane and of n-butane (2); methyl radicals from
decomposing azomethane induceé decomposition of ethane and
propane (3); and again the addition of 1% of mercury dimethyl
to n-butane at 525°C, caﬁses the decomposition of twenty equi-
valents of butane (4). ©Such observations indicate that free
radicals produced by the decomposition of the sensitizer can
- react with the hydrocarbon, causing its decoﬁposition by a
freo-radical”Chain process, Thus it is established that
rédicals can cause chain decomposition of paraffins, although
it does not necessarily follow that a chain process occurs in
the normal pyrolysis of the substance under consideration.

| Nitric oxide has heen foﬁnd a very effective substance for
inhibiting chain reactions(5). Nitric oxide, itself a free
radical, combines with other radicals, so removing them from
reaction systems. Very small amounts of nitric oxide have been
found to inhibit feaction rates greatly; by removing one radi-
cal, a molecule’of nitric oxide prevents the chain decomposi- |
tion of many molecules. By means of nitric oxide inhibition,
conclusive evidence has been provided for the operation of a

free-radical chain mechanism in péraffin decompositions (6, 7).
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As increasing amounts of nitric oxlde are added to a reaction
system, the rate of decomposition decreases rapidly to a con-
stant fraction of its original valuej subsequent additions
produce no further inhibition; all chains appear éo be sup-
pressed. Certain other inhibitors, such as propylene, have
Been shown to have a similar effect. The residual reaction is
believed to represent a non-chain molecular rearrangement,
Nevertheless, considerable uncertainty still remains as to the
pfecise nature of this part of the reaction. Work with
isotopically labelled compounds indicates that the maximally
inhibited reaction still involves free-radical chains (8).

The plot of pressure increase against time for the ﬁne
inhibited decomposition of a normal paraffin shows a pronounced
curvature near the origin (9),_but afterﬁards approximates to
a straight line. Analytical results show that, in most
instanées, olefins constitute an appreclable percentage of the
reaction products. Hence‘the shape of the curve has been ex-
plained as due to inhibition by these uhsaturates during the
initial stages of the reaction.

The participation of free-radical chains in such‘thermal
~decomposition reactions was greatly clarified by Rice (10),
who devised mechanigms for organic decompositions. These Rice
mechanisms form the basis of our understanding of free-radical

chain reactions.

" Rice Mechanisms

Mechanisms for the decomposition of a wide variety of
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organic compounds have been proposed by Rice and Herzfeld (11).
On the basis of the detection of free radicals in such decom-
positioﬁ reactions, Rice has suggested that these radicals play
a vital role in the reaction mechanisms..
In general, the proposed steps are as follows:
M >M + By
R + M) —>RH + Ry
B0 >Ry + M3
R + Bo > My.
The initial step inﬁolves thé'rupture of a bond in molecule
Mj, yielding a smaller molecule, Mo, and a radical, Ri. A
chain process follows. Each step in the chain involves the
abstraction of a hydrogen atom from the parent hydrocarbon,
yielding an alkyl radical and a molecule, RjH. The large
radicals, Ro, are a ssumed to decompose readily. “Chain termina-
tion takes place by radical recombinatibn, with formation of a
stabie molecule, M.

The mechanisms devised for the pyrolysis of paraffin].
hydrocarbons appeér to give a fairly satisfactory interpreta-
tion of the complicated chemical changes involved,_eﬁen when
applied to paraffins as high as the octanes (12). Normal
pentane will serve as an example: the initiating step 1s
assumed to be a breakdown of the parent hydrocarbon to two
radicals: | _

¢5H12'%> CH3~ + CH3CH2CH2CH2~ ;

The large alkyl radical, assumed to be unstable, decomposes:
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CH3CHQCH20H2' —£>CH3’ + CH CH = CH,

3

or CH3CH20H20H2° —e-CH3CH2' + CH2 = CH2 3
the chain process then proceeds by steps of the following type:
C5H12 4+~ R —=RH + CHBCH2CH2CHZCH2°

R = CHy*, CpHg* ;

the 1arge alkyl'radical so formed now decomposes to stable
products and lower radicals which perpetuate the chain. By
suitable éhoices of the varioﬁs possibilities for.the chain-
'perpetuating and chain-terminating steps, the observed first-
order overall rate can be explained. 1In addition, érbitrary
assignment of activation energies to the various steps can lead
to an overall activation energy in agreement with the low ex-
perimental value; that is, a value far smaller than the strength

of the C-C bond broken in the initial'step.

Survey of the Literature
A survey of the literature dealing with’thé pyrolysis of

olefins reveals that nearly all the information available on
the kinetics of such reactions has been accumulated in the last
thirty years. ‘During this period much work has been done in
order to gain a better understanding of the thermal reactions -
both decomposition and;pélYmebization - of olefins. Experi-
ments have, for the:most part, dealt chiefly with the lower
olefins. Dynamic methods have usually beenlemployed; that 1s,

the experiments have been done in flow systems, using short



6
contact times. A wide variety of temperatures and pressures
have been used; and in few cases have comparéble.experimental
conditions been employed.
Décomgosition of Lower Olefins

Prior to 1925 very little information of a‘preciSe nature
was available on olefin decompositions. It was known that at
about 750°C. the pyrolysis of an olefin yielded acetylene, a
considerable part of which polymerized to benzene (13). One
of the eérliest invéstigations was made by Noyes (14), who
passed isobutylene through a glass tube heated to "low
redness,” and identified ethylene, propylene, butadiene,
methane,mhydrogen, benzene, toluene, and naphthalene in the
reaction products. Ipatiev (15) passed isobutjlgné'over
alumina at 500°C., obtaining propylene, hydrogen, and methane.
At low temperatures the chief reaction of the lower olefins
was found to be polymerization, but at higher temperatures the
process was found to be more complex, consisting of both de-
composition and polymerization. _

Frey and Smith (16), working at 575°C. with a flow system,
showed the high-temperature reaction of ethylene to be homo-
geneous in siliéa vessels, and identified methane, ethane,
hydrogen; ahd highér oiefins in the products. They also
decomposed propylene under similar conditions, yielding butene
and higher hydrocarbons together with large amounts of methane
and ethylene. |

Isobutylene, heated in a flow system, was shown by Hurd
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and Spence (17) to be much more stable than isobutane under

similar conditions, a behaviour attributed by these workers to
the greater strength of the C-C single bond in isobutylene to
the corresponding bond in the saturated compound. At tempera-
tures above 60090. they found the isobutylene pyrolysis to be |
Homogeneous and independent of concentration since the reaction
rate was unchanged by incregse of the surface~to-volume ratio
of the reaction tube or by dilution with nitrogen or hydrogen.
Similar conclusions were reached by Hurd and Meinert (18) from
experiments with propylene in a pyrex flow sjstem at tempera-
tures above 52500. The propylene decomposition was, however,
slightly slower in the presence of nitrogen, which appeared to
lessen the formation of liquid products by‘diluting the primary
reaction products, hindering their polymerization.

Rice has proposed a free-radical chain mechanism for
olefin decompositions (10). Here, a number of complications
arose, which were not eﬁcountered in deﬁising the mechanisms
of paraffin decompositions; (a) The double bond exerts a
strong influence on the reactivity of the adjacent H atoms:
the oA -H atoms are rendered inactive, whereas thej3 -H atoms
are activated. Rice has therefore assumed that in a reaction
involving the abétraction of a hydrogen atom from an olefin
molecule, the attack of a free radical will be almost exclusiv-
ely at thQJB -H atoms. (b) A free radical is able to react
with an unsaturated hydrocarbon not only by abstracting H
atoms, but also by adding to one of the doubly-bound carbon



atons. ,In_proposing a chain mechanism for the process, Rice
has neglected such addition reactions, assuming them to be of
importance only at lower temperatures.

For an unsatﬁrated radical Rice has assumed the following
type of behaviour. Consider, as an example, the proposed fe-

action between propylene and a methyl radical:

CH3' + CH3

The methyl radical abstracts alﬁ ~H atom to yield methane and

CH = Ch, —> CH# + 'CH20H - CH2 .

an allyl radical. The latter, because of a resonance efféct,

*CH,-CH = CH, <> CH2= Cﬁ,- CHy- , |
is considered much more stable than an ordinary free radicalj
hence, the decomposition:

*CHoCH = CH, —CHy = € = CHy + He _
seems unlikely. This conclusion is substantiated>by the fact
that allene has not been detected among the products of
olefinic'decompositions. Since the reaction of allyl radicals
with surrounding olefin molecules regenerates allyl radicals,
these are assumed to disappear only by cellision with one an-
other. The diallyl so formed is presumed to decompose, yield-
ing the observed oily products. The presence of gnsaturated'
‘radicals also introduces the possibility of isomerization of
the olefins.

On the basis of theée assumptions Rice has postulated a
fundamental difference between the decomposition mechanisms of
the lower and higher members of the olefin series. The decom-

positioné of propylene and the butylenes are presumed to
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involve no chain cycle other than initiation: initial rupture
of a/3 €C-C bond is followed by radical abstraction of H atoms
from'olefin'molecules, producihg allyl-type radicals which
disappear by combination with one another. For higher olefins,
a chaln mechanism 1is proposed, yielding paraffin hydrocarbons
and conjugated dlolefins., Thus Rice has assumed that, because
of their unsaturated nature,olefins decompose differently than
do most other organic compounds. |

Egloff and Wilson (19), in considering the mechanisms for
the thermal reactions of gaseous hydrocarbons, regarded ethy-
lene as the basic material, since above a certain'temperature
the reaction products of any hydrocarbon are essentially thosg
of ethylene at that temperature. They reasoned that the
thermal reactions of higher hydrocarbons must be studied below
750°C. in order that they’be charaéterized by differences due
to the nature and stability of the‘particular molecules con-
cernéd. Since, at the initial temperatures of reaction,
olefins were found to polymerize to nonaromatiglsubstances, it
was concluded that points of unsaturation are conducive to
polymerization.

