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INTRODUCTION




The discovery of fire and combustion must renk with the
wheel 88 one of the earliest and most far-reaching of all the
discoveries mace by man., Fire hes always occupied &
prominent place smongst the mysteries of the world and aroused
the interest of the earliest philosophers. It was one of the
four elements of the alchemists, and the study of its cause,
nature snd epplication became a matter of the greatest
importance with the advent oi the internsl combustion engine.
The slow combustion of hydrocarbons has been studied largely
beceause of the facility of working et temperstures below the
ignition point. INew techniques heve been developed and a
unique field of research in chemistry hss been revealed. The
importance of slow combustion studies does not now rest so
heavily on the application of the results to the technical
combustion of fuels} rather do such studies reveal the appli-
cation of' the methods of kinetics to the elucidation of the
mechenism of very complicated systems and in particulsr the
results obtained mey be used to provice some knowledge of bond
dissociaetion energies in hydrocasrbons.

The first exact knowledge of the chemistry of burning
was mainly derivec by the work of Davy anc his comtemporaries
which was designed to elucidate the causes of mine explosions.
Though this work gave rise to no great theoretical developments
it disclosed certain broaa facts relating to the ignition of

explosive mixtures, the influence of colu surfeces and

narrow pesssges in the extinction of flemes, the eifect of

rerefection and dilution oi exrlosive mixtures end nermitted
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some conclusion to be dravn as to the relative combustibilities
of geses and their explosive limits,

After Davy's death, there srose the mistsken dogma of
selective combustion of hydrogen in hydrocasrbon flames but this
became untensble after the discovery, by Smithells and Ingle,
of hydrogen in the interconal gsses of aerated hydrocarbon
flames, These workers indicated thet the probeble series of
changes for methane might be represanted by the equetions

CH), + 0o _ CO + Hp0 «+ Hp

€O+ HO 5 00, + H,

In 1874 H.E. Armstrong (1) suggested that the oxidation
by hydrocerbons proceeded by e mechanism involving the successive
formetion of hydroxy-compounds such as CH3OH, CHQ(OH)z, CH(OH)5
which would be thermelly unstable, leading to the production
of simpler substances, mainly by thermal dehycdration. Though
Armstrong's theory lsy untested for almost thirty years, it wes
to become & very great force in the study of hyarocarbon
combustions.

About 1900, W.A. Bone began a series of classiceal researches,
the results of which eppesred to establish the hydroxylation
theory as a working hypothesis, With various colleborators,
Bone (2,3,4,5) studied slow and ex»losive combustion of
methene, ethane, ethylene and scetylene. Two experimenteal
techniques were employeds In the first the reection mixture
was hested in a sesled pglass tube ahd the geses were anslysed

ot verious times, Cecondly, flow experiments were conducted
in which the geses were nassed through a2 heated tube packed

with porous porcelain end then into traps where soluble and
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‘condensible products were removec., Several importsnt points
were recognised. For exam le oxides of cerbon, water, alcehydes
and scide were founu in the preducts but neither carbon or
hy.rogen was uetected, Jurther it wes obaerved that cerbon
dioxide was formed unuer conditions where the oxidstion of
carbon monoxide wes inconceiveble and that esldehyces ennesred
in the nroducts be‘ore siecem or carboneoxides. “egerding these
facts as expliceble by the hyiroxlyation theory Bones's
collatoretors Newitt end Helfner, seeking more direct proof,
studied the oxidation of methane at high pressures and noted
the formation of large smounts of methyl sleohol.(6).

In the Bakerian Lecture, 1932, Professor Bone (7)
summarised the state of knowledge at that time and discussed
in some detail the nature of the initially formed oxygenated
molecule, It is not the lesst remarkeble feeture of
hydrocerbon oxidations that most of the products contein one
atom of oxygen so that the mode of scission of the diatomic
oxygen wolecule is perheps the key to the problem of combustion
mechanis», Done's hydroxylation theory involved the breskdown
of oxygen molecules into stoms, A vestly disferent idea had
been sdvenced by Cellender in 1927 (8. He proposed thet the
first intermediste product was formec By the incorporetion of
en oxygen molecule ss 8 whole in the hydrocarbon molecule,

Thugs R=H &+ (=0 —> R-0=0=H or N.0«0«R, Thig principle of

primaery peroxide-formetion received strong surport from a work

by Bez;tnatt end Mardles (9) who considered that the sepsratiom =

of oxygen molecules into atoms would lesd to & profusion of

electrons but who could detect little or no ionisation during



the slow combustion of some hydrocarbons.

At thet time Bone concluded that all the evidence was
in favour of the hydroxylation theory and that the first inter-
mediate was a monohydric alcohol. Thus e.g. CH, + 0Op --)CH3OH
This conclusion was probebly justified as Bone end his colla-
borators had accumulated so much evidence for that process,
wherees the peroxidation theory wes too young to heve eny firm
backing at that time,

About 1927 - 1930, Semenov, working in Leningrad,
developeu the theory of chein reactions. On the basis of the
kinetic theory of gases he was able to exvplesin the phenomenum |
of chain reactions and celculsted certein relstionships which
were found to operate in very many ceses. gSemenov (10)
recognised the existence of two types of reaction cheins -
stationary or unbranched, end branching chains. ZAn excellent
example of s stationsry chein is that operating in the
photochemical synthesis of lﬁrcrogen chloride. The propagestion

steps are
Cl + H2 —> HCl +« H

H+Cly, —  HCL+Cl

Chains with branching sre diiferent in that one complete
cycle of operations results in a nett increase in the number
of sctive centres, It will be seen thet in the case of a
stationary chein, while each step results in the formetion of
& chein 'carrier' it also consumes one (e.ge H + 012-)!101 + Cl)
‘and that althougl; the c;:_ain length may be very great there is
never any increase in the aversge number of chain cerriers. In
& brenching-chein reaction, on the other hend, the number of

chain carriers may incresse ireely. In the following genersl



exsmple A,4iB;, CE end AB ere all active centres for reaction
while the other species are normel steble molecules.

2® B — A8 (1)

ABY + CA —> B0+ 4* (2)

4B,C —> .o (3)
The two resctions (1) end (2) constitute a normal stetionary
chain while recection (3, represents branching oi the chain. It
need hardly be pointed out that even if 4B were & steble molecule
resction (3) would still result in brenching since there is en
overell gein of one pctive body es a result of the cycle of
operations A% & By 4+ 2C —> #* . 4B & CB*.  Calling the length
of the primery (stationsry) chain® , the probsbility of branch-
ing st eny 1link S , and 8 the probebility of chain-breaking at

eny given link, Semenov: hes shown *’E‘a?fiyﬁh" velocity of reaction
o aY

at sany time t is given by ”‘"5_' L~ —-l} where N, is the

nusber of initisl active centres end AV is the time necessary
for the formation of one link in the chain i,e., the time for
which an sctive centre creasted in the chain exists beilore

entering the reaction, For lerge values of t the expression

Hk i No
Re whare A'éatﬁ

reduces to w =

Ounch 96 s Sﬂﬁ = .._.n.L
avy AAY

Assuming ressonsble values for ® @ end AXSemenov indiceted

that & resction of this type would incresse its velocity by €
in tiwmes of the order of one second, However, meny resctions
“gre known where the tise reguired for such an incresse in veloclty
is of the order of several hours, To explain this phenomenum
it is necessery to ad=it that AY msy be memsured in winutes rather

then in tenths of & second gs wes cone in the first case. This
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is the basis of the rather special theory of the existence of
cheins with degenerate branching. This postuletes the
operation of a primery chain, not accompenied by branching,
which leads to the formation of a relatively staeble intermediate
which, after a comparatively long time breaks down by non-radicel
reactions to form the final products of reaction. The
intermediaste may also be cepasble of & second reaction which
incidentelly creates further active centres, which, in turn, are
able to start the chain of the primary reasction. Lepending
upon the stebility of the intermeciste, the degenerate branching
mey teke place long after the perishing of the primary chein.
The process may be represented thusi-

K el M (formation of intermediste by the primery

chain)
1. M _Rk s B (direct product formation)

2, M Ra,, B (formation of products with incidental
creation of initial centres of A—>M chains)

I7 the rate of generstion of secondary chains (given by v§,
where » = primary chein-length end3:=probsbility that one
molecule of the intlermediate M will create a secondery chain)
exceeds the rate at which the primery chsins perish, then the

consequent increase of the reaction velocity is given by

GBp-1t
wct)=§'—2{ae i 1}

-l

where O is the time between the commencement of the primary
chain and the beginning of the secondsry chain. Since the time
of development of each primary chain is very small, 0 may be
.regarded as the life-~time of the ingermt:_cxiatti e l"or_hi_gh
enough values of t the sbove rate relationship reduces to

= = e B0, i e DBV, MY
4.::0:\ = Ae’ whme A 8,‘3-1 ¢ ) AD

By & consideration of the significence ef 3, end 8 the
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expression for the rate cen be further simplified. If the

velocity of processes 1. and 2, are given by k(i) end k(M)

then O, = the probability thet ¥ —> B by process 2,

= - ko(M) . kp
O]+ i kv kg

Also 8 = the sversge life of the molecule N

= T

6, ©,
But ‘3 = k1 end -Ié' e k‘?

..I 9 = — 1
o Ak
Thus Sw-1 = (u kg -1 (ky + ky)
e g o+ k:’} 1

= (V0 =-1) k:_, - k1

Hence w (%) = n,o (k1 - l"g) [gu “1) kp = kdt

(B-1)kp =~ k¢ ©

- Mﬁ%—i—-‘ﬁl.e’“ vhere $ = (v = 1)kp= Ky

The exponent ¢ has been described as the net-brenching factor
and is very importent charscteristic of a chain reaction
with degenerate branching, It may be evalusted by messurement
of the slope of the line obtained if the logerithm of the
emount of chenge is plotted sgeinst time, Semonov analysed
the results of severasl workers end demonstrated the lineerity
of this type of graph in the early stages of many reactions.
Not the least remarkeble feeature of this type of reection
is the extrsordinary sensitivity of the reasction rate to the
atateé of the walls of the vessel.  Uince there are two
possibilities (homongeneous enc heterogenéous for esch of the

two.raact‘lona (1, and 2, ) of ¥, there are, sltogether, four



cases to be considered

1. 1. homogeneous snd 2.homogeneous

2+ 1. homogeneous and 2.heterogeneous.

3. 1. heterogeneous and 2,homogeneous.

4e 1. heterogeneous and 2.heterogeneous.
Each of these four cases must be sub-divided according to
whether the chains A — M are broxen in ﬁhe volume or on the
walls. In each case where the primery chains are ruptured on
the wells, » = ad? where d is the vessel diemeter, snd the rate
is increased by increesing the vessel diameter; in the other
case of primary chain rupture in the volume of the vessel,
increase of the dismeter leads to a decrease of the rate when
reaction 2. is heterogeneous (cases 2. and L. sbove), to an
increase of the rate in case 3. and in case 1. increasing the
vessel diameter does not affect the reaction velocity.

Apart from this extreme sensitivity of reaction velocity
to the dimensions oi' the reaction vessel, the chain theory
predicts seversl other characteristic properties, the existence
of some of which in any particulsr case being considered as
adequate demonstration of the operation of & chain mechenism,
Aﬁong these are the existence of sharply defined explosion limits,
the catalytic effect oif treces of foreign substences, high
quantum yielus, the existence of an induciion period and the
operation oi abnormel kinetic relstionships ara temperature

dependences. Stimulsted by the discovery (by Backstrom (11))

of the chain cherecteristi s of the nhoto - &ng tﬁ;;mal ~_;;iaa;

tion of benzaeldehyde, Fgerton (12) wes led to subscribe to the
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peroxidation ideas proposed by Callendar (8)§ at the same

time he advenced the idea that an energy chain Operatéd. VWhile
studying the problem of knocking in internal combustion engines,
Egerton found that one molecule of lead tetra-ethyl in 200,000
molecules of the fuel-air mixture was effective in the prevention
of knock, which is, essentially, premature slow combustion of fuel
This remarkably eificient inhibition wes only expliceble in

terms of' a chain reaction and the following scheme wes suggested

RH® + 03 —>  ROoH® (1)
ROLH™ —3 ROoH 4 (2)
ROoH™ + RH  —3 ROpH + RET (3)
ROH™ + M —  ROpH + M ()
ROpH" —> R CHO® + Hx0® (5)

This energy chain explained the detectability oi peroxides and
aldehydes at an early stage in the reaction, the high efficiency
of lead tetrs~ethyl as an inhibitor end the luminescence often
observed far below the ignition tempersture.

The year 1935 saw the publication of two very important
papers of a theoreticael nature. The first, by Norrish (13),
criticised the Bone hydroxyletion theory on the grounds that
it did not account for the kinetic evidence, the high efficiency
of positive and negative catalysts, the inhibition due to increase
of surfesce area, the eiiect of veriation of the vessel dismeter
upon the ignition temperature, the existence of shsro kinetic
limite of explosion end the difficulty of detection of alcohols
in the ea;ly steges of the resction. Norrish also criticised the
Fgerton energy-chain theory becsuse of the difficulty of

detection of peroxides during the induction period, the lack
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of eifect on the induction period of addition of peroxides
and because the acdition of en inert ges did not result in
desctivation. This latter effect would certainly be
enticipate: in the case of sn energy-chein reaction. Review=-
ing the work of Hinshelwood (14), Rgerton (12), Haber (15)
and Semenov (10), Norrish concluded that a chain reaction was
in operation end advanced his atom chain theory to account for
the oxidation of methane.
Thus 0ecH, —> OH0 X3 CHs0H «x

CH,0 > CHp+ H50

CH2 + 02— CH,0 4+ O
This was the first theory of :jydrocarbon coémbustion which
irvolved the participation of hydrocarbon free radicels of
short life, and the following year Norrish and Fooru (16)
revorted the demonstration of a degenerste chain-branching
mechenism in the oxidation of methane. Describing formsldenyde
as the essential intermediate enc using the atom chain to
account for its iormstion, these asuthors postuleted e mechsanism,
which, on the appnliceation of the stationary state method, led
to the exnression.

-a(cH,) . K(CH, ) (0o) Ped
at g

where P = total pressure, d - diasmeterof vessel, £ = surface
area. The experimental results had shown that the maximum

rate of the resction wes, in fact, given by
= K(cH, ) (o) == =
ana that increasse of the surisce: volume ratio, by pecking the

vessel, reduced the rate and that increasing the vessel diameter

increased the rate.
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The second importent paper of 1935 was by Ubbelohce (17)
who dismissed the hydroxylation theory in favour of a chain
mechanism for mich the same reasons es lorrish. Arguing on
the similarity between hyurocerbon oxidation ena alcehyde
oxidation and the fact that oxygen atoms sre very unlikely to
festure in the latter resctions, Ubbelohde critised Norrish's
atom chain theory. T1'bbelohde feavoured the peroxide type of
mechanism which leads to the production of hydroxyl radicals
which, it was known, are plentiful in flemes and to the eerly
production of excited formaldehyde moleculess This is an
important point because spectrel studies showed that the
chemiluminescence in cool flames was always due to excited
formeldehyde, irrespective of the hydrocarbon which was

oxidisings The principel reactions in Ubbelohde's scheme

were
RCHy + Op —>  RCHy0p
RCH,O, + RCHy —>  ROHpO,H + RCHp
RCHgOoH —> RCHp0 + OH
RCH,0,H —> RCHO + Hy0
RCH,0 + Op —> RO, + CHyO

Thus the two major kinetic theories of the slow
combustion oi hydrocarbons were formulated. They are very
diiferent but it woula be very untrue to ssy that there are
two schools of thought since it is generally thought now that

the peroxide~intermediste theory probsbly does anwnly to propene

and higher paraffins st lower temperatures but not to methane

and ethsne, while the excellent work of Bolland and his

colleagues (18) has demonstrated its operation in the cese of
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the higher (liquid) olefines, On the other hend there seems
to be ltttle doubt thet formaldehyvde is the effective
intermediate in the slow combustion of methsne end ethylene,
This latter theory is clearly 2 descendent of the esrlier
hydroxylation theory.

Perheps the most importent contributor to the peroxide
theory has been Sir Cyril Hinshelwood, He and his
colleborators, notably Cullis, Pesrtington and Mulcahy have
nede velusble studies of the slow cowbustion of meny paraifin
hydrocarbons and their simple derivatives (19). They have
shown in these ceses that an induction period is followed by
the acceleration of the rate to g meximum, that the rate is
largely independent of the initisl pressure of oxygen and
dependent upon the hydrocerbon pressure to about the second
power, end that asdded inert gases have little or no eifect
upon the maximum reaction rate. they have carried out snaslyses
of the products of resction gt various steges in its course
finding thet the peroxide content roase to a meximum in 8
manner perallel to the veristion of rete and thet formeldehyde
‘was an eerly product of the resction. The mechanism which

they heve suggested is given below,

RCHp + Op —> ROHy0p
, " propagaetion
FCH 0, + HL:H;-?RCBgOzH + RCHy

degenerate chalin-

RCHyOpH  —> RCHpO « OH
branching reactions

RCHy0pH ~ —> RCHO + HZ0
RCHyOpH + 0Oy —p inective products

RCH0'  —> R+ Cligh dejradation
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This scheme expleins the observed kinetics .fm"—‘-'- }DR:;S with
no dependence upon the oxygen pressure unless this latter is
small. The experimentel dependence of rate upon initisl pressures
of reactants anc additives is seen to be quite different from
the rate expression for the methene oxidation. The above scheme
of reactions is very attractive in that the resction steps are
all very simple and feasible? for instence the degradeation
of the alkoxyl radicel to the next lower alkyl end formeldehyde
requires only the shift of one electrons The observed energies
of ectivation are all of the order of 35 kcals./mole which is a
reasonable figure for the brenching reaction R-0-0-H R~0"+"0-H
‘The initiation resction has been criticised on account of the un-
likelihoou of the existence of the HO, radicsl. However, the
existence of the HO, radical hss been amply demonstrated.(20.21.22).
Norrish has onposed the theory expressing the view that the
alkyl hydroperoxide does not fulfil all the requirements of
the intermediate in a reaction with degenerate branching of the
cheins (23). He has shown that the essential intermediste must
attain a pressure of seversl millimetres at the meximum rate to
eccount for delayed branching and inclines to the view that
aldehydes are responsible for the degenerate branching observed.
The formeldehyde-intermediate theory of Norrish was
modified as a result of en investigation into the mechanism of
oxidation of formaldehyde itself, by Axford and Norrish (24).
Their mechanism for this reaction will be discussed later but

it mey be noted, st this stage, that the principsl reactions
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suggested were

CHo0 + OH —> Hp0 + CO + H

Ha+ Oy + CHO —» CO+ Hy0 + OH
the second resction being regarded ss a reaction of a highly
energised HOp complex rather than as a ternary resction, This
suggested mechenism for the formeldehyde oxidation shifted the
emphesis from CHp, and 0 redicels to 011’3 ar;d OH redicals in the
methene reaction (25)s Thus the propegation steps were written

CHL-t-OH — CH3+HQO

CHz + 0 —> CHy0 + OH
and the formaldehyde thus formed reacted as shown asbove,

Norrish has also suggested (23) thet highex; hydrocarbons
are oxidised by & mechanism involving the production and
reaction of sldehydes but it is now thought that the temperature
of resction influences the mechenism., Peasse (26) observed (in
the case of propane) a slackening of the resction rate with in-
creasing temperature snd that the /rrhenius curve actuaelly
pessed through a minimum et sbout 360 C,  Muleshy (27),
discussing this importent observation, hes suggested thet this
indicates the extistence of twe distinct regions of resction
high - and low - temperature and has pointed out thet the
pronounced structural elffect on the rate of oxidation in the
low-temperature region is not observed in the higher temperature
renge. Now this structurel effect has been interpreted by

Hinshelwood (28,29) in terms of the effect of the nature of the

alkyl group in the decomnosition of alkyl group in the

decomposition alkyl hydroperoxides to alkoxyl and hydroxyl
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readicels., Consequently Mulcshy concluded that the high-
temnerature reasction was not peroxidic in cherscter and that

the slackening in reaction rate with increasing temperature

ebove 300°C was due to the gradusl disappesrance of peroxides
from the reaction mechanism, It would then appear that methene
snd ethylene being simplest members of homologeous series

exhibit rether singuler behaviour in that they show no "low
temperature® oxidation et all., Walsh (30) attempted to synthesise
the two theories to some extent and sought to explein the sbsence
of a low temperature methene oxidation on the grouncs that in
this case the hydropéroxyl radical is too unstable to survive
with the heat involved in its formstion from methyl and oxygen.
This ccnclusion was based, to some extent, on the results of
Bates end co~workers (31, 32) who studied the photo-oxidation

of methyl (iron methyl iodide) and ethyl (from ethyl iodide).
These workers concluded that in the latter cese ethyl peroxyl
was formed but thet in the cese of methyl, formaldehyde end
hydroxyl were the nrocducts of the reaction CHsz + 0o,

Welsh's theory of the high temperature mechanism of
combustion is illustrated in his work on the combustion of
di-isopropyl ether (30) at temperatures renging from 360°C to
460°C (i.e. in the “high temperature" region), The radicals
involved in his proposed mechenism included methyl, hydroxyl and
hyurogen peroxyl, the chain propegation steps being

CHy + Op —> CHO + OH e
OH + (CHy),CHOCH(CH; ), —> Hy0 + (CHj), iﬂmn{{:};
(CHz )oCHO + CHzCH - CHy

. CH3 + CH3CH0
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There has been very little work reported on the slow
combustion of saturateu cyclic hydrocarbonsy elthough
Chavenne and his co-workers have studied the products of
oxidetion of many substituted cyclohexanes and cyclopentanes (33).
Levin (3. ) oxidised seversl sl'yl cyclopentenes end cyclohexanes
in a2 static system at 200°C end observed thet an induction period
was followed by s decrease of the pressure of some 10 m.ms. and
eventually the pressure increased to a limiting value. Such a
pressure decresse is very suggestive of primery peroxide
formetion and the products found by Chavanne also indicate the
initial formation of en alkyl hydroperoxide., It would be quite
unjustified to draw any more concrete conclusions irom
published work on the slow combustion of cyclovraraffins.