The pyrolysis of ethylene, propene, and the three butenes
 was studied by Tropsch, Parrish, and Egloff (20) in a flow
system, at temperatures (1100 to 1400°C) considerably higher
than those used in previous iﬁvestigations. Théy observed that,
as the experimental cbnditions were gradually made more severe,

the volume contraction resulting from polymerization gradually
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became masked by expansion dué to decomposition, until only a
volume 1ﬁcrease remained. By a consideration of the activation
:energies of the two competing processes, they inferred that
decomposition does not precede polymerization under severe
conditions, but that polymerization is the primary step, the
polymer so formed being unstable under the experimental con-
ditions, and decomposing to the observed gaseous products.

Rice and Haynes (21) pyrolyzed isobutylene in a high-
temperature flow system designed'to eliminate the formation of
‘olly and tarry material. Propylene, methane, hydrogen, ethy-
lene, ethane, acetylene, allene, and methyl acetylene were
found, On the basis of theii results these investigators
suggested a frée-radical mechanism involving rather short
chains due to the formation of appreciable amounts of propy-
lene by some non-chain reaction such as the following:
+ .CHZQCHé. .

GH3é ZCH + (CH'3)2c Z CH,—> CH.CH = CH g
3

2 3 2
Thej also suggested that the methyl acetylene is formed from .
allene by a radical chain mechanism. Isobutylene was also
pyrolyzed at high temperatures by Szwarc (22), who found the
feactionvto be homogeneous and first-order, and proposed a
chain mechanism to explain the low acfivation energy found.
In similar experiments with propylene; the same author (23)
demonstrated the homogeneity and first-order character of the
decomposition and proposed a unimolecular mechanism in which

the rate determining step involves’the breaking of the €-C
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bond, followed by a sequence of rapid reactions between the
radicals so created. |

Rice and Wall (24), decomposing isobutylene with short
contact times at 851 to 900°C.at pressures between 50 and 200
mm, and obtained identical products by carrying out the re-
action both in a quartz tube and in a stainless steel tube,

The first uée of a static system, such as that used in the
present investigation, was made by Ingold and Stubbs (25) in
studying the thermal decomposition of propylene. Operating
over a pressure range of 50 to 500 mm. and a temperature range
of 570.to 650°C. they showed the decomposition to be a homo-

. geneous first-order reaction with an activation energy of

57.1 kcal, per mole, the decomposition products being mainly
'methane, ethylene, hydrogen, a condensable intermediate which
subsequently decomposed, and carbon. They concluded that over
this temperafure range propylene decomposes mainly by a molecu-
lar rearrangement reaction, the inhibiting action of propylene
itself preventing the propagation of chains. It was suggested
that at higher temperatures, such as those used by Szwarc (23),
it is possible that a radical mechanism, with or without the
propagation of chains, may predominate dﬁe to th; instability
of the allyl radical. |

The picture of lowef olefin pyrolysis thus appears to be
_ none too clear at the present time. A great variety of experi-
mental conditions have been emplpyed by different workers so

that correlation proves somewhat difficult. The reactions
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appear to be homogéneous and first-order. At low temperatures
polymerization predominates, accompanied by a volume‘contrac-
tion; as the temperature is raised a point is reached where
there is no observable pressure change, indicating that the
two competing processes of polymerization and decomposition
are'offsetting one anofher; at higher temperatures decomposi-
tion predominates. Both free-radical chain mechanisms and
molecular rearrangement mechanisms have been proposed to
account for the observed reaction products. It is possible
that different mechanisms may operate under different condi-
tibns of temperature and pressure.
Decbmposition of the Pentenes

As was the case for the lower olefins, the pyrolysis of
the pentenes has been studied mainly by flow methods.

" Norris and Reuter (26) heated x pentene-2 under a variety
of conditions in a flow system at 600°C . Rough analyses gave
evidence for the formation of methane, butene, butadiene,
propylene, ethylene, and higher straight-chain hydrocarbons,
but for no branched-chain products. A comparison of the
thermal behaviour of certain pentanes and pentenes was made by.
Nérris and Thomson (27). The decompositions were performéd at
or near the cracking temperatures of the hydrocarbons, thus

'yielding the products first formed. For both pentanes and
pentenes a certain temperature was noted at which the hydro-
carbon pyrolysis began. For a pentene anladditionai signifi-

cant temperature was observed above which the rate of expansion
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' either remained constant or decreased as the temperature was
raised. ©Such reversal temperatures, vhich occurred, for the
three pentenes studied, 53 to 65°¢C. ﬁigher than the tempera-
tures at which the hydrocarbons began to.decompose, were
attributed to simultaneous pyrolysis and polymerization.

Hurd and Goldsby (28), in the pyrolysis of pentene-1 and
pentene-2 at 55C to 600°C. in a flow system, established that
isomeric unsaturated hydrocarbons were imﬁortant reaction -
products,~6ne-third to two-fifths of the total products con-
éisting of isomeric pentylenes.

Both static and flow methods were used by Péase'and‘
Morton (29) in a study of the pyrolysis of pentene-2, They
showed that the reaction was homogeneous and monomolecular:at
at temperatures between 500 and 600°C. Since the>pressure-
time curves rose perfectly regularly from the start to
something short of 100% pressure increase, they cdncluded

that polymerization is not an important primary reaction.

| Chain mechahisms were proposed by Rice (10) for the
decomposition of higher olefins. The decomposition mechanism
suggested for pentene-1 was the following: initiation occurs
by spiitting of the{3 €-C bond:

35H10—> CH3CH2° + -CHZCHCHZ- 5

s

this is followed by reaction of the radicals formed with
pentene molecules: v
65H10 +- CH3CH2--—%>02H6 + CH3CH20HCHCH2°
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CsHly o + CH,CHCHy» —> G He + CH

10 CH

3 CHCHCH2- 3

2

and a chaln reaction takes place:

CoHyp + R —>RH + CHyCH,CHCHCH,-
—>RH + CH, = CHCH = CH, + CHj

where R = CH3-

This scheme predicts the'formation-of equal proportions of
methane and butadiene, which should therefore constitute the
main decomposition prdducts. V

Both pentene-1 and pentene-2 were studied by Hufd,
Goddyear, and Goldsby (30) in a flow system at temperatures
between 500 and 600°C. Pentene-é was found to be the more
stable., Analyses were made of the entire gaseous reaction
products, showing the chief products from both to be,ﬁethane,
butene-1, propylene, ethane, and ethylene, together with small
amounts of butene-2, butadiene, and hydrogen, énd, in the case
of pentene-1, some propane. Isomerization of pentene-l1 to
pentene~2 and the reverse, at temperatures above 58090% was
established by precise distillation. The non-formation of
isopropylethylene from pentene-2 was taken as evidence against
‘an allylic type of intramolecular wandering of the methyl
‘radical. This is also assumed to exclude intramolecular
wandering of the H radical as the mechanism for the observed
conversion.

Mikhailov and Arbuzov (31), in pyrolyzing pentene-l and
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pentene-2 in a flow system in fhe teﬁperaturevrange 500 to 700o
C., found that the use of steam as a diluent tended to prevent
polymerization. v
Gorin, Oblad, and Schmuck (32) investigated the pentene
decompositions under conditions designed to promote maximum
survival of the diolefin products., .A.flow system was employed
with ﬁitrogen as a diluent. At 800°C. the main reaction of
pentene-1 was found to be a splitting to ethylene, propylene,
butylene, and butadiene. Pentene-2 yielded mainly butadiene,
with smailer amounts of ethylene and propylene, In the
pyrolysis of mixtures of n-pentane and pentene-2, no selective
cracking of the olefin was observed. On the basis of these
observations, Gorin proposed a modified Rice mechanism for the -
decomposition of the pentenes. Rice's free-radical chain
mechanism for olefin decomposition iﬁvdlved the fundamental
assumption ﬁhat the chain sequence reaction, wherein an alkyl
radical reacts with an olefin, takes place exclusively by
removal of a-ﬂb-H atom. This predicts that pentene-l1 should
decompose exclusivély to methane and butadiene in the primary
process. Since Gorin's analyses showed that only 30% of the
pentene-1 decomposes in this way, ana that the majority of the
reaction involves splittipg to light olefins, he suggested
that thg free radicals do not react exclusively with the
'p -hydrogens at high temperatures buf also with the ¥ - and
S'-hydrogeps. The chain sequence predicted is:
CHp = CHe + CHyCH,CHp-CH = Ci32—> CHy = CHp + CHy-CH-CH,-CH=CH,
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CH3-6H-CH2--CH = CH, —> CH.CH = CH, + CH, = CH- .

3

Iwo further points of_evidence indicate short chains: (a)rela-
tively large amounts of ethane weré formed ; by assuming the
primary reaction to be, exclusively, a splitting of the 3 C-C
bond to yiéld an allyl and an ethyl radical, each of which
subéequently reacts with pentene to produce ethane, a maximum
value of 7 was calculated for the chaiﬁ length; (b) ethylene
was formed in considerably greater.amounts than was propylene;
Gorin explains'this as follows:'_abstraction of a 5'-H fronm
pentene-1 yields a radical which must decompose to ethylene
and an allyl radicel. The relatively stable allyl radical will
tend to dimerize'or to combine with other radicals rather than
perpetuate the chain by combining with thg pentene-1 to give
propylene. Butenes are assumed to resulf from the chain-
stopping recombination of a methyl and an allyl radical. The
experimehtal results for pentene-2 were found in better agree-
ment with the Rice predictiqns,‘butadiene forming the principal
reaction product. |

The pyrolysis of pentene-2 énd trimethylethylene by flcw
methods at 778 to 850°C. and_ high pressures in the presence of
steam was carried out by Hepp and Frey (33). These investi-
gators also found butadiene té Be the principal reaction
lproduct from pentene-2, with lesser amounts of pentadiene,
ethane, butene, ethylene, and propylene. In the case of
trimethylethylene, formation of the allyl radical in the

primary procesé’seemed unlikely, indicating the operation of
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some mechanism other than that pfoposed by Goriﬁ fof the butene
formafion. The authors suggest addition of a hydrogen atom to
one of the doubly-bound C atoms, with the formation of a high-
energy radical, decomposing to an olefin and a smaller radiéal.
This proposal was substantiated by the detection of relatively
large‘amounts of hydrogen from the trimefhylethylene and
pentene-2 decompositions. For pentene-1 however such H atom
addition would lead only to 02 énd C3 hydrocarbons.