Cyclopropsne or trimethylene, is the simplest homocyclic
compound and its structure hes been the subject of some
controversy in recent years, It is well known that while cyclo-
butene and higher homolcgues sre not attacked by hydrogen bromide
and yield substitution products with bromine, cyclopropene forms
propyl bromide with Hbr and is slowly attacked by bromine to form
1 ¢ 3 dibromopropane. .Walsh (35) hes suggested that such
addition reactions of cyclonropsne are cdue to the unsaturated
character of the C = € bonis., Arguing from the fact that the
spectrosconic properties of compounds containing the

CHp -IFH - CH = CH- grouping are properties cheracteristic of
X
CH

& conjugsted system snd from the fact that the dipole moment

of cyclopropyl chlorice is 0.3 D less then the values for
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isopropyl chloride end cyclopentyl chloride, Walsh proposed that
the formule for cyclopropene should be written CP12 = 032

o,
indicating the donation of elsotrons by the double bond to assist
in the formation of & bond to the third wethylene. The
existence of 11 electron dagive bonds hed been suggested earlier
by Dewer (36) to sccount for some resrrengements of the
hydrazobenzena —> benzidine type and to exolain some enomelies
in eromstic substitution by cetionoid resgents.

Robinaon (37) objected to this proposal, pointing out that
the foruule drewn by ¥Walsh aid not possess the Ircquirea symnetry
anu thet to achieve symmetry by writing three icenticsl
cenonicel iorms was to sssign to cyclopropsne its clessical
structure, In renlying to thie criticism ¥Walsh (37) remarked
thet the hybrii visuelised Jdid difer from the elsssical structure
in thet the orbital hybridisation in the carbon atoms wes
trigonzl rether thah tetrahedrsl, A very important plece of
evidence for npzlvbridhution il; the low dipole moment of
cyclopropyl chloride since a trigonal carboni etom hes a
higher electronegativity in i%s sp’ velencies thsn has &
tetrshedral carbon etom in its ap’ valencies. Further evidence
for the similerity between the C « C bonds in cyclopropane snd
ethylene is afforded by the determinstion of the angle HCH
Bastiensen ond Hassel as 118°2 £ 2 (i,e. greater than

‘tetrshedrsl end slmost trigonel)(39), by Linnett's caloulation

of the C -~ H stretching-force constent to be 5° O_x 101-"—@;;"/;1;._

(compered with 5°1 x 102 dynes/cm, in ethylene end 4°6 x 105dwnan/cm.
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in & peraifinic methylene group)(40), and by the high velue
of the quenching cross-section of cyclonropene for cadmium
resonence radistion (L1).

Having discussed the likelihood of trigonel hybridisation,
Welsh then considered the synthesis of the cyclopropene ring from
three CHp groups whose C - H valencies were of the sp® type and
whose planes were perpendiculsr to the carbon ring plane (42).
Moleculsr orbitals ere then formed by the overlsp ol (a)
the 2p atomic orbitals lying in the plane of the ring end (b)
the third sp? orbitals whose axes also lie in the plene of the
ring. The overlep is shown in figure 1. and the probability
pattern of the electrons in the resultent molecular orbitals
is shown below it. Sugden (43) hes reported a qualitative
application of the non-localized moleculer orbital theory to
Justify Walsh's conclusions as to the structure of cyclopropane.

In contrast to the usual comparitive feactivity of
cyclopropene its thermal oxidetion shows it to be in some
respects a stable substence, Day and Pease (4L ) studying the
slow combustion of severel hycrocerbons of different types
found that like methane and ethylene, but unlike paraffins in
general, cyclopropane gave no cool flames (which ere a fair
indication of combustion by a peroxide intermediate mechanism
at low temperatures). Furthermore, cyclopropane wes found to
oxidise more slowly than propane or propylene whose ignition
“temperatures were considerably lower then that of the cyclic
hydrocerbon. These authors gave three rates of reaction

meagured at 3?0‘0 which showed that the rate was independent
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!of the initial oxygen pressure and strongly depencent upon the
'initial pressure of cyclopropane. They also noted that the
laddition of a little acetaldehyde to the reasction mixture
‘produced a shortening of the induction period..

The slow combustion has been studied, therefore, by the
‘static method, kinetically and analytically, in the temperature

‘range 380°C to 430°C, with pertial pressures oi the reactants

'between 40 mems &nd 400 mem,




EXP MENTA TECHN




THE APPARATUS

The epparatus employed in this investigation wes of a
conventional type end is illustrated diagrematically in
figure 2. 1t was constructed in Pyrex gless throughout and
all teps end interchangeable joints were lubricated with
Apiezon Grease L.

The reaction vessel was thoroughly washed with hot
concentrated nitric acid to remove contaminating materials on
the glass. It was then rinsed with tep water for several
hours and finally distilled water before being sesled on to the
epparatus, The reection wessel was housed in a well-lagged
furnece whose brass core was wounu with nickel-chrome resistance
wire. The resistance of the winding was 55 ohms end it wes
onerated st a current of 2 amns, The imput voltesge (110 volts)
was supplied by e varisc transformer.

Since pressure measurements were to be mede with some
accuracy, & considerable degree of temperature control was
necessary., A Sunvic energy regulator was used to regulate the
imput energy. It was found that when the mains voltage was
steady the temperature of the reaction vessel could be kept
constent L I'C with little difficulty.

Temperature measurements were made thermo-electrically.

A Ferry-Bright=rey thermocouple was contructed and was
calibrated by maintasining its cold junction at 0°C and measuring

the thermel e.m.f.s. produced when its hot junction was placed

in melting ice, condensing steam, condensing glycerol vapour,

condensing sulphur vapour and cadmium, potassium dichromate end
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zine at their respective melting points,

Thes;a e,m,f,8, were measured by means of a Cambridge
potentiometer and a ballistic galvanometer, During reactions,
experimental temperatures were measured by the same technique,
the hot Jjunction being kept inside the reaction vessel as
shown (fig. 2).

The measurement of pressure in the kinetical study of
gas reactions has aroused muc interest and discussion, The
direct use of a mercury manometer is impossible in free radical
and other reactions due to the catalytic effect of metals,

To overcome this difficulty many types of gauge have heen
devised, The Foord geuge has many advantages and one was used
in conjunction with a mercury manometer in preliminary experi-
ments, Its sensitivity, however, was umnecessarily high end
its robustness, unfortunately, was not high enough,

A more robust and adequately-sensitive instrument is the
spiral gauge (fig, 2), The construction of such a gauge has
been described (45), A piece of glass-tubing (4 m.m, diameter)
was drawn down so that its wall thickness was very small but
without greatly effecting the internal diameter, This was
suspended from the end of a slighfly tapered brass rod which
was rotated at a very slow speed so that the rod moved, slowly,
horizontally while the glass tube remsined vertical, The
glass tube was heated indirectly by an iron plate which was,
itself, heated by an oaxy=-coal gas flame,

——In this way a delicate spiral of about eight turns was
wound, This was sealed off at one end to which was affixed a

thin glass pointer, The other end was sesled into an outer
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Jjacket and joined on to the apparatus ess show,

An optical system was arranged to give a ten-times mag-
nification of pointer movement on a screen, The spiral gauge
was used as a null-point instrument, the extermal pressure
being adjusted by manipulation of taps C and I, and, at the
mill-point, pressures being read off on the mercury mencmeter,
The spiral gauge was found to be very robust and the arrange=
ment was found to Le sensitive enough for all purposes,

The pumping system was not complex, consisting of a two=
stage vertical, annular-jet type of mercury-vapour pump backed
by a Hyvac rotary oil-pump, A McLeod gauge, which was joined to
the evacuation line Jjust before the liquid oxygen cooled trap,
was employed for the measurement of pressure in the system
during evacuation, It was found that the pressure could Le
reduced to 10" to 10~ ¢ mem, of mercury after much less than
one hour's evacuation,

The removal of the products for analysis was effected by
use of a Toepler (Antropoff) pump of conventional construction,

The gases used were taken from cylinders, The oxygen
was drawn through a liquid-oxygen-cooled trap to remove con=
densible materials and wa:s then allowed to leak into a two-
litre bulb,

The cyclopropane was condensed in a trap cooled to «180°C
by liquid oxygen. It was then distilled, the middle fractiomn
being trapped in a second cold trap, The middle fraction of

"a second distillation was then allowed to leak into an evacuated

five-litre reservoir,
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Nitrogen was taken from a cylinder, was passed over
heated copper to remove oxygen and finally through two traps
eooled in liquid oxygen before being allowed to leak into the
system,

Hydrogen was also taken from a eylinder and received
exactly the seme pretreatment as nitrogen,

Pure liquid monomeric formaldehyde was prepared by the
method of Spence and Wild (46)., Paraformaldehyde, obtained
by eareful evaporation of a L0 aqueous solution of formalde-
hyde, was broken up and dried for two days over concentrated
sulphuric aeid in a vacuum desiccator, The product was then
finely powdered and heated to 110 C in the distillation vessel
of the apparatus (figure 3) which had been evacuated to 10 ~ m.m
of mercury pressure while the condensing vessels were heated,
While the first fraction was distilling these vessels were
heated in a blow=pipe flame to prevent the condensation of water
there,

The trap was then cooled to =180°C and the tap to the
pump was closed, As the distillation proceeded the oil=bath
temperature was pgradually raised to 120°C and when sufficient
monomer had been collected, the oile~bath was removed and the
trap was carefully sealed off, Alternate removal and re-
placement of the liquid oxygen container brought all the
formaldehyde to the foot of the trap which was then sealed on

to the line in position,

The function of_the_se;i)a;'ator, a compact block of three

U=-tubes, was to alternately heat and cool the gases, whereby
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water was removed completely, (Slightly wet formaldehyde
polymerises readily),

For the experiments involving the adiition of water, a
trap was attached to the line containing freshly boiled dis=-
tilled water, This was freed from dissclved air by alternate
heating in a warm water bath and cooling to =180°C; the gases
liverated on warming were pumped away,

It is obvious that a knowledge of the reaction volume
(whiech includes the dead space of the cepillary tube and the
spiral of the gauge) is essential if an attempt is to be made
to study the stoichiometry of the reactiom,

The pressure of a certain amount of oxygen was measured
in the reaction vessel at a noted temperature, The oxygen
was then removed by Toepler pump and its volume was determined

at room=temperature and pressure,



- 27 =

GAS ANALYSIS

The apparatus employed is represented diagramatically in
figure 4.

By way of tube B, the gases were drawn from the collecting
tube A into the absorption tube C, The volume of the sample
was measured by transferring it to the 10 m,1, burette D,
closing tap J and adjusting the height of the reservoir E until
the mercury levels in D and F were the same (with tep G open
to the air) i,e, when the gas in D was at atmospheric pressure
(less the saturated vapour pressure of water), A slow flow
of water through the jacket ensured some constancy of temperature
which was read off on a thermometery

The sample was then transferred to C and some of the
resgent required was drawn in from H, A few drops of mercury
were added to form a seal between H and C, After absorption
was complete the gas was pushed back to the burette D and the
spent reagent was removed at H, Last traces of reagents were
washed out first with dilute sulpluric acid, and finally with
water,

I is a silica combustion tube containing copper oxide
heated by a small furnace sround it to 550°C, Before the
beginning of an analysis it was evacuated by manipulation of
the reservoir E, By a Toepler~like procedure gas was drawn
from I into Dy Tap J was then closed to I and the gas wes
pushed over to C and was eventually removed at H,

The reagents used for the various gases were as follows:=
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Gas Reagent
Cerbon dioxide 304 agueous ceus'ic potash
Oxygen Alkaline pyrogallol,
Ethylene Saturated bromine water.
Propylene A solution of 57 g. mercuric

sulphate in 200 gms,
22% sulphuric acid,

Cyclopropane 87% sulphuric acid,

Acetylene Alkaline potassium mercuri-iodide
sclution,

Carbon monoxide 105¢ cuprous chloride in conc, HC1,

Hydrogen and paraffin hydrocarbons were determined by
combustion and nitrogen was obtained by difference, In actual
practice some separation of the products was effected before
analysis., The product gases were pumped through a trap cooled
in liquid oxygen by the Toepler pump, The fraction, gaseous
at this temperature was collected and analysed for carbon
dioxide, oxygen, unsaturated hydrocarbons. cyclopropane, carbon
monoxide, hydrogen, methane, and nitrogen, The trap was then
allowed to warm up to =78 C, by replacing the liquid oxygen
by acetone cooled with solid carvon dioxide, Incidentally,
it was found that the addition of a few drops of paraffin oil
to the acetone prevented excessive frothing when the carbon
dioxide was added,

A second gas fraction was then pumped off and analysed
for earbon dioxide end cyclopropane, The contents of the trap
were then allowed to warm up to room temperature and air, dried
by passage through a calcium chloride tube, was then admitted

to the trap,

Qualitative Examination of the Condensible Products,
The accumulated products from several experiments were

examined qualitatively, It was dissolved in 20 mls., of water,
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It had a charscteristic odour and was slightly acid to litmua,

1. It was found that 1 ml, of the solution restored the
colour to Schiff's Reagent, slowly and on standing,

2, ‘The presence of formaldehyde was established Ly the
production of & viclet colour when 1 ml, of the sclution
was heated with a sulphuric acid solution of chromotropic
acid (1:8-dihydroxynaphthelene = 3; 6 disulphonic acid).(47).

3. The sbsence of acetone was indicated Ly the failure of
the sodium nitroprusside test,(48),

4e The acidity of the sclution wes only slight, 10 mls, of
it required only 1 ml, orfgo alkali for neuralisation,

The neutral solution thus obtained was eveporated gently
to about half bulk, A few dropas of aqueous silver nitrate
were addedbut no moipitate appeared, (n further
evaporation some silver was deposited Ly oxidation of
aldehyde tut no silver salts appeared,

5. One ml, of solution was tested for peroxides with a
methenolic solution of ferrous thiocoyanate,(49) There
was no development of the ferric thioccyanate colour, thus
indicating the abaence of peraxides,

6, The presence of acrolein in the condensiile products was
suspected for some time, The failure of the o -dia-
nisidine reaction can not Le said to Le due to the masking
effect of formeldehyde since the reagent is four hundred
times more sensitive to acrylic aldehyde than formaldehyde

and since the former aldehyde gives darker colours with

the reagent than formaldehyde, (50),
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T The failure to obtain a triniirobenzoyl derivative in-
dicated the absence of a reasonable quantity of alcohols
and verious colorimetric tests were applied with negative

results for other aldehydes, (51).

Determination of water formed in the reaction

There are many physical methods availaiule for the de-
termination of reasonably large quantities of water, Of the
many attempts to determine small amounts chemically, by far the
most successful is the Karl Pischer method which involves the
following reections between sulphur dioxide, iodine, pyridine,
nethanol and water, Smith, Brysnt and Mitchell (52) represented

the reaction as followss=-
SO, + T, + Ha0 +3CsHs N —>2CHsNAT +csH5N< L

So, S
CsHsN{T ™ + CHyoH —> CsHaN < OyC. e

The solution of sulphur dioxide, iodine and pyridine
dissolved in dry methenol (the Karl Fischer reagent) is unstable,
partly due to its extremely hygroscopic nature and partly due to
the other reactions taking place even in the absence of water,
For this reason it must be standardised against a standard
solution of water before use,

The visual determination of the end-point (change from
chromate=yellow to a yellow permanently tinged with the reddish-
brown of free iodine) is uncertain, For this reason and also
' to prevent absorption of moisture during titration a commercial

titration unit was use’ which was claimed to exclude moisture
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and which incorporated a sensitive micro-ammeter to measure
conductance Letween two platinum electrodes immersed in the
titration mixture which is stirred by & stream of dry nitrogen,
At the beginning of the titration the meter registers about
five scale divisions while the end-point was taken when the
meter registercd about eighty scale divisions for at least
half a minute,

. The Karl Fischer reagent was prepared according to the
formala of Smith, Bryant and Mitchell,(52), A solution
of 84,7 g. iodine and 269 mls, pyrdine in 667 mls, dry methanol
was cooled in a slurry of ice, 64 g. of liquid sulphur
dioxide was added slowly and with stirring, The solution was

rapidly transferred to the storage bottle on the apparatus,

Determination of Formaldehyde Formed in the Reaction

The amount of formaldehyde present in the condensible
products was determined by a method similer to that of Bricker
and Jolinson (53).

100 mgms, * 10 mgms, of chromotropic acid were weighed
into a 30 mls, beaker and 1 ml, of sclution of formaldehyde
was added, 5 mls. of concentrated sulphuric acid were added
slowly aend with cooling and the solution was then heated for
30 minutes on a boiling water bath, The solution was then
cooled and diluted to 50 mls, in a graduated flask, When

the temperature fell to that of the room the volume was made

up to exactly 50 mls. and the opticael intensity of the solution

was then compared with that of a recgent blank at 570 m.m,
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In exactly the same way the optical intensity wes measured

of solutionsobtained by treatment of 1 ml. of wvarious stendard
solutions of formeloaehyce. These were prepered by suitable
dilution of o 32  formelin solution which wes stendardised by

titration with iodine,

Results
2.5 cecs, of the formalin solution were diluted to 500 cos
with distilled water, Two 25 mls. semples were pipetted into
conicel flasks where they were treated with 50 cecs. of 0.0955 N
iodine introcuced by pipette. The solutions were then treated
with 10 ceustic soda until a pale yellow colour developed and
were sliowed to stand for 15 minutes with occasional shaking.
On acidifying with dilute hydrochloric scid, unchanged hypoidite
was reliberated es iodine and this wes then back titrated in
the usual way with 0.0947 N thiosulphate.
Titrations:=21,53 mls. and 21.57 mls.
i,e, mean titration:21,55 mls. 0.0947 N thio=-sulpheate.
Thus 25 mls. of the diluted formalin solution required
(50 = 21455 x 0.0947) mls. of 0,0955 N iodine for oxidation
But 30 gms. CH,0 = 2 1i, N I,
*, TYormaldehyde present in 25 mls, solution
= (50 = 21.55 x 0,0947) x 0,0955 x 0,00150 gms. :
Hence 1 cc of this solution contains 0,00164 gms. of

formaldehyde.