Recently, a comparative study of the thermal decomposi-
tioné of several olefins in a static system was made by Molera
and Stubbs (34). The hydrocérbons studied were butene-1,
penténe-l, hexene-1l, heptene-l, butene-2, isobutene,
2—methy1buteﬁe-1, and 3-methy1bufene-l. Analyses were made
inﬁnme cases. The decompositions were shown to be of the
first order, and the activation energies were determined. A
reaction mechanism was proposed for the isobutene decomposi-~
tion. In the case of pentene-i, the initial part of the
pressure increase-time curve was found to be a straight line
passing through the origin, with a decrease in rate as the
reaction came to an end. The activation energy, measured over
the temperature range 430 to 530°C., was found to be 53.1'kcal.
per mole for 100 mm., pentene pressure, and 54.6 kcal., per mole
for 300 mm. pressure. Addition of nitric oxide produced no
appreciable effect on the reaction féte; added propylene and
ethylenelboth caused avslight decrease in the rate. No analy-

ses were made for the reaction products from bentene-l.
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From this summary it is seen that, although'sevefal in-
vestigations have been made on.the pyrolysis of pentenes, with
‘the exception of ﬁhe experiments of Pease and Morton (29) and
those .of Molera and Stubbs (34), these experiments have been
done in flow systems under conditions of temperature and pres-
sure different from those used in the present work. The
pentene decompositions have been found homogeneous aﬁd first;
order. At temperatures of about 800°C., the reaction produdts
from pentene-l are mainly light olefins with a lesser.amount
of butadiene, while pentene-2 yields mainly butadiene. High
temperatures seem to favour diolefinic products. At lower
temperatures (500 to 600°C.) the chief products of both are
methane, butene-1l, propylene, ethane, and ethylene; Isomeri-
zation takes place above 580°Ca At low temperatures poly-

merization predominates. Various reaction mechanisms have

'  been proposed.

Bagls of the Present Investigation

Olefinic hydrocarbons exhibit, on pyrolysis, certain
interesting peculiarities not found in the case of saturated '
organic compounds. Furthermore, the pyrolysis of a normal
satﬁrated paraffin yields an olefin and a lower paraffin.
Therefore, for a full interpretation of a paraffin decomposi-
tion, a knowledge of K the decomposition kinefics of the olefinic
part of the préduct would be required. Secondary decompositioh
of the products has been shown to lead to a sigmoid type of

pressure lncrease-time curve which, for analysis, entails a
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knowledge of all the products and their relative stabilities
(35). It would be necessary to know, for example, if the
ethylene and propylene, which are found iﬁ the reaétion pro-
ducts of most paraffins, are produced directly from the
paraffins, or by the secondary decomposition of a higher
olefin, Agcérdingly, olefin decompositions deserve study not
only on their own merits, but also because of their potential
use in further elucidating the mechanisms of paraffin decom-
positions.

Pentene-1 was selected for investigation in the present
study as it is a typical "higher olefin" of the type believed
to be formed in the pyrolysis of the higher paraffins. The
object of the work was to obtain additional information on the
thermél stability of this compound and also on the mechanisms
involved in its pyrolysis.
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EXPERIMENTAL

Th; thermal decomposition;Aof,pentene-l was studied in the
gas phase. The decomposition was carried out in a closed
quartz reaction vessel, heated externally by a furnace, and the
extent of the reaction was followed by observation of pressure
changes, using a mercury capillafy manometer. The experi-
mental conditions were varied by changing the pressure and
temperature of the gas, by adding inert gases, inhibitors, and
a free-radical-producing substance to the reaction system, and
by altering the surface-td-ﬁolume ratio of the reaction vessel,
Reagents - \

The pentene—i used in this investigation was obtained from
Phiilips Petroleum Company, Special Products Division,
Bartlesville, Oklohoma. Since this material was specified as
.“Research Grade,” it was not subjected to further purification.
m PrOpylene, also "Research Grade,ﬂ was obtained from the
same source. The gas.was cqndensed 1ﬁ a liquid nitrogen trap
and pumped before admission to a storage bulb in the system.

"Reagent Grade" argon was obtained from The Matheson
Compaﬁy Incorporateé, E. Rutherford, N. J.

Nitrogen was obtained from the Canadian Liquid Air Company
and was specified as "Commercial Grade.”
| Nitric oxide waspprepared by the a;tion of a sulfuric acid
solution of ferrous sulfate on sodium nitrite (36). The gas

was‘freed from carbon dioxide and higher oxides of nitrogen by
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passage through 6 normal sodium hydroxide and a tube containing
Sodium hydroxide pellets;;.lf was dried by passage through
phosphorus pentoxide, o

Lead tetraethyl was obtained from the Imperial 0il Company
in the form of an approximately 10% solution in a hydrocarbon
solvent, containing ethylené diéhloride; ethylene dibromide,
and a dye. Owing to the extreme toxicity of lead tetfaethyl
no attempt was made to obtain this compound in a pure form.

‘Monochlorotrifluoromethane‘was obtained from the Canadian
Ice Machine Compény.
Description of the Apparatus

The apparatus used ih this investigation was an all-glass
static system, aS'shéwn 1n‘F1g. l. This consisted essentially
of an externally heated Quartz reaction vessel, A, connected
to an evacuating system, N, a mercury manometer, B, for pres-
sure measurement, storage vessels, C, D, E, F, G, and H, for
reactants, and a sampling system, K. The quartz reaction
vessel had a'voiume of approximately 200 ml. and an‘outside
qiameter of 55_mm. It was connected to the evacuating system
and mercury manometer by quartz tubing and a groﬁnd-glass

joint, J The Picein wax used for the seal did not develop

1
any leaks during several months of continuous heating. The
pressuré in the system‘was measuréd by a closed U-tube mercury
panometer, B, connected: to the reaction vessel by means of
capillary tubing; Pressure readings were made with reference

to a mirror scale graduated in millimeters.
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The system was evacuated by.a mercury diffusion pump
backed by a rotary oil pump. A trap, T3, cooled in dry ice-
acetone, was situated between the mercury pump and the rest of
the system’in order to prevent mercury vapour from diffusing |
to the two galleries and the reaction vessel and also to preh
vent reaction vapours from reaching the pumping system. |
Through the upper and lower galleries, which could be evacuated
separately or simultaneously; the reaction vessel was evacuated.
A discharge tube, L, attached to the system, and capable of
connection with all parts of the system, was used to indicate
the attainment of a "black vécuum.“

Pentene-i, whicﬁ is a liquid ét room temperature and
pressure, was stored in a small bulb, C, attached to the lower
gallery. The bulb was filled through a small-bore side-arm by
suction from a vacuum in the system above. Before use, the
pentene was thoroughly frozen in 1iquid‘nitrogeﬁ and pumped to
remove traces of air. It was volatilized by warming the bulb
in a beaker of warm water., The lead tefraethyl solution was
stored in a small bulb, D, connected to the lower gallery by a
gfound;glass joint, J2. The gaseous materials, propylene,
argon, nitrogen, nitric oxide, and freon, were stored in 2-
liter glass bulbs, E, F, G, H, and I, attached to the upper
gallery. These were filled in the following ways., vTo admit
propylene, the cylinder containing the liquid under pressure
was connected to the apparatus at O with pressure tubing.

With taps SlO and Sll open, the upper gallery, connecting
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tubes, and trap T2’were evacuated. Trap T2 was cooled in
liquid nitrogen. With taps‘Sg and SlO closed, the reducing
valve on the cylinder was opened, and sufficient propylene gas
was allowed to enter and condense in trap To. After thorough
pumping of the condensed propylene, trap T2 vwas warmed, and
.the propylene was vaporized into the evacuated storage globe.
The other gases used were admitted in a different manner.

'The cylinder (or, in the case of nitric oxide, the generator)
containing the gas was attached to the system through the
2-wajr stopcock 813 by pressure tubing. VA‘strong stréam qf gaasj
allowed to flush out the connecting tubing, and the upper gal-
lery and storage bulb were evacuated. The 2-way stopcock was
then reversed, and the gas allowed to enter until the pressure,
as registered by an open mercury manbmeter, M, attached to the
upper gallery, was approximately one atmosphere,

To prevent condensation of the lead tetraethyl or of the
reaction products, the lower gallery and capillary connections
vwere wound with Chromel resistance wire and could bé heated
electrically.