By suitsble dilution of 10 mls, samples of this solution,

solutions conteining 8.9, 16+4, 32.8, 65,6, 82.0, 1040 and 164.0
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micrograms of formaldehyde/ml, were obtained, These prwidedi

' satisfactory colorimetric standards and the data in table no, 1

' 11lustrate the variation of extinction coefficient with changing
formaldehyde concentration, |

TABLE _NO, 1.
I
Conec, of Formaldehyde Log, ==
(¥/m1.) I
82 03074
1634 0+157
3248 _ 0+287
6518 0°544
82+0 0670
1040 0754

164+0 0+948
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A TYPICAL EXPERDUNT

The apparatus was evacuated for one hour, so that the

pressure in the system was 10" °n,m, or below, as measured by
| the Mcleod genge, It was ensured that the temperature was
censtant at 678°A, The taps A, B, C, D, E and F were then
closed and dry air was admitted through tap I to the gauge
Jacket until the manometer showed a pressure head of 177°4 m.m,

By opening tap G the connecting tubing was filled with
cyclopropane, Tap G was then reclosel and by manipulation of
taps D and E the hydrocarbon was ceautiocusly admitted to the
reaction vessel until the gauge=pointer's shadow returned to
the null point on the screen, Tap A was then opened to remove
all cyclopropane left in the comnecting tubing,

Dry air was again admitted to the gauge jacket until the
manometer registered a pressure of 328°+8 m,m, and 1514 m,m, of
axygen were allowed into the rezction vessel in a menner similar
to that adopted in the case of hydrocarbon, The stop=watch
was started just as the first of the oxygen entered the reaction
vessel,

After all the residual oxygen in the tubing had been pumped
away, the pressure in the geuge jacket was increased by admission
of a little more air and the manometer readings were taken,

Vhen the pointer's shadow returned to the zero mark, the time

was noted and the external gauge pressure was again altered,

- By this procedure, the rather cumbersome technique of altering -

the external pressure to balance the pointer movement was

avoided,
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The alterations of pressure were designed to give time
intervals of between one minmute and ninety scconds, When
there was no further change of pressure and the final reading |
had been taken, taps D, E and F were opened and the products
were pumped through the trap J as previously describved, After
the gas fractions had been collected and the trap J had warmed
up to room temperature, dry air was admitted to it, 20 mls,
of dry methenol were then pipetted into the trap which was
then carefully removed and stoppered, Meanwhile the tap F
was closed and the remainder of the apparatus was evacuated in
readiness for the next experiment, The pressure-time record
' is given in table No, 2, The table also gives the values of
the rates operative over the times between consecutive pressure
reedings, The times t'midway Letween these readings are also
given, Another colum in the table lists the logeritims of |

- the pressure changes noted at each time,
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From the deta in the table many important fesctors mey be
determined. The greph No. 1 illustrated the veriation of
with time, The curve is a smeoth S-shaned one of the type
normally found in free radicel hydrocarbon oxidetions, which
are also cheracterised by a long induction peried. The
second graﬁh {No. 2) illustrates the method of determination
of the maximum rate. The rates (table No. 2) are plotted
egainst time (t') eand the curve shows the graduel increase
of rate to a maximum aiter which it falls off again to zero.

The application of the Semenov theory of degenerate
branching cheins to the reaction is justified by the graph
(No. 3) of log Ap sgainst time, This graph is linear over a
very considerable period but begins to curve away some time
before the sttainment of maximum rate, end mist be considered
to be a better line than meny which have appeared in the
litereture. The gradient of the line, if multiplied by 2.303
gives the net-brancning fector ¢ but since this oifers no
particuler advantage, future relerence in this thesis to the
net-branching factor A' sctuelly meens the gradient of the line
relsting log. Ap and t i.e.2%3

It is to be concluded from the results obtained in this
typical experiment that the rate of the reaction increassed to a
' meximum velue snd that the early pert of the resction, at least,
proceceded in accordance with the relationship Ap :.Ae“. Further-
_ﬁ;ré the resction was characterised by e long induction periods

These sre characteristic features of a chain reaction with
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degenerate branching and in accordance with eerlier work

in the slow-combustion field the following parsmeters of the
r}eaction were considered to be of importance -~ the maximum
rate, fm“,‘; the net-brenching factor A'j; the time elapsing
before the occurrence of a pressure change of 1 millimetre,?Y
the time elspsing before the attainment of maximum raete, 0 3
the pressure chenge occurring during the time®, AR, ; end
the total pressure change, OP, . The values of these
peremeters ere given in teble No. 3 which refers to the typical

lexperiment just cescribed.

TABLE NO. 3.

Results of a Tynical lxperiment

Run No, B.99
Initisl pressure of cyclopropsne (b, ) = 177.4 mem.
Initiel pressure of oxygen (Poy )} = 151e4 meme
Pemperature = 701" A
foi ® 26,8 m.m./minute
A = 0. 394
T o= 5.0 mins
B = 9.6 mins,
op = 56 mem,

AP& = 7945 mama

Detérmination of the Resction-vessel Volume

A volume of oxygen wes sdmitted to the reaction vessel

(by which is understood the vessel itself end the dead space

up to the tsn and up to the gsuge) and when it ceme to thermal

equilibriunm, the geuge pointer wes brought back to the zero
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mark and the external (balancing) pressure was read off on the
manometer, The temperature of the vessel was noted, The
oxygen was then removed by the Toepler pump and was collected
over mercury, Its volume was measured in the usual way in
the gas analysis apparatus; the mercury in the burette was
moistened with water and the volume was corrected for the

pressure of saturated water vapour,

Results
In the vessel, pressure of oxygen = 903 m.m,
Temperature of vessel = 682+5°A,
In the gas analysis burette, volume = 8+48 c,ecs,
atmospreriec pressure = T46+7 m,m,
saturated vapour pressure = 17°0 m,m,
temperature = 292+5°A,

Since the gas employed was cxygen the applicability of the

gas laws is unquestionable, Hence the reaction volume is

given by:=
V = _729°7 x 848 x 68215 Cc.Cs.
903 x 292+5
i.e. reaction volume = 159+9 c,cs,

A second determination showed the volume to be 159+1 c.cs.
and so the true volume was taken to be 159¢5 c¢,cs, (i.e. the
mean of two results),

Typical Gas Analysisi=- (Run no., ES5L),

" First fraction (permenent gases)

Total volume = 16°L5 ccs, Barometric pressure = 7415 m,m,
Temperature = 10+5°C, 3,V,P, at 10°5°C = 9°+5 m.m,
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Yol. of semple » 9+51 ces.

Vol. less 0y » 421 ccs. Vol of 0 in senple = 5°30 ces.  Pressure of 0, in vessel = 100+6 m.m.

Vols less C3H; = 4°19 ccs. Vol, of C3ig in sample « 0402 ccs. Pressure of CiH, in vessel « 02 n.a,

Vol. less €0 = 023 ccss  Vol. of CO in smple » 3*% ces. Pressure of CO in vessel = 751 m,an.

Vol. after coubustion Vol. of Hy in sample = 0408 ccs. Pressure of Hy in vessel - 145 n.a.
= 0-15 ces, Yol, of CH, in sample = 0+03 ccs. Pressure of CH, in vessel = 0+7 ma,

Lt = 012 ces.
fols foss 02 = 12 €% oL, of iy tn sample « 0412 cus. Prossure of by n vossel = 24 muse

Second fraction (non=permanent gases)

Total volume « 16+32 cess Barometric pressure = 741°5 n.n, Temperature = 10+5°C,
SMP. at 10°5C = 95 nume

Yol. of semple « $+31 ces.
Vol. less C3hg = 0438 cese  Vol. of Csflg in sample = 893 ccs. Pressure of Gyt in vessel = 1719 .,
Vol less COp = 0%00 ccs, Vol. of COp 1in sample = 038 ccs. Pressure of (0, fn vessel =  7°3 m.m.

Analysis of gaseous products (as pressures in vessel E at 678°A)
Cslg = 1721 m.m,

05 = 100+6 m,m,
co = 751 mom,
€Oy = 73 m,m,
Hy = 1°5 m.m,
CH), = 0+7 m,m,
No = 2*4 m,m,

Typical snalysis for water t= (Run no, E8)

The contents of the trap were treated with 25+0 mls, of
methanol and two 10 mls, samples were titrated with the Karl
Fischer reagent, Two 10 mls, samples of the methanol used were
also titrated with the reagent, as were two 10 mls, samples of

-t_he standard water solution containing 1 g, of water per litre

of the same methanol,



Results

Titration of 10 als, of methanol, Titres = 3+60 als, and 3°62 mls. = 3+61 mls,
Titratfon of 10 mls, of standard solution, Titres e 8+61 mls, snd 861 mls,
Titration of 10 mls, of unknown solutfon,  Titres « 5480 als, and 5+83 mls.
99+9 als, of methanol « 3606 mls. of Kirl Fischer reagent
So O1g, HO « B61mls, = 361 als, = 50+0 mls. reagent
f.e. 18l reagent « 00020 g, W0
low 25 mls. of methanol = 2¢5 x 3+61 mls, Karl Fischer reagent
Hp® in the trap = 205 x (5°82 ~ 3-61) mls. reagent
= 25 x 221 x 04002 g, H0

» 225 x 2221 x 0002 l..%‘%i. ces. steam at N.T.P.

= {1375 ccs. steam at N.I.P.
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THE EFFECT OF THE SURFACE

A charecteristic of reactions involving chains with
degenerate branching, which may be explained in the light of
the Semenov analysis is the extraordinary sensitivity of the
reaction rate and more markedly the induction period to the
state of the walls of the vessel, Several different reaction
vessels were employed in this investigation and, although the
differences in their surface and volume dimensions were small
they gave different reauits for the same experiment, Table
No, 4 gives the measured parameters for five vessels for the
reaction of 200 m,m, of cyclopropane with 200 m.,m, of oxygen
at 1«05’0 (678°A). The teble also includes details of surface
and volume measurements,

Table Nos 4

Initial PGP = P." = 200 m.m. T = 678.A'

Surface 5
Vessel  Area ch.ézme oo A Y © &k Ah

A 190 197 5¢9 0+122 31 45 53*1 100+8
B 172 159 10+4 0+163 15 20 55°7 100+0
C 188 180 9+1 0+165 28 38 524 99+6
D 166 151 112 0+240 18 27 51+0 99+2
E 160 145 6*3 0+115 23 37 58+ 1000

It will be seen that the rates in veszels A and E are of
the same order while those in the other thres vessels are also

| comparable with each other. Apart from the smaller volumes of

vessels A and E, there seems to be little distinction between

them and the other three, It is possible, of course, that

some slight difference in the nature of the glass accounts for
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' the results in table No, 4 Kinetical experiments were carried

out in vessels A, B and D (mainly in B) and the form of the
kinetical characteristics of the resetion was found to ve
unaltered by change of wvessel, although the absolute values
of the parametera veried tetween the three vessels,

The behaviocur of the vessels during the asgeing process is
also worthy of comment, Vessels C, D and E required the per-
formance of only a few {about 6) experiments Lefore steady state
conditions were attained, 1In vessels A and B, on the other hand,
the rate gradually inoreased Veocning steady after some twenty
experiments, Yt wms also noted that the induotion periods in
the first three experiments were roughly the same as the final
(steady state) value of © but during the intervening experiments
| © rose to a maximum, ‘In the oase of the maxirum rate, however,
the trend was slow and continuous from 347 in the first to 9+7
in the nineteenth experiment, The results of these nineteen
Iexperi.mntu are given in table No, 5,

Table Nos 5.
Ageing on a new vessel,

Initial Ps= 200 m,m, Po, & 110 mom,
T e 678°A. Vessel B
Run No. L. <]
B 1 37 33
L2 445 25
B3 L5 26
B & 596 45
BS 546 49
56 641 3L
L7 6+0 50
58 645 63
B9 7 43
510 8«0 L8
141 9+0 L2
r42 Q2 LO
513 . ) | S
CEL D 25
215 9ol 36
46 96 29
B47 95 39
B18 9.8 23

B19 27 23
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Even after the attainment of a steady state the re=-
producibility of results could be drastically changed, For
example if the vessel was allowed to cool down without ad-
mitting air to it and was then reheated, the ensuing experiments
yielded low results for the meximum rate and high values for
the induction period, Gradually these parameters returned to

their normal value as is shown in table No, 6,

Table No, 6.

IExperiments performed after cooling of the vessel

Tnitial R, = 200 mem, o,= 110 mm,
T = 678°A, Vessel B
Run No. fm‘ e
B 128 5%7 70
B 129 643 51
B 130 69 34
B 13 742 30
B 132 7*9 27
B 133 8+9 25
B 134 97 . 22
B 135 957 23

It will be observed that the cooling of the vessel only
reduced the rate by some 350 and that only eight experiments
were needed for the reattainment of equilibrium conditions,

( feax=97, ©222. ), 1In this connection it will also be
noted that the trend in © is contimious in table no, 6 from
70 minutes in experiment No, 128 to 23 in No., 135, Another
effect of great importance was that obtained Ly the admission
of air to the hot vessel, This manifested itself in the pro-
_duction of lower rates and shorter induction periods which,
however, socon returned to normal,

Apart from these considerations the state of surface of
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the vessels seemed sometimes to change in some way very suddenly
and in contrast with those effects above, the change, on occasion,
wes irreversible, Two examples, each of a different nature,
will suffice to illustrate the point, In vessel D during a
series of experiments to determine the effect of variation of
initial oxygen pressure upon the reaction, results consistent
with expectation were obtained, These included an experiment
with 300 m,m, of cxygen and 100 m,m, of ecyclooropane at 701 A
(run Mo, D 14), When some time later., the same run was re=
peated during the study of the effect of variation of initial
hydrocarbon pressure (run No, D 21), different results were
obtained for the reaction parameters, “These latter results,
however, were consistent with the other values obtained in

the study of the variation of initial eyelopropane pressure,

The results are given in table No, 7.

Table Ho. 7.

Initial b, = 100 m.m, R,= 300 m.m,
7 = 701°4 Vessel D
Run No, . A e
D 14 76 0+27 12
D 21 8+6 0+183 18

The second example of this sudden change occurred in vessel B,
During the running - in of this vessel the steady state in-
duction period for a mixture of 200 m,m, cyclopropane and 110 m.m,
 axygen at 678°A was 23 minutes (ta’ble_No. 5)s During the

study of variation of oxygen pressure with initial hydrocarbon

pressure 200 m,m,, results were obtained with which to be
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consistent an induction period of 59 minutes would be required
for that experiment, No change had teken place in the maximum
rate, however, which was 9*7 m,m, per minute in each case,
The change in O with no accompanying change in rate became
even more remarkable when, a very considerable time later,
during the experiments on the effect of coocling of the vessel
(table No, 6) there was a return (in the steady state) to the
value of 23 minutes for the induction period,

Mr, W, N, Broatch obtained some very interesting results
in experiments designed to determine the effect of changes of
surface upon the reaction parameters, He compared these
characteristics for the reaction of 200 m.m, of each gas in a
eylindrical pyrex vessel with those obtained in a sac?nd vessel
of identical geometry packed with pyrex capillary tubing so
that its surface to volume ratio was 11.+7 times that of the
unpacked vessel, The changes which ococurred are tabulated
below,

Table No, 8,

Comparison of results in packed and unpacked
vessels,

Initial R, = 200 mim, = Initial p,,
Vessel S A Y B AR Ok
Packed vessel 0«86 0+008 283 349 56+3 80
Unpacked vessel ~ 8+1 0078 35  51+0 555 103



..}_'_9_

THE DEPENDENCE OF THE MAXIMUM RATE UPON _CONDITIONS,

1. Dependence Upon Initial Oxygen Pressure

A series of experiments was performed at 678°A (405 C)
with a fixed cyclopropane pressure of 178 m,m, and with varying
amounts of oxygen over the range 50 - 200 m,m, Other similar
series of experiments were then performed at the same temperature
with the fixed initial eyeclopropane pressures 200 m,m,, 250 m,m,
and 300 m.m, respectively, The results are shown in tables

Nos, 9, 10, 11, 12 and on the graph (No, &4)

Table No., 9 Table No, 10
TnitialBe= 178 m.m, T = 678°A  Initial b= 200 m,m, T = 678 A
Veasel B Veasel B
Run No. P";(-M') :P\wnt. Fun NO. P"L g\m.o.-‘
B L3 50+0 340 B 24 50+0 Ll
B 42 89+7 549 B 26 70+0 63
B Ly 101+0 6+7 5 25 100+5 8+9
B 39 108+ 746 B 27 130+0 10+3
B i1 1494l 7+8 5 30 199+8 1041
B L9 200+9 8+0 B 28 2487 102
Table No. 11 Table No, 12

Initial Re= 250 mem, T = 678°A Initiallp = 300 m,m, T = 678"4

Vessel B Vessel B
Run No, b., 3 Run No, b.. .
B 35 L8+3 544 B 67 L9+5 T2
B 34 9*5 11+ B 62 974 136
B 33 109+8 12+7 B 68 1017 13+9
B 38 124+7 1349 B 70 1472 194
B 32 134.+8 16+0 PN 149+7 19+6
B 3 180+0 16+7 B 72 178+3 22+3
B 36 1988 1642 B 64 198+0 240
B 37 250+0 1644 B 66 2527 2L+0

It will be clearly seen that there are two distinct

regions on each curve, There is, at lower oxygen pressures,
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an apparently linear dependence of the maximum rate which changes
to an independence at higher pressures of oxygen., The trans-
ition from dependence to independence is seen to be fairly
critical at lower cyeclopropane pressures, whereas with 300 m,m,
of hydroecarbon, the linear relationship obtains only at lower
cxygen pressures the change to independence Leing much more
gmo

It is also evident that the "critical cxygen pressure”
increased with the increase of initial hydrocarbon pressure,
Table No, 13 shows the quantitative influence of the latter upon
the eritical oxygen pressure which has been found by extra=-
polation of the early linear part of each graph to eut the line
of oxyzen independence, Graph (No, 5) demonstrates the re-
lation existing Letween critical oxygen pressure and initial
cyclopropane pressure, Furthermore table No, 14 illustrates
the dependence of the gradient of the early (linear) part of
each graph upon the initial hydrocarbon pressure, These results

are plotted upon the same graph (No, 5).

TASLE Wo. 13 TABLE NO, 14
Pep Gradient of Pes
Pep  Extrapolated P".. m; h._, extrapolated line gradient
178 108 1465 18 00741 ; 2402
200 118 1-70 200 0-0873 291
250 143 1+75 290 01140 219
300 168 1-78 300 0+1429 2100

Now, in the region wherein Jmax depends upon the initial

axygen pressure, the gradient of the line and hence the rate at
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any oxygen pressure, below the critical pressure, depends also
upon initial cyelopropane pressure, i,e, Rate & bc_p. \Dox.

Above the eritical oxygen pressure, however, the maximum rate is
independent of oxygen pressure but, being given by the product
of the gradient of the line and the critical oxygen pressure, is
proportional to the square of the initial hydrocarbon pressure
i.e, Rate & Pe-: \:,: ‘ Thus the two distinet regions of oxygen
pressure dependence appear to indicate two totally different

regions of order viz, Rate = h.l,”,b below the critical

L

axygen pressure and Rate = 'R,,h.; \:a, above the critical

2
axygen pressure,

The dependence of rate upon initial oxygen pressures was
determined for an initial cyclopropane pressure of 250 m,m, at
a temperature of 651 A (378°C). The results are given in
table No, 15 and graph (No, 6) shows the dependence of the
maximum rate upon initial oxygen pressure for 250 m,nm, of
hydrocarbon both at 651°A and at 678°4,

Table No, 15

Initial P = 250 m.m, T = 651" A Vessel B
. Mo P°:- Pnn-:l.
B 95 40+0 18
B 94 69+9 m
B 93 99+0 3+8
B 92 13442 }+2
B 91 18044 Lol
B 90 233+7 L7

In principle, the graphs are the same but both the gredients
——of the lines representing low oxygen pressure dependence, and
the critical oxygen pressures are vastly different in the two
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cases, The transition from dependence to independence is
procably much more gradual at the lower temperature and it will
be clearly seen that the kinetics Rate o« ng- l?.,_ are operative
over a considerably shorter oxygen pressure range at 651 *Ae

The axygen-pressure dependence was redetermined for an
initial cyclopropane pressure of 178 m,m, at 701"&. As might
have been anticipated from the temperature effect cbserved avove,
the kinetics Rate « an- l:o’_ operate over a very large range
of oxygen pressures in this case, Results are given in table
No, 16 and graph No, 7 illustrates the change of the curve
(rate against initial oxygen pressure) fcr a fixed cyclopropane
pressure of 178 m.m, at 701" A and 678°A,

Table No, 16

Initial Ro® 178 m.m, T = 701°A Vessel B
Run No, b% A
B 97 5047 6+9
B106 7848 1440
B 98 98+6 166
B 99 151 4 26+7
B100 200+3 36

The experiments described so far were all performed in the
second reaction vessel B and it is interesting to study the
effect of change of veasel upon the oxygen dependence of the
maximum rate of reaction, Table No, 17 lists the results
obtained at 678°A with 200 m.m, of cyclopropane and varying
amounts of oxygen, The graph No, 8 shows two lines, one

"relating to each vessel, for 200 m,m, of hydrocarbon at 678 A,

It will be seen that, apart from differences in the absolute
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values of the rates, the kinetiecal characteristics are the
same in the two cases, slthough the critical oxygen pressure is

somewhat higher in the second vessel (B)

Table No, 17
Initial Pp= 200 m.m, T = 678"A Vessel &
Run NO. b.&. g -
A L1 52+1 246
A L2 847 L3
A 37 106+5 23
A 4O 150+9 57
A 38 189+8 549
A 39 234+8 6+1