The stopcocks which were not subjected to heating were

- sealed with Aplezon M grease which was found to provide an-
excéilent vacuum seal.  As this grease is not effective at high
temperatures, heated stopcocks were sealed with Dow Corning
"Silicone High Vacuum“lstopcock.greaseAwhich maintains'iés

éonsistency up to 20060,,a1though does not give such an ef-

ficent seal as the Apiezon grease.
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The reaction vessel was heated in an electric furnace con- .

structed by Patrick (37). The furnace, built from a cylindri-
cal quartz core, three inches in diameter, was heated by
élternating current in three sections of Chromel resistance
wire winding. It was insulated with several inches of powdered
asbestos, and the top opening was sealed with a mixture of
povwdered asbestos(and aluhdum cenment, |

The temperature of the reaction vessel was measured by two
Chromel-Alumel thermocouples placed in contact with the wall of
the vessel, at top and bottom respectively. These were con-
nected to the potentiometer circuit through a double-throw
switceh, to‘permiﬁ rapid consecutive reading. The thermo-
couples were calibrated by use of the melting points of pure
tin, lead, zinc, and aluminum, and the transition temperature
of potassium sulphate, which covered the mnge of temperature
used in this investigation. |

Theftemperature of the furnace was adjusted to give a
constant reading:over the length of the reaction vessel bj
meane'of three variable resistances, each connected in series
to 6ne of the three furnace windings. These three seetions
were connected in parallel to the power supply.

The temperature was controlled automatically by an elec-
~ tronic thermoregulator operating a relay. Closing of the
rrelay shorted out a controlling resistance in the power supply,
s0 increasing the current to the fnrnace. A diagram of the

furnace circuit is shown in Fig. Fe
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The thermoregulator, of the type developed by Coates (38),
was constructed by Coope (39).. The circuit'diagram is shown
in Fig. 2, Operation of the instrument is based on the revers-
al of phase of the out-of-balance e.n.f. of an a-c. bridge
which océﬁfs_on passing froﬁ one side ofAbalanceAto the other.
The circuit is‘éomposed of four main parts: an a-c. bridge,
a_circuit'for amplifying the‘bridge outpﬁt, a circuit for
converting the bridge output to variable d-c. voltage, and a
relay. | |

The a-c. bridge consists of a centre-tapped transformer,
T

1» @ resistance thermometer, R,, and a standard variable

1
resistance, R,, which can be adjusted to balance the bridge at
any desired temperature. The bridge output, °gl’ is amplified
by Vl and applied to the grid of V2 as the much larger alter-
nating voltagefegz. An alternating voltage, e_,, is applied
to the anode.of Vo which will therefore pass current only
during the half cycles in which e is positive. Héncé-the'
magnitude of the anode current; iz,depends on both the magni-
tude and the phase of the a-c. grid voltage, a0 The anode
current.generates a potential difference across B3 which is
smoothed by Cl’ Ry, and Cz, and applied to the grid of the
output triode; V3 as the d-c. voltage, eg3e The anode current
of V3 controls the furnace through the relay. |

-In the apparatus used, Tl was a Type 167-D 110 to 6 v.
centfe-tapped'transformer. The anode supply to V2 was pro-

vided by the 110 v, a-c. mains; V1 was a 6S8J7 pentode, V, a
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6SF5 triode, and V3 a 6B4G power output triode. The 350 v.
d-c. anéde supply to V5 and V3 was provided by a full-wave
rectifier and smoothing circuit shown in Fig. 4. 1In the
powerpack, T2 was a Thordardson T-13R13 transformer, anleh
- a type 80 full—ﬁave rectifier. The variable resistance R, in
_the a-c. bridge was a standard 0.1 to 1000 ohm decade dial
resisfance box. The Type M.molybdenum resistance thermometer
used by Cdope was<found inadequate for the temperature rénge
used in the present inﬁestigation. A platinum resistance
_ thermometer was constructed from 11 ft. of 0.05 in. platinum
wire of 30 ohms resistance., The wire was tightly coiled and
wound on a thin mica strip. The ends were silver-soldered to
thick copper lead wires, which were fastened to an alundum rod
and mounted inside the furnace.
The relay circuit consisted of a Sunvic Type 602 vacuum

relay with suitable series and shunting resistances.
_ The instrument was able to control the furnace temperature
to within?t 0.§°C. at the temperature of this investigation.
Descriptibn of a TxgicalaExgerimental Run

‘ The furnace was first adjusted to the desired temperature.
Since several hours were required to heat the furnace from
Troom teﬁperature and to allow for the temperature distribution
aiong the length of the furnace to rgach equilibrium, it was
maintained continuously at temperatures in the required range.
Before an experimental run the variable resistance in the

thermoregulator was adjusted to the appropriate temperature.
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With the aﬁplifier éet at zero gain, the negative grid bias of
V3 was checked so the' relay wasaiithe trip point when the
bridge was balanced. This ielay trip point, about 16 ma., was
indicated by a pilot light in the relay output circuit. With
the gain set at low sensitivity the furnace was allowed to
warm upj; the gain was then adjusted for miximum sensiﬁi%ity,
and the‘furnace1bmperature was allowed to reach equilibrium.
The three rheostats controlling the t emperature distribution
required separate adjustment for each temperature.

The mercury diffusion pump was used to evacuate the system
to a "black vacuum.®” The pentene was cooled in a bath of
1iquié nitrbgen andmthoroughly pumped to remove traces of air,
With ﬁaps S3b

ing the penteﬁe was immersed in a beaker of warm water, from

and 89 closed, and tap 815 open, the bulb contain-

50 to 100°C. depending on the initial pressure required, and a
few'seconds wefe allowed for some of the‘pentené to'vaporize.
Tap S9 was then opened cautiously and the pressure in the re-
action vessel, as indicated by the manometer, was allowed to
»increaSe sufficlently. Taps 89 and 515 were then closed. At
the completion of the filling, the timer was started, and the
course of the reaction was followed by pressure-time measure-
ments made at‘regular intervals. Constant tapping}of the
manometer was found necessary in order to prevent the mercury
from sticking in the capillary tubing. At the conclusion of a
reaction, taps S3 and S9 were opened to the pumps, and the

system was thoroughly evacuated.
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In an experiment involving a gaseous material, both the |
upper and lower galleries were first evacuated. .Tap 88 was
closed, the upper gallery was opened to the reaction vessel,
.and a sufficient pressure of the desired gas was allowed to
enter. After reversing of taﬁ 89, the pentene was volatilized
and admitted to the reaction vessel as described previously,

General Form of the Pressure-time Curves

Plots of pressure change vs, time for the decomposition of
150 mm.‘of‘pentene-l at three,different temperatures are shown
in Fig. 53 At high temperatures the initial portion of the
curve is a straight line passing through the origin, followed
by a gradual decrease in rate as the reaction.comes to an end.
-If, in such an experimental run, the initial pressure increase
was too rapid to observe the exact initial préssufe,.this value
waé obtained by extrapolation of the straight line to zero
time. Estimaﬁion of tpe initial rate from the slope of this
straight line portion of the curve thus p:eéentedrno aiffi-
bulty. At lower temperatures there is at‘first.a slight de-
crease of pressure, followed by a short period during Which
[¥p.is inappreciable. The curve then rises to a maximum, and
subsequently decreases as the reaction comes to an end. The
rates for comparison purposes were therefore taken as the
.maximum slopes of such éurves, the initial rates obviously
being useless és criterié fof comparison.

Reproducibility of the rate curves was not found difficult

to attain. To ensure the reproducibility of runs used in the
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calculations, each was made in duplicate or triplicate.

Dependence of the Rate on the Initial Pentene Pressure

| The dependenc; of the ratg of pressure change on the
initial pentene pressure was investigated over a range of
initial pressures from 60 to‘2h7 mm, In Table I are recorded
the results for experiments conducted at 500°C, and various

~initial pentene pressures.

TABLE 1
Dependence of reaction rate on initial pentene pressure
at 5000C, '
! .
Initial pentene pressure, Reaction rate,
: : mm, mm,/min,
60 | ‘ 3.80
100 _ 1 . 6.03
152 . ‘ 9 [ 32
200 | 11.3
246 | 14.5

The le-time curves for these runs are shown in Fig. 6. The
order was determined from the plot of log dP/dt vs. log Po,
shown in Fig. 7. Integration of the equation:
dp/at = k P_°,
yields: '
d_log dP/dt = p,
d log Po :

hence the slope of the curve gives the order of the reaction.

The slope of the best line through these points is unity: it
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is therefore concluded that the reaction is first-order with
respect to the pentene pressure.
Rate constants were calculated from the first-order

equation:

dP/dt = k P,
and are given in Table II. They were found approximately con-
stant over the range of pressures investigated.

TABLE II

Reaction rates and rate constants for varlous initial pentene
pressures, at 500°C.

| Initialmgfessure, 1 mgfyzin. g?;? io;siggt,
60 3.80 6.3
100 6.03 6.03
111 7 + 64 6.88
152 9.32 . 6.13
200 . 11.3 5.65
| 246 14,5 5.90 i

Effect of Increased Surface-to-Volume Ratio in Reaction Vessel

A qualitative ééfimation of the degreé of heterogeneity
of a gaseous peaction can often be determined by varying the
surface-to-volume ratio in the reaction vessel,
- The quartz reaction veséel was packed with short pieces
of pyrex tubing. As no quartz tubing was available, the results

of such surface increase can be of a qualitative nature only.

The ends of'the pieces of tubing were fire-polished in order



to avold possible catalysis by "active centers" at sharp edges.
A 10-fold increase in the surfa;e-to-volume raiio was obtained
in this way. In Fig. 8 are shown the [kp-time curves for the
decomposition of 110 mm, of pentene-1 at SOC°C. in both packed
and unpacked reaction voésels.

Clearly the effect of increaséd surface is very small. A
slight decrease in the initial rate was shown, indicating the
possibility of a small amount of chain‘termination on}the sur-
~face, In addition, a slight lowering of the final pressure
attained may have been due to adsorption of the products.

From the results it may be concluded that the reaction is es-
sentially homogeneous.,
Effect of Addition of Inert Gases

In homogenebus gas-phase reactions involving activation of
the reactant molecules by bimolecular collisions, it has often
been found possible, byvdecreasing the partial pressure of the
reactant gas, to maintain the normal reaction rate by the ad-
dition of some inert gas.