Table No, 18 and graph No. 9 illustrate the maximum rate«
initial oxygen pressure relationship in vessel D at ?01'A with
an initial hydrocarbon pressure of 100 m,m, Once agein, the
kinetical behaviour is seen to be the same as in other cases,

there éxisting a region of linear dependence which is followed
by an independence,

Table No, 18

Initial Pep= 100 m,m, ? = 701 A Vessel D
Fun No, h,‘_ ;fm
D 18 490 32
D 13 100+5 5+9
D 17 14445 65
D 15 186 3 6°9
D 16 2400 73
D 14 298+8 746

2, Dependence Upon Initial Cyclopropane Pressure
‘ The proved existence of two regions of oxygen dependence

and the prediction (from critical oxygen pressures) of two
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regions of cyclopropane dependence necessitated care in selection
of conditions for study of the effect of variation of initial
hydrocarbon pressure upon the maximum vate, The knowledge
gained of the eritical oxygen pressures and their dependence
upon initial eyelopropane pressure snd temperature facilitated
the study of dependence of the rate upcn the hydrocarbon pressure
in the different regions,

A series of experiments was carried out at 678°A with
initial oxygen pressure of 200 m,m, and cyclopropane pressures
in the range 150 m.m, to 300 m,m, In other words it was as-
certained that for each gyclopropane pressure employed, 200 m,m,
of oxygen was above the eritical oxygen pressure, The results

are given in table No, 19 and are plotted on graph No., 10,

Table Ne, 19

Initial p,, = 200 mem, T =678"A  Vessel B

Run No, Pep i il beo

B 21 152+0 549 23100
B 23 1590 6ol 25280
B 49 1779 8+0 31650
B 20 200+0 104 1,0000
B 36 2459+7 16+3 62350
B 64 300+0 2440 90000

Another series of experiments was carried out at the same
temperature (678°A) with initial oxygen pressure of 70 m.m, the
hydrocarbon pressures varying over the range 150 m.m. to 400 m,m,
i,e., every cyclopropane pressure was so high that 70 m.m, of
oxygen fell below the critical oxygen pressure, The results

are given in table No, 20 and are plotted on the same greph No, 10,
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Table No. 20

Initiel P, = 70 m.m, T = 678°A Vessel B
Run No, P“"’ f\mm
BTk 150+0 L*3
B 78 20245 63
B 77 252+0 | 4 4
B 73 30040 93
B 76 35040 11+0
B 75 4000 12+7

The third curve on the graph was obtained by plotting maximum
rate against initial cyclopropane pressure for several experi-
ments at 701 A with an initial pressure of 79 m,m, in every

case, The results are given in detail in table No, 21,

Table No, 21

Initial b, = 79 m,m, T = 701°A  Vessel B
Pun Ne, Pee g ‘P 2
B 108 99+2 3+6 9840
B 107 128+5 546 16510
B 117 150+0 9+0
B 106 1778 14+0
B 116 198+7 17+6
B 115 2242 19+8
B 114 25848 27+8

The graphs clearly demonstrate the verification of the
prediction of the existence of the two regions of dependence of
' rate upon cyclopropane pressure, Thus it is evident that, at
678°A, with oxygen pressures below the critical, the rate is
proportional to the cyclopropane pressure, With oxygen
pressures above the eritical, at 678.A, the dependence is
- obviously greater than linear and the linearity of the plot of
rate against the square of the initial cyclopropane pressure

shows the index of dependence to be two (graph No. 13), Hence



there is complete justification, now, for expressing the rate
in terms of initial pressures in the following form:-
Rate & Pee-Ps, 4f po, < eritical oxygen pressure
Rate & bee. bPo, 4if bo, > eritical oxygen pressure

It is instruotive to observe that in this second case,
the graph indicates that the linear relationship must be re-
placed by the dependence when the hydrocarbon pressure falls to
about 120 m,m, by which time, of course, the condition Fgl less
than the critical axygen pressure nco longer holds since the
eritical oxygen pressure for a cyclopropene pressure of 120 m.m,
:wnuld be expected to be alout 70 mem,

The third grapi an the paper, referring to the experiments
at 701°A with 79 m,m, of oxygen, clearly shows the change of
mechaniam et acout 130 m,m., of cyclopropane, Above that pressure
the relationship is obviously a linear one, Below 130 m,m, of
cyclopropane ; however, the relationship is more complex and the
graph of maximum rate against the square of the hydrocarbon
pressure for lower pressures shown on graph No,13 reveals that
the dependence is ageain a square ome,
| The experiments so far described were all performed in
the second reaction vessel (E) but apert from the lower absolute
values of the rates observed in vessel (A) the kinetical charac-
teristics were found to be identical, Table No, 22 lists
rates measured in the latter vessel at 678°A with an initial
‘oxygen pressure of 150 m.m, (higher than the oritical oxygen
pressures for the cyclopropene pressures employed)., The

results are plotted on grapn No, 11 and the sguare dependence is
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proved on graph No, 13,

Table No., 22.

Initial F%L= 150 mem, T =678"A  Vessel A

Run No, Pee . fm ha:
A 35 17643 k1 31070
A 25 1991 541 39650
A 23 20148 53 L0720
A4 208+0 546 43270
A 33 25045 8l 62750
A 28 29940 11+9 89430
A 32 3022 1246 91330
A 30 30440 1242 92380

Since all these experiments were carried ocut with a
stoichiometric excess of cyeclopropane, a series of experiments
with 300 m.m, of oxygen and varying quantities of hydrocarton
over the range of 80 m,m, to 130 m,m, was performed at 701°A in
vessel D, The results are detailed in table No, 23 and the
figures are plotted on graph No, 12, This is a graph of the

kN
form Rate P“‘ .

Table No. 23

Initial Po .= 300 m,m, T =701A Vessel D
Run No. b“-ﬂ f"‘\h \bﬁ: )

D 26 90 7+0 8100

D 21 100+0 8+6 10000

D 20 1102 10+0 12150

D 22 12040 - 1242 14400

D 2L 130+0 Aok 16900

Graph No, 13 shows the linear relation between maximum
rate and the square of the initiel hydrocarbon pressures, It
| refers to the experiments listed in tables Nos, 19, 22 and 23
.and to the experiments in table No, 21 at lower hydrocarbon

Pressure,
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3« Dependence Upon the Temperature

The effect of temperature changes upen the maximum rate
of an autocatalytic chain reaction is in principle the same as
the influence of temperature change upon the rate of mure simple
reactions, In the latter case, however, the dependence of
rate upon temperature has a very important significence, The
well~known expression due to Arrhenius is found to apply.

==

kb o AeRT

where k =  the specific rate constant

R = the gas constent

T = the abscolute temperature
A and E are constants over small temperature ranges, A being
practically independent of temperature and E an energy term,
the activation energy of the reaction.

In the case of a chain reaction, the Arrhenius relation
is usually obeyed but the "activation energy” is then of complex
significance being a function of the activation energies of all
the elementary reactions in the chain,

By taking logarithms of the Arrhenius expressions we

obtaing=

Log k = log A P
RT

Thus by plotting log k, or what is equivalent, log meximum rate
against the reoiprécal of the absolute temperature, a straight

line of gradient " should be obtained,

In the case in point two different series of experiments =

were performed to investigate the influence of temperature upon

the maximum rate, In the first series, the rate of reaction
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of a mixture of 250 m,m, cyclopropane and 70 m,m, of oxygen was
measured at various temperatures over the range 651°A = 705°A,
The results are given in table No. 24. In the second series

of experiments the mixture employed consisted of 178 m,m, of
cyclopropane and 200 m,m, of oxygen while the temperatures ranged
from 660°A - 701°A, These results are given in table No., 25.

Two Arrhenius plots are drawn on the graph No, 14,

TALE W0, 2 TABLE HO. 25
Initi L hp- 250 nya, )3,; 7 nane  Initial p e 178 a.m, bn:?.ﬂﬂ LIS
Vessel 8 Vessel B

fun No. i3 -‘:roi' i““& Q‘ﬁm?m fun e T L‘[_'B f‘“ﬂ-‘ﬁ %“fm

B8 651 1-5% 33 05185 B5 60 1515 A5 0+6532
BBE 658 1520  4e4  0e6k35 B57 669 1495 61 0+7853
BET 665 1504 49 046902 BS58 673 1+486 77 08865
B8 671 1490 62 0732 B4 678 1475 B0 0-9031
B77 678 1475 77 0885 B4 683  1eh6h 107 14029%
B8 683 felsh 9.2 049638 B 688 1e453 134 112N
B8 689 1e451  11+6  1-0645 B52 692 1445 152 1-1818
88 697  1+435 152 11818 3 51 0% A1 17-8 142504
B8 T02 1425 197 102945 BA&T 697 1+435  23+7 137

BI00 701 127 36 15563

It has already been demonstrated that there are two very
distinet types of kinetic behaviour characteristic of the slow
combustion of cyelopropane and that the proportion of oxygen in
the reacting mixture and the temperature are two important factors
vhich decide which of the two rate expressions Rate & Pq, P

| or Rate L l:).u:" is operative, Thus the curvature over part
of the activation energy plots is hardly unexpected, The

significance of the curvature will be discussed in some detail



CRAPH  N¢l4

0 X

J 1 LT IAN I L ZLI70Sgy  Tvo0dadlodd

825l 005/ CLpe] 0G# [ C2#+}

ﬁ@ \Mwwn\_& 2yl iy

T 1 T

Ll )0 7 = MQQ\MQE..,._Q@NN = .._n_.,w\qm
o Y

TG&Q UkS&BL.MQ\\\Qmw\i ,\O .umm\_@& b _.\0 x ub.\% M

S0

0]
0I5,
il

4L WONX YA

S



later,

Meanwhile, it may Le noted that the ocurvature occurs at
the high temperature end of the line referring to the oxygen-
| rich mixture and at the low temperature end of the other graph,
| The overall activation energies caloulated from the slopes of |
| the straight portions are approximately the seme, 34*1 and 3540
respectively., Tt is interesting to note that Mr, Broatch
determined the activation energy of the reaction as 352 kcal /mole
in the packed vessel already descoribed,
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L, The effect of Added Nitrogen

In the slow combustion of cyclopropane, the existence of
two distinet types of kinetic tehaviour necessitated the study
of a possible inert gas effect on each case, A series of ex-
periments was performed with 200 m,m, each of eyeclopropane and
oxygen at G?BOA i.e. in a region where the kinetical relation
Rate < Pc: . \‘bo,— was knovn tc operate, The results given in
table No, 26 show that the reaction rate was independent of
total pressure.at least at moderate pressures, a result vhich
was herdly unexpected in view of the fact that under these
conditions inoresse of the oxygen pressure had no effect upon
the rate,

A second series of experiments was carried out; this
time at 701°A with 178 m.m. of hydroearbon snd 79 m.m. of oxygen
i,e, where the kinetical expression Rate X \Dq,. bo, was xnown
to hold, The results given in table No, 27 egain show the

absence of an inert gas effect,

Table No, 26 Table No, 27

Initial Pees 200 mom, Po= 200 m,n, Initial R.= 178 m.m, p,= 79 m.m,

T = 678°A Vessel B T = 701°A  Vessel B
Run No, - Fun No, R, ik
B 122 - 104 B 106 - 14-0
B 121 5040  10°L4 5 103 5043 14+0
B 120 98+, 10+ B 104 99+6 1440

Using the packed vessel already described, Mr, W, N, Broatch

'studied the effect of the addition of 100 m,m, of n.‘l.tr_ogen to
a mixture of 200 m,m, each of cyclopropane end oxygen, at 696°&.