Accordingly, experiments were carried out in the presence.
of both argon and nitrogen. »Fig. 9 shows the rate curves for
the decomposition of 100 mm. of pentene both alone and in the
presence of 100 mm. of érgon. A curve for the decomposition
of 200 mm. of pentene at 530°C. is included for comparison.
Fig. 10 shows a similar set of curves in which nitrogen is
substituted for argon.

In both cases, the presence of the inert gas does not
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serve to maintain the high-pressure reaction rate. In fact,
rates for the diluted reactions of 100 mm. of pentene are
somewhat lower than the. normal value for 100 mm, of pentene
alone. This observation leads to the conclusion that the
reaction is not a simple collisional process, but rather that
it involves the intervention of some type of free-radical .
chain process. The observed decrease in rate could then be
attributable to chain termination by radical recombination

in the gas phase due to three-bodylcollisibns with inert gas
molecules. Since surface effects were found to be negligible,
any radical recombinations must, indeed, take place in the gas
phase rather than at the.surface of the reaction vessel.
Effect of Addition of Nitric Oxide |

Avmethod frequently employed to test for the presence of
free-radical chains in a gas reactlon is to add small amounts
" of some substance capable ofkinhibiting any such chains by re-
action with the free radicals. Nitric oxide has often been
found an effective substance for this purpose.

Experiments were done at 516°C. witﬁ 120 mm, of pentene.
Consecutive runs wére made with 1, 5, 11, and 50 mm. of nitric
" oxide. A second set of observations was made with 54 mm, of
pentene and 1, 6, 10, and 13 mm. of nitric oxide respectively.
AN p-time curves for these runs are plotted in Fig. 11,

It is observed that nitric oxide has no appreciable effect
on the reaction rates. Thié result may be interpreted in sev-

eral ways: (a) that radical-chain processes are absent in
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this reaction; (b) that any inhibitory action of nitric oxide
is masked by a catalytic effect; that is, that nitric oxide :
can start chains as well as stopping them; or (c) that the
presence of some other chain inhibitor, presumably a reaction
product, is more efficient in combining with the free radicals
than is nitric oxide. In the latter case, any chain steps in
the normal reaction would be mostly those of chain termination,
Effect of Addition of Propylene

Another substance which has frequently been used as an
inhibitor of free-radical chains is‘prOpylene. Since propylene
was found by previous investigators to constitute one of the
decomposition products of pentene-1 (32, 34), it was of inter-
}est to determine if the presence of further amounts of this
substance would inhibit the reaction rate.

Fig. 12 shows lertime curves for an experiment conducted
at 516°C. with én initial pentene pressure of 110 mm., and for
successive runs in the presence of 4, 6, and 24 mm. of propylene
respectiyely. In Fig. 13 reaction rates are plotted as func-
tions'of‘the amount of propylene added. The results for three
different initial pentene pressures are recorded in Table III.

Propylene was found to cause a decrease in the observed
reaction rates. Quite considerable amounts of propylene were
necessary to cause appreciable inhibition. In each case, the
first few millimeters added produced no change in the reaction-
rate. As the partial pressuré'of-the propylene was increased,

the rate gradually decreased to approkimately 80% of its
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initial value. As is shown by the long, flat minimum of -the
inhibition curves, further additions of propylene were without
effect.‘ The greater the inifial pentene pressure, the greater
was phe amount of propylene required to produce maximum in-
hibitiens
TABLE III

]

Rates of pentene-l decomposition maximally inhibited by propy-
lene, at 516°C.

, - . Propylene pres-|Rate of maxi-
Pentene: | sure for maxi- |[mally inhlbited
pressure, Normal rate, |mum inhibition,|reaction,

mm.,” - | . mm./min. . mm, ~ mm./min,

TR 5.83 10 590

110 14,9 20 - 12,5

200 . 23 4o 18.7

Sin¢e propy1ene alone, et this temperature, polymerises
at a negligible rate (26), its effect on the pentene decom~
.position would seem to represent a- true inhibition rather than
an -illusory effect due to a pressure decrease superimposed on
the normal increase., | |

If the propylene is effective in supressing all the
chalns, the re51dual reaction may represent a process of simple
mqlecular rearrangement to products. However, it is possible
that the maximally inhibited reaction is still a modified
chain‘reaction.' Such observetions suggest the participation
of free—radical chains, repressible byvprep&lene, in the nor-

mal decomposition. The function of propylene 1is presumably
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to terminate radical chains by combining with the chain car-
riers to form stable molecules. or less active chain carriers.

Effect of Addition of Inert Gases on Rate of Maximally-
Inhibited Decomposition

Since the decrease in the normal reaction rate due to

dilution with inert gases could possibly be due to suppression
of a chain reaction by three-body collisions in the gas phase, -
it was df interest to investigate the effect.of such dilﬁtion
on the maximally inhibited reaction. Figs. 14 and 15 show rate
curves for the decomposition, at 51600., of 100 mm. of pentene,
inhibited by 20 mm. of propylene, in the presence of 100 mm,
of argon, and 100 mm., of nitrogen, respectively. The curves
for the undiluted inhibited reactions are included for com-
parison. Neither argon nor nitrogen causes a deérease in the
rate of the inhibited reactioh. Rather, there is, in each
case; a slight increase, possibly due to an increase in the
collision rate of a non-chain part of the reaction.
" Effect of Addition of Lead Tetraethyl
A further means of detecting the presence of free-radical

chains is to add small amounts of an initiator, at temperature
conditions under which the reactant gas is normally stable,
The initiator must be a substanég known to decoﬁpose into free
_radicals at the appropriate temperature., Metal alkyls are use-
ful for this purpose. |

" In an attempt to initiate the decomposition of pentene-l
at low temperatures, lead tetraethyl was selected as a sensi-

tizer, since this substance is known to decompose readily at
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350°C., yielding ethyl radicals (42). Pure lead tetraethyl
was unobtainable: the mixture used was a solution of Pb(CéHs)h
in ethylene dibromide and ethylene dichloride. Results from
:seusunmﬂnon experiments can therefore be of a qualitative
nature only. '

Experiments carried out at 350°C. led to a decrease in
pressure, indicating that, at this low temperature, free ethyl
:adicals induce polymerization rather than decomposition of
the pentene,:., |

Similar runs were made.at'temperatures at which pentene-l
normally decomposes at a measurable rate. Fig., 16 shows A p-
time'piots for the decomposition of 110 mm. of pentene, in the
- presence of 15 mm. of Pb(C2H5)4, at temperatures of 470, 500,
and 530°C. Curves for the normal decompositions are shown for
comparison.. | |

At each temperature, an increase in rate is exhibited in
" the presence of Pb(C2H5)4° Free ethyl radicals thus appear to
catalyze the reaction. This behaviour suggests that free radi-
cals can cause'decomposition’of pentene-1 to a small degree.
However, since the exact nature of the Pb(Czﬁs)hmixture used
was unknown, no very definite conclusions can be drawn. |

Dependence of the Rate of Decomposition on Temperature

The activation energy of a reaction may be determined
from a study of the temperature dependence of the reaction
rate. The dependence of the rate of decomposition on tempera-

ture was investigated at various initial pressures of pentene
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in the tempefature range between 470 and 530°C. Table IV con-

tains the results for the experiments involved. Two or three
runs were made at each temperature for éach initial pentene
pressure, and the rates listed are averages of the initial
rates, as calculated:from the maximum slopes of the lﬁp-time
curves. o |

TABLE IV

Temperature dependence of the reaction rates and reaction rate
constants at various initial pentene pressures

‘Initial f j Rate . : oy
pressure,| Temp., [1/T x 103 dP/dT, |conspant,, | Log (k X 10 )|
- mm, oCc. mm./min. |secsrx 10
60 1530 1.247 11.5 32.0 1.505
516 1.268 6.62 18.4 1.265
500 1.293 3.80 10.6 1.025
486 - 1.318 2.04 5.66 0.753
470 1.348 0.910 2.53 0.403
110 530 1.247 25.4 38.5 1.585
516 1.268 14.8 22.4 1.350
500 1.293 7 .64 11.6 1.064
486 - 1.318 4,04 © 6.11 0.786
470 1.348 1.82 2.76 0.4l
150 530 | 1.247 30.9 34 1.547
< 516 1.268 18.3 20.% 1.310
500 1.293 9.32 10.k% 1.017 -
L86 1.318 5.00 5.55 0.744
470 1.348 2.18 2.42 0.38%
200 530 1.247 40,0 33.4 1.524
| 516 1.268 23.4 19.5 1.290
500 1.293 11.3 9.41 0.974%
486 1.318 5.98 %.98 0.697
470 1.348 2.76 2.30 0.362
2k7 530 1.247 52.7 34.6 1.551
| 516 1.268 29.0 19.6 1.292
500 1.293 14,5 9.78 0.990
L86 1.318 7.85 5.30 0.724%
4o | 1.348 3.63 2.45 0.389
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A'plot of log k versus 1/T for an initial pentene pressure

of 150 mm. is shown in Fig. 17. The linearity of the curve
shows that the Arrhenius Equation is valid over this range of
temperatures; that is, | |

K = A e-B/RT
Since integration of this équation yieldsvthe expressions

Ink = 1n A - E/RT,
therefore the slope of the 1n k vs. 1/T graph is equal to
-E/RT. The activation enérgies for each initial pentene pres-
~ sure were calculated from the slopes of the respective -
Arrhenius plots; the results are listed in Table V.,

TABLE V

"Activation energies for normal decomposition of pentene-1l

Pentene pressure,Q Slope %Activation energy,|
' mm, _ : kcal./mole
60 10.95 50.2
110  11.23 51.5
150 \ 1.7 52.6
200 | 11.61 ’ 53.2
247 11.60 53.2

From the rate constant at 500°C, the frequency factor, A,
was calculated to be approximately lO:Ll sec._:L . This value is
in agreement with those normally found for such first-order
decomposition reactions,

In the activation energy values listed in Table V, there
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is evident a slight increase correéponding to increase in
initial pentene pressure. In Fig. 18 the plot of activation
energy as a fumetion of pentene pressure yields a curve that

is almost linear. It was of interest to investigate this
varlation of activation energies. A possible explanation of
the observed trend in fhe'values is the following: a higher
activation energy at higher pressures may be due to a process
of collisional deactivation of activated molecules. When a
pentene molecule enters into a collision, it gains a certain
amount of energy, which it subsequently distributes among its
various internal degrees of freedom. Further favourable col-
lisions fransfer more energy, and when the amount of energy
necessary for decomposition has been localized to a specific
bond, this bond will break. vNow it is possible that, during
this internal redistribution of energy, a higher pressure, and
a correspondingly higher collision rate, may caﬁse a greater
proportion of unfavourable collisions, leading to deactivation.
Thus, in order for an activated molecule, at high pressures,
to possess sufficient energy for decomposition it must gain, in
fqvoﬁrableAcollisiong, larger amounts of energy than it would
require at lower pressures, The.corresponding increase in the
°height.of the potential barrier for the decomposition reaction
would be evidenced in a somewhat greater value of the activa-
tion energy.

Effect of Addition of Inert Gases on Activation Energy

Assumption of the abovelmechanism leads to the prediction
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that the ﬁresence.of an inert gas will produce the same type
of collisional effect. This prediction involves the further
assumption.that~éll molecules, regardless of complexity, are
equally capable of transferring energy. ‘In an effort ﬁo test
the validity of this idea, experiments were done in which the
- partial pressure of pentene was decfeased, the tétal pressure
being maintained by the addition of inert gases. In Table VI
are listed the results for two sets of runs in which 100 mm.
of pentene was decomposed in the presence of 100 mm..of argon
.and 100 mm., of nitrogen respectiveiy.. Resulté for 100 and
200 mm., of pentene aloné are included for comparison. These

runs were made in the temperature range of 470 to 530°C.

IABLE VI

Activation energies for decomposition of pentene-l1 in the
4 presence of inert gases

Total Pentene | Argon . Nitrogen | Activation
pressure, pressure, pressure, . pressure, energy,
mm. ' ‘mm, mm, mnm., kcal./mole
200 100 100 0 50.6
- 200 100 0 100 ' 51.0
100 100 0 0 51,2
200 200 0 0 53.2 .

Clearly, increase of pressure due to the presence of

either Argon or nitrogen does not produce any significant in-

crease in the activation energy.
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Effect of Addition of Freon on Activation Energy

Since the molecular weight of‘nitrogen, 28, and the atomie
welght of argon, 40, are both less than the'molecular weight
of pentene, 70;,énd, furfhermore, the number of degrees of
freedom for both these molecules is considerably less than forﬁ
pehtene, it wés hoped to obtain more satisfactory results with
the‘use of a heavier and more complex molecule, which would
still be inert at the temperatures reduired. Fluorocarbons
are known to be both extremely stable to heat and éhemically.
inert. As no pure fluorocarbons were a#ailable,-a freon,
monochlorotrifluoromethane, was uséd, with the hope that it
- would prove sufficiently inert for the purpose. 100 mm. of.the
freon gas showed no significant pressure increase when sub-
jected, for over an hour, to the temperatures used in the
pentene decomposition.

Experiments were therefore done with 100 mm. of pentene in
the presence of 100 mm. of freon. The reaction showed a con-
siderable increase in rate, amounting to approximately a 57%

" increase above the normai value, The activation energy was
found to be 53.5.kcal. However, samples of the reaction mix-
tures, taken after ten minutes, gave positive tests for haiogen
with alkali and alcoholic silver nitrate. Since the freon gas
alone,‘when tested similarly, did not give positive test for
halogen, it was concluded that some methyl chloride, methyl
fluoride, or other alkyl halide had been formed in the reaction,
and hence that the freon used was not inert at these temperatures
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in the preSence of pentene,

Effect of Addition of Propylene on Activation Energy
Since propylenéAhas been found to inhibit the pentene

decomposition, presumably by a chain terminating mechanism, the
residual'reaction may'be :egarded as a process of molecular re-
arrangement, It was of interest to investigate the activation
energy of this residual reaction in order ﬁo determine whether
there still existed a variation of activation energy with pres-
sure. |

The activation energies for the maximally'inhibited de~
compositions were investigated at three different initial
pressures over the temperature range from 470 to 530°C. The
results are shown in Table VII,

TABLE VII

I

- Activation %nergies of maximflly inhibited decomposition
! ‘ A

‘Total Pentene Propylene Activation
pressure, pressure, pressure, . energy,
mm. mm, mm. kecal./mole
6l 5 10 49.5
134 110 2l 50.7
- 250 200 50 52.0
R 1

The values for the activation energy of the residual reaction
are very close to those of the total reaction, being approii-
matély 1 kcal. lower. In Fig. 19 is shown a plot of activation
energy as a function of initial pentene pressure. Again, én

increase in pressure corresponds to an increase in activation
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energy. vHence this effect is not peculiar to the uninhibited
part of the reaction alone.
_ The close similérity between the activation energy values
for the inhibited reacfion and for the total reaction indicates
that the two processes are able to proceed with almost equgl

ease,

Effect of Addition of Inert Gases on Activation Energy of
Maximallx-Inhlbited Reaction

Since the maximally inhibited decomposition was found to
exhibit an increase in activation energy with increased initial
pressure of hydrocarbon, the ability of inert gases to maintain
the high activation energy value of the residual reaction was
investigéted. Two sets of experiments were done over the
range of temperatures from 470 to 530°C. with pentene inhibited
with propylene, and in the presence of argon and of nitrpgen
respectively. Results obtained are shown in Table VIII,

Values for the inhibited decomposition of 200 mm. of penteﬁe-l,
in the absence of inert gas, are shown for comparison.
TABLE VIII

Activation energies of maximally inhibited decompositixu1diluted
with inert gases

Total Pentene Propylene | Argon Nitrogen Activation:

pressure,! pressure, | pressure, pressure, | pressure, energy,

mm., mm. mm, mm, T mm. Kcal./mole
220 100 20 100 0 50.2
220 100 20 0 100 50.5
250 100 50 , 0 0 52.0




™
As was found in the case of the uninhiblted decomposition,
neither argon nor nitrogen.is effective in increasing the value
of the acfiyation energy of the residual reaction.

Effect of Addition of Nitric Oxide on Activation Energy
Although nitric oxide was found ineffecti#e in inhibiting

the pentene decomposition, it was thought possible that its
presence might affect the value of the activation energy. Ac-
cordingly the temperature dependence of the decomposition of
pentene in the presencé of nitric oxide was investigated_at
three different initial pressures. Results for these experi-
ments are given in Table IX. | |

| TABLE IX

Activation energy of decomposition in presence
of nitric oxide

Total | Pentene ‘kitric oxide|Activation

pressure, | pressure, | pressure, energy,

" mm, mm., . mm, kcal. /mole
60 50 .| 10 50
230 200 30 53.4

Cleafly, the addition of nitric oxide has no appreciable effect
on the valué of the activation energy. The increase with in-
creased pressure is again observed .,
Summary of the Experimental Results

The main results obtainéd in this investigation may be

summarized as follows:

(1) Pentene-1 decomposes at a measurable rate at temperatures
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abovevh70°C. The pressure-time curves at this temperature
show an initial decrease, followed by a rapid increase as the
rate builds up to its maximum value. At somewhat higher tem-
peratures there is only an increase in pressure, indicating
that at the high temperatures polymerization is not an im-
portant primary process. -
(2) The reaction rate is of the first order with respect to
the initial pentene pressure. At 500°C, the reaction rate
constant is approximately 9.061 mind .
(3) Increase of the surface-to-volume ratio causes no appre-
- ciable alteration in the rate of the reaction. The reaction
is therefore essentially homogeneous.
(4) Addition of argon and of nitrogen causes a slight de-
crease in the rate of the reaction, the effecf being more
prbnounced in fhe case of nitrogen. This phenomenon suggests
that the reaction is not a simple collisional activation
process; rather, the operation of a free-radical chain '
mechanism is indicated, wherein the inert gas molecules are
able to function as third bodies, favouring radical recombina-
tion. |
(5)- Nitri§ oxide has no effect on the rate of the reaction.:
This behaviour suggests three possibilities: |
(a) the absence of free radicalsj |
(b) a catalytic effect of nitric oxide, equal and
opposite to its inhibitory action

(Q) the presence of some reaction product, such as
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propylene, which is able to combine with
- radicals more effectively than is nitric
oxide, This latter alternative suggests
‘extremely short reaction chains, the majority
of the free-radical reactions involved being
chain terminating steps.
(6) Added propylene causes a 20% reduction in the rate of the
reaction. Beyond a certain amount, further addition of propy-
lene does not affect the rate. This phenomenon suggests the
operation of a free-radical.éhaiﬁhmechanism, repressible by
propylene., The residual reaction may or may not involve
chains. | =
(7) The presence of inert gasés in the maximally inhibited
reaction causes a slight increase in.the‘rate. This behaviour
suggests that the residual reaction, in the presence of propy-
lene, does not involve freeQradical chains.
(8) The presence of lead tetraethyl, at low temperatures, in-
duces polymerization of pentene-l. At temperatures at which
the normal decomposition proceeds at a measurable rate, small
amounts of lead tetraethyl accelerate the decomposition. It
would appear probable therefore that both the low?temperature
polymerization and the high-temperature decomposition are
processes involving free radicals.,
(9) The dependence of the rate of the reaction upon tempera-

ture is in accordance with the Arrhenius Equation., The activa-

tion energy for the normal reaction is approximatelyv52 kecal.
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‘pervmole; The frequehcy factor, at 500°C., is approximately
1011 sec7l . |
(10) Increase in the initial pentene pressure is accompanied
by an increase in activation energy, amounting to betwéen 1
and 2 kcal, pef mole for a pressure increase of 100 mm,
(11) The energy of activation is unaffected by the addition
of nitrogen or argon to the reaction system.
(12) The presence of CF3Gl considerably increased both the
rate of preséure change and the activation energy for the
process. Positive evidence for the presence of an alkyl
halide ih'the reaction mixture indicates that the freon is not
inert in the presence of pentene-l at the temperatures émployai
(13) - Addition of propylene produces no appreciable change in
the values of the activation energy. The maximally inhibited
reaction exhibits an lncrease of activation energy with in-
crease of pressure. The mechanism causing the pressure-
dependenée of the.activation energy would therefore appear to
be also operative in the residual reaction, and not a property
of the repressible portion of a chain mechanism.
(14+) Addition of inert gases to the maximally inhibited re-
action produce§ no appreclable effect on the activation energy.
(15) Addition of nitric oxide produces no appreciable effect

on the activation energy.
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DISCUSSION

Nature of the Primary Activation Process

The first question which arises in predicting the mecha-
.nism of a thermal decomposition reaction concerns the funda-
meﬁtal nature of the primary activation process. The primary
act in the decomposition of any organic molecule may be either
an internal rearrangement to stable products or a bond rupture
producing free radicals, which subsequently cause further
decomposition by a chain mechanism. In any particular instance,
one of these mechanisms may be operative to the virtual ex-
clusion of the other, or the two processes may occur simui—
taneously in potential competition.

In order to deéide upon the relative effectiveness of
these two types of mechanism in the thermal decomposition of
pentene-1, it will be necessary to consider the experimental
evidence which hés beeh accumulated'both for and against the
presence of radical chains. The evidence in favour of the
participation of a free-radical chain mechanism. may be sum-
marized as follows:\

(a) the presence of inert gases in the reaction mixture .

causes a decrease in the reaction ratej;

(b) added propylene inhibits the reaction, reducing

the rate to approximately 804 of its original valuej
(c) added free radicals accelerate the reaction.

However, further experimental results do not appear to support



| 49
 these observations:
(d) nitric oxide is incapable of causing inhibition -
of the reactionj o

(e) the reaction rate is not sensitive to a change

in the surface-to-volume ratio in the reaction
vessel,

These points will be considered in turn.

For a homogeneous decomposition reaction, dependent upon‘
collisional activation for causing direct molecular rearrange-
ments, the presence of inert gases would be expected to ac-
celerate the rate of decomposition. That is, if the partial
pressure of reactant molecules were decréased, inert gas
molecules should maintain, by collisions, the high-pressure.
energy distribution among the moiecules, so tending to prevent
a falling off in rate. .If, however, a chain mechanism is
operative, an inert gas may affect the rate ih one of two
possible ways: (a) if chains are terminated heterogeneously,
the inert gas, by impeding diffusion of radicals to the surface
of the reaction veséel, may be expected to accelerate the
reaction; (b) if radicals recombine homogeneously, an inert
gas should retard the reaction by favouring recombination of
radicals at ternary collisions. Now, since the surface haé
been shéwn to play no significant part in the decomposition of
pentene-1, 6bviously recbmbination of any radicals that may be
present must be a.homogeneous process. It has been shown that

both argon and nitrogen, ewven when present in large proportions,
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fail to cause any acceleration; rather, they have been observed
to exert a definite retardation on thé reaction rate., Thus it
~may be inferred that the decomposition of pentene-1 involves
a free-radical mechanism, in which reaction chains are termi-
‘nated homogeneously, partially, at least, by ternary collisioms.

The effect of propylene will next be considered. In
acting as an inhibitor, a propylené molecule is believed to
function, essentially, as a third body for removing radicals:
the propylene molecule replaces a chain carrier by a more
stable allyl-type radical, less efficient for continuing the
chain process:

R + CH3CH =CH, —> RH + CHy, - -~ CH - - CHZf

Other unsaturated molecules may be expected to act similarly;

for example, it has been shown that isobutene inhibits the
deconposition of pentane (ho)._ In the pentene-l decomposition,
the presence of a-lérge amount of unsaturated material, due
both to the pentene itself and to its decomposition products,
may be expected to cause appreciable inhibition in the course
of the nérmai reaction. Thus it might be expected that a
large proportion of any free-radical chains which may be
initiated in the primary process will be terminated in this
way. If repression of the radical chains is incomplete in the
normal reaction, the addition of increasing amounts of propy-
lene should supplement such inhibition to the point of complete
chain termination. Such was indeed found to be the case.

Propylene inhibition reduced the rate to about 80% of its
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normal value, Molera and Stubbs have also reported some in-
hibition of the pentene-1l decomposition by propylene (34).

The third positive criterion for the presence of free-
radical chains is the opserved catalysis of the deéomposition
by lead tetraethyl. There seems to be little doubt that a
metal alkyl, such as leéd tetraethyl, decomposes with ﬁhe
7formation of free radicals: o

MRx-—> M + xR,
where M is the metal and R the alkyl radical (41). Such metal
alk&ls have frequently been used as sensitizers. Catalysis
of an orgﬁnic decomposition by the presence of small amounts
of such substances is regarded as evidence for a free-radical
mechanism: the added radicals ére believed to attack reactant
molecules and acceleréte their decomposition. The observed
catalysis of the pentene-l decomposition, then, by small
.amounts of lead tetraethyl, indicates that free radicals are
able to cause decomposition of the pentene. Such indications
do not, hoWéver, prove conclusively that chains are effective
+in the normal decompoéition._

- On what would appear to be the negative'side of the argu-
menf for the action of free radicals in the pentene decomposi-
tion, are the results from experiments on nitric oxide inhibi-
tion and from experiments on surface effects. It is possible,
however, to interpret the results of these experiments in such
a way that the observed results are not necessarily contya-

dictory, and a chain process may still provide a plausible
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explanation of the reaction mechanism.

Nitric oxide produced no alteration in the decomposition
rate. Molera and Stubbs report the same result (34). Assum-
ing the effect of all inhibitors of chain reactions to be
essentially the same; that is, to reduce the concentration of
chain radicals, it would seem contradictory that propylene
should be capable of causing appreciable inhibition, whereas
nitric oxide 1s completely ineffective. In order to provide
aﬂ argument in favour of a chain mechanism, it must be shown
that the observed lack of inhibition doeé not constitute proof
" of a non-chain reaction: one of the féllowing aSsumptionsv V
must be made: (a) that nitric oxide can start chains as well
as stbp them in penteﬁe; (b) that the radicais'present in the
pentene decomposition combine with nitric oxide too slowly for
appreciable inhibitionj or, (c) that the inhibitoryveffect due
to the nécessarily high concenﬁration of olefins present in |
the reaction mixture will swamp out any effect of nitric oxide,
Thezfirst of these assumptions was adopted by Rice and Polly
in order to account for similarly unusual inhibition results
for the decomposition of acetaldehyde (42). They proposed the
following scheme by which nitric oxide can both start énd stop

chains: |
My — 2Ry | (1)
M, + NO —HNO + Ry | - (II)
Rl + My - RlH + R2 , (IID

o> + % (1v)
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R, + NO —> RyNO - | W
2R, —>R;—R, (V1)

Ry + NO —>R,NO | | (VII)
Ri + Ry —>R;~R, - (VIII)

Deéomposition was assumed to oceur with chain termination
either by steps (V) and (VI), corresponding to a low activa-
tion energy for step (IV), or by steps (VII) and (VIII), with
a high activation energy for step (IV). It is possible to
assume a scheme of fﬁis type for the pentene-l decomposition:
nitric oxide may react with a pentene molecule, yielding HNO
plus a radical, R,, which decomposes, producing R;, a smaller
radical able to initiate the chain step (IV). According to
this séheme, nitrié oxide also functions as an inhibitor by
combining with Ry and Ry. It is possible, on this basis, to
predict no net effect of nitric oxide on the observed reaction
rate, -
| Assumption (b), that the reaction between nitric oxide
and the radicals present is too slow to produce appreciable
inhibition, hardly seems a probable explanation: it 1is very
likely that, if radicals are present at all, both methyl and
éthyl radicals would be amoné these, and in most other organic
decomposition reactions involving these radicals, nitric oxide
has been found to exhibit very marked inhibitory effects (1).
A consideration of the unsaturated nature of theodecom-

:posing pentene molecule and of the probable unsaturated nature
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of its decomposition products, suggests that (c¢) is the most
reasonable assumption, more especially in the light of the
experimentally observed inhibition by propyléne. Unsaturates,
present in large concentratlion, must far surpass nitric 6xide
in thelir ability to terminate chains. Any inhibltory effects
of nitric oxide are completely masked. The results of other
investigators bear out this conclusion. Eltenton, from mass
3pecfrometric investigations, concluded that propylene reacts
more easily than does nitfic oxide with methyl radicals(43);
at high temperatures he detected both methyl and allyl radicals
in the decomposition of propylene. Observations made by
Steacie and Folkins on the nitric oxide inhibition of paraffin
deéompositions demonstrate that the inhibition falls off as
the reactions proceed, the rates approaching their normal
values (44). These investigators have attributed their find-
ings to the building up with time of olefin concentration in
the products, the ensuing inhibition by products swamping qut
the effect of nitric oxide. |

Assumption (c)'appears more convineing than (a). It is
rather improbable that the opposed accelerating and retérding
actions of nitric oxide should exactly counterbalance each |
other, yielding no net effect.

The second argument which seems to suggest a non-chain
process 1ls the homegeneity of the reaction. If long chains
are assumed, a large increase in the surfaée-to-volume ratio

would be expected to facllitate heterogeneous radical
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recombinétions. However, if the chains are short, relatively
more homogeneous chain-breaking processes will occur while a
given number of hydrocarbon molecules decompose; hence, any
competing chain-breaking process due to inhibition on the
surféce will be less important. There are indications that
the chains are short. In the first place, quite considerable
anmounts of propylene are required in order to bring'about ap-
preciable innibition: this fact suggests a large number of
relatively short chains rathér than a few long ones, since the
amount of inhibitor used to stop chains must logically depend
on the number of such chains present. Further, if it is as-
sumed that the maximally inhibited reaction represents é state
of affairs in which all chains are cut down to their primary
process, the average chain length may be calcuiated from thé
ratio of the normal to the inhibited rate. A low value of
about 1.25 is obtained. This means either: (a) that radicals
from every 4 primariiy decomposing molecules cause the decom-
position of 1 more; or, (b) that only one in 100, say, of the
primary processes ylelds radicals, but that each of these
causes the decomposition of about 25-molecules. In comparison
with the extremely long chains found in mahy organic decom-
position réactions, even the second possibility does not lead
to an extremely large value for the absolute chain length.
Short chains were also postulated by Gorin on the basié of his
analytical results for the pentene-l decomposition in a flow

system (32).
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A consideration. of the foregoing'results therefore ap-
pears to point to a mechanism invdlving a split of pentene
molecules to free radicals, which subsequently initiate short
chains, terminated both by ternary collisions in the gas-phase
and by comblnation with unsaturated molecules. The long, flat
minima of the inhibition curves show that a definite fraction -
of the reaction is exempt from inhibition. Presumably this
residual feaction consists of an intramoleculér rearrangement

process of low activation energy-. Although 1aék of further

| inhibition does not preclude the possibility that the maximal-
1y inhibited reaétion is itself a modified chain reaction, the
fact that inert gases exert an accelerating rather than a re-
‘farding effect on the.rate of the inhibited process, would
suggest the absence of chains. The fact that the.actiﬁation
- energy values for the normal and the inhibited reactions are
very close probably renders the two competing mechanisms of
about equal importance in the overall reaction process, and
‘explains why they are able to operate simultaneously.

According to the simple coliision theory, the r;te con-
stant may be calculated from the collision number, 2z, and the
" observed energy of activation for the reaction by use of the

equation:

The k obtained will be the rate constant expected from simple
collisional activation in two squared terms. Rate constants

have been calculated in this way for both the normal and the
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maximally inhibited decomposition of 200 mm. of pentene-l1l at
SOOOC. The value of z, the number of molecules colliding /cc.

/sec., was calculated from the equation:

; i
z = 2n%2 ETRT} LA

M
where n represents the number of molecules in a unit volume,

0 the molecular diameter (5 x 10-8

cm.), R the gas constant/mole,
T the absolute temperature, and M the molecular weight of
pentene. This yields a vélue for z of 1.7 x 10‘9'7 molecules
colliding /cc./ﬁec.v In Table X the calculated values of k are
compared with those obtaiped experimentally. Now, although
the activation energy for the inhibited reaction is somewhat
lower than that for the normal reaction, it 1s seen from

Table X that the observed rate constant is still greater than
"would be expected from simple collisional activation in two
squared termé. Hénce the internal rearrangement process must
be one in which many degrees of freedom contribute to the aéti-
vation.

TABLE X

Calculated and observed rate constants for normal and -
' inhibited reactions

|
‘ k from 2z e'E/RT, k from actuil rate,
sec.” ' sec.”
Normal reaction | 5.2 X 10-8 9k x 1074 -

Maximally in-

hibited reaction 1.4 x 1077 ' 1.9 x 10‘LF
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A consideraﬁion of the bond strengths involved imposes
certain restrictions on the proposed chain;mechanism. Accord-
ing to Stevenson's results (45),'bésed on electron'impact data,
we‘may assign a bond energy value of approximately 77 kcal. to
the weakest bond in the pentene molecule; that is, to the C-C
bond in the/B position with respect to tke doubly-bound carbon
atom. The actiﬁation energy of the‘overall reaction is thus
considerably lower than the energyvnecessary to disrupt the
weakest 1ink in the molecule. If, then, a chain process is
important, only exceptional molecules; too rare to affect the

-mean activation energy, can give radicals. This suggests
relatively few chains. In order that the chain process be
important in relation to the competing intramolecular mode of
decomposition, the chains must be of appreciable lengths.

Now, it has been observed that the activation energy for
the ihhibited reaction is somewhat lower than that for the
overall process. It follows that inhibition muét increase with
temperature. Therefore the average chain length must increase
wifh temperature, suggesting that the chain reaction is more
important at higher temperatureé, when more thermal energy is
available.

Thus it would appear that the decomposition of pentene-1
is a complex process, involving a free-radical chain‘mechanism,
inhibitable both by reaction products and by added propylene,
together with an intramoiecular rearrangement process of low

activation energy, a large number of internal degrees of
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freedom contributing to the activation process., At high tem=. .
peratures the contribution of the chain mechanism to the overall
reaction becomes more important. The absolute chain 1ehgth in-
creases with temperature: probably very short chains predomi-
nate at lower temperétures, most of the chain steps being those
. of termination, whereas at higher temperatures the chains are
longer-lived. Chain termination takes place homogeneously
both by ternary collisions, with pentene molecules acting as
third bodies, and by addition of radicals to unsaturated
molecules. .

Wiﬁhoutdgxailaianalyses of the reaction products, no
conclusions can be drawn as to the exact mechanism of the
decompbsition. It is to be hoped that future mass spectro-
metric analyses will be able to elucidate more completely the
complex kinetics of the thermal decomposifion of pentene-1l.
Dependence ovactivation Enefgz 6n Initial Pentene Pressure
| It was found that the value of the activatlon energy ex-
~hibited aLémall increase with an‘increase in the initial pen-
tene pressure. Such a phenomenon in the pentene-l decomposi-
tion has also been reported by Molera and Stubbs (36). These
authors, however, do not comment upon their findings. ’Such a
trend of activation energies contrasts éharply with the be-
haviour of normal paraffin hydrocarbons, ‘which exhibit a 1arge 
decrease of activétion energy with increasing pressure.

The increase of activation energy with pressure found for

the normal reaction of pentene-1 has been shown to apply also
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to'the maximally inhibited-feaction. Thus it would appear
that the explanation fqr this behaviour must lie in thé‘acti-
vation mechanism of the molecular rearrangement process. A
possible explanatioh for the phenomenon has been suggested in
the experimental section of this thesis (p. 34). >This sug-
: gestioh involves a mechanism of collisional deactivation:
activated molecules, whose energy of activation is distributed
in several squared terms and so is not mobilized for the
rupture of specific‘bonds, are deactivated by collisions with
normal moiecules at high pressures. That.is,‘the relative
probability of unfavourable to favourable c¢ollisions must be
assumed to be greater at higher pressures. Due to this |
siphoning of energy by unfavourable collisions, there will
follow an increase in the energy:that a pentene molecule must
- gain by favourable collisions in order to reaéh the top oflthe
potential energy barrier. Such an effect would be manifested
in a higher value of the activation energy at higher pressures.

Experiments performed with high pressures maintained by
‘the presence of foreign gases have failed to providevany ‘sup-
porting evidence for this hypothesis. Their presence exerts
no appreciable effect on the observed values of the activation
energy for either the normal or the inhibited reaction., It
may be, however, that argon and nitrogen are not molecules of
sufficient complexity for the purpose. It is hoped that in
future work it ma& be possible to find a molecule comparable in

complexity to the pentene itself, yet still inert at the ~
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temperatures of the pentene debomposition. ' Such a molecule,
ﬁossessed of several more degrees of freedom, might be expected
to exert a collisidnal effect similar to that shown by pentene.
Thus no definite conélusions can be drawn as to the validity
of the proposed collisional deactivation process. In the
light of the results obtained with nitrogen and argon, it
would appear more probable that the phenomenon arises from
some ihherent property of the mode of decompésition of the
pentene molecule itself, Since the inhibited part of the
mechanism is believed to proceed'with a slightly greater
activation energy than the residual reaction, it might be
speculated that higher prgssures favour a chain mechanism;
that is, that as the pentene pressure is increased, the con-
'tributibn of a chain mechanism to the composite reaction be- |
comes of increasing importance. Were this the case, it should
follqw that reéctions with increasing pentene pressure should
demand increasing percentages of propylene for inhibition. ' The
presenﬁ observations on propylene inhibition, however, are not
sufficiently detailed to form the basis of a decision of this
sort. Presumably only a small extra amount of propylene would
be required to lead to such a sméll change in the activation
energy.

It mist be realized, however, that due to the poor method
available for activation energy determination, a variation of
two or three kcal. need not necessarily be of significance.

A small error in the reaction rate would lead to a large error
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"~ in the slope of the Arrhenius plot, and a consequently large

error in the value of the activation energy. va such small
errors in the observed rate were consistent, there could result
a consistent but errqneous.trend in the calculated activation
energies. For this reason not too much significance should be
attached to the present results of the dependence of activa-
tion energy on pentene pressure. A small, cosistent contribu-
tion from some secondary reaction could conceivably lead to
the phenomenon observed. Investigations made over a far
greater preésure»range would be necessary before any definite
conclusions could be made as to the}genuine existence of an

increase of activation energy with increasing pressure.
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