The maximum rate was 1°*4 m,m,/minute with or without the addition

of nitrogen.
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5. The Effect of Added Hydrogen

It has been previously observed that molecular hydrogen
inhibits hydrocarbon oxidation markedly (54). It may be
pointed out that the molecular velocity of hydrogen is NETAR
the molecular velocity of nitrogen and that consequently
hydrogen molecules suffer collisions (perhaps deactivating a
chain carrier) some four times as frequently as nitrogen, The
specific effect of hydrogen upon pseudo-unimolecular reactions
has been discussed by Hinshelwood (55)., It appears that the
effect is not due entirely to the greater velocity of hydrogen
since helium has no similar effect though, of course, the five
degrees of freedom of' the hydrogen molecule, as campared with
the three of the helium molecule, must facilitate the transfer
of energy,

Ubbelohde (56) believes the process of inhibition by
hydrogen in hydrocarbon ocxidation to be due to the deactivation
of the ROy ™ radicals (i.e. Those endowed with excess energy).

Thus RO," + Hy —> RO, + Hp'
Such a transfer of internal to translational energy would lead
to inhibition of the reaction, Prettre, on the other hand,
considers the retardation to be a surface effect (57).

In the present work, the effect of added hydrogen was
studied in reaction vessel D at 678°A with 200 m.m, each of

ecyclopropane and oxygen, The results are given in table No. 28
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TABLE WO. 28

P— Pretreatnent Bu,.
D3 One hour's evacuation -
D & One hour's evacuation 50
D5 50 aum. of products of run Ho. D4 (incl. 5 m.a. W)

left in the heated vessel for 37 hours

One hour's evzcuatfon -
06 One hour's evacyatfon -
D7 One hour's evacuation -
D 8 50 mun, of products of run No. 07 (no. Hp) left

in the hot vessel for 67 hours

One haur's evacuation -
D9 50 m.m, of placed in the hot vessel for

10 -1nutn~m by one hour's evacuation -
D10 Seven hour's evacuation -

1.2
98

85
86
89

11+2

8+6
4

From these results it can be seen that the hydrogen effect

is not merely & gas effect and is due in large part to a change

in the surface of the vessel, The results indicate that

normally the reaction walls are coated with some substance formed

in the reaction, that is removed Ly hydrogen but is not re-

placed (since long evacuation has little effect) by any hydro-

. genous substance,



The experiments which yielded this information have been
described already and it only remains to indicete the results,
In general, the net-branching fector varied with initial oxygen
pressure in a menner analagous to the maximum rate, Tebles
Noa, 29, 30, 31 end 32 give details of experiments performed
at 678°A in resotion vessel B with 178, 200, 250 and 300 m,m, of
oyclopropane respectively, The results of these four series of
experiments are plotted on graph No, 15,

mRE W, 2 aE W, 3
laitiel P o M na, Te 608 Wittalp e 20 aa.  Ta A
Vessel B Yossel B
R o, be,. A i sy Po.. A

Bi3 50+0 0+095 B2 50+0

842 87 0128 8% 00 0100

84 1010 Q145 B3 1005 0145

LR ) 1084 0180 8 130+0 =160

84 16944 0170 8% 199+8 0163

88 2049 0160 B 287 De165

TABLE MO, 31 TA3LE WO, 3
intttal e 20 ma, 7w 6987 ofttal e M0 ua o610
Yessel B VYossel 8
2un o, b, A' R o, be. A

B35 483 015 B 67 95 0191

83 $h+5 0251 862 974 0204

832 109-8 0210 368 1017

3% 1247 0225 am 1472 0310

83 1348 0240 8N 1497 0320

LB 160+0 0250 an 17843 0e367

8% 196-8 Qe 8 64 19840 0370

LB 1 204 0 8 &6 252+7 0370
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Table No. 33 and graph No, 16 illustrate the variation of
the net-branching factor with change of oxygen pressém at 651 A
the initial cyclopropane pressure being again 250 m.m, The
graph also shows for comparison, the corresponding curve for
250 mym, of hydrocsrbon at 678 A,
Table No, 33

Initizl Pe = 250 mem, T =651"A Vessel B

Run No, F%. Al
B 95 L0-0 0+080
B 9% 69+9 0+085
B 93 99+0 0+086
B 92 13L.+2 0101
B 9 18044 0+108
B 90 2337 0+104

Table No, 34 gives the details of experiments with 178 m,m,
eyelopropane at 701°A end graph No, 17 illustrates the influence
of temperature upon the net-branching factor-initial oxygen
pressure curve for 178 m,m, of hydrocarbon, The next table of
results (No, 35) gives the data for experiments carried out in
the first reaction vessel (A) at 678°A with 200 m,m, of cyclo-

propane and with varying smounts of oxygen., The graph (No., 18)

compares the corresponding curves for the two vessels,

TABLE MO, 34 TABLE N0, 35
Inftial e 18 a0, 1701 Initfal o 208, 6704
Vessel B Vessel A
Run h. t:"a. R‘ M HO. FOL ﬂ‘
897 207 0-286 AW 521 04077
8106 76+ 04343 A &2 &7 04095
B 98 986 0403 h 31 106+5 0+100
B 99 1514 0+386 A W0 15049 0117
81%0 20043 0+387 A 38 169:8 0+122

A3 23408 0+115



crRAPL  N°le

Voriatorn of Initial Oxyyer‘? Pressure g/ Vessel 5)
b, = 250m. m.
03
(=] @ -~ o
7T = G78%A
- 2
o 02
N
2
% =)
)
<
— ©
o = T- 651°A
X
Q
g
Z
100 260
WNITIAL  OXYCEN  PRLESSURE



NET BRANCLING  FACTOR ~ A

GRAPL  N°I7

Ver-iatiors o[' /m‘%fa/ Oxyyen_ Bressure ( Vessel 5)

/56'9 = 178 rrm.
04 w
fa -
T = 701" A
(=}
0-2+
(¢ )
ae 4
. @
T= 678 A
o1t R
h;o ?éo
INITIAL — OXYGEN ~ PRESSURE (172r72.)



/—1’

BRANCHING  FACTOR

NET

GRAPH N9 I8

Vérictiorn  of  Iitiod Ok Ger? Becssipe
(b, C00m20. 5 T~ G7E5°A)

=
A
T

(=]
~
I

INITIAL

Vessel B
- > i
e
& -
] 1
lao 200

OXYGEN — PRESSURE (r7a72,)



- 66 =

Table No., 36 contains the results of the experiments
carried out in vessel D at 701°A. The initial hydrocarbon
pressure in each experiment was 100 m.m, and the oxygen pressures
ranged between 49 and 300 m,m, The graph (No. 19) again de~
monstrates that the kinetie behaviour is largely independent of
the vessel, although the actual values of the parameters may
vary considerably from vessel to vessel,

Table No, 36

Initial b, = 100 mm, T = 701°A Vessel D

Run No. Po,. - P\'
D 18 45-0 0+16
D13 10045 0+19
D17 1445 024
D 15 186+3 0+25
D 16 2400 Q2L
D 14 298-8 0+27

2, Dependence Upon Initial Cyclopropane Pressure

Tables No. 37, 38 and 39 give the details of experiments
carried out at 678 A, 678 A and 701°A with 200 m,m,, 70 m.m, end
79 m,m. of oxygen respectively, The three series are represented

on the graph (Wo. 20),

TiBLE R0, 37 TBLE W. 3
Initialp, = 20 0. Tw ¢18°A °
X Inftfalp, « Mo, Te 6784
Yessel B Yessal B
k. b, A b it b A'
B2 15220 04080 2100 B % 1500 0+108
82 1590 0090 25280 878 02+5 0+137
B 49 17749 0+160 31650 B77 220 0193
ga 200-0 0+163 40000 87 300-0 0238
8 36 2497 0+250 62350 B7 350+0 0250
8 64 300+0 0s370 90000 B 15 4000 0340
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Table No, 39

Initial b, = 79 mm, T=701A
Vessel B

Run No, Pee A
B 108 99+2 0+170
B 107 128+5 0+221
B 117 150+0 0+264
B 106 1778 0+316
B 116 19847 0*415
B 115 221+2 0+1490
B 114 258+8 0+650

Table No, 40 gives results obtained in the vessel A with 150 m,m,
0p at 678°A and the graph (No, 21) illustrates the dependence of
A' upon P, . The other figure on the graph relates to the
results in table No, 41 obtained in vessel D by varying the
cyclopropane pressure at 701 A with a stoichiometric excess

(300 m,m,) of oxygen.

TALE N0, 8 TABLE NO. 41

initialf, o 150 a8, T &78°A Inftial b, e 300 ma. T 7012
Vessel A Vessel D

.,  bP. A he mnbo, ke A ko
A3 63 0077 300M0 025 80:0 0085 6400
AB 19 0100 3%%0 02 900 Oets 8100
AB 18 005 IR D2l 1000 0-183 10000
AW 280 0112 430 02 102 0200 12150
A3 05 D166 6710 822 1200 030 1400
A8 2990 0218 8930 D2 1300 0-400 16900
A3 022 06 IBN
AR 30 023 9B%0

Two types of dependence will be recognised, a linear
dependence and e higher dependence, That this second dependence
- was a square one was shown by the straight-line greph of A'
against the square of the initial cyclopropane pressures (graph

No. 22) shown in tables No, 37, 4O and 41,
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3. Dependence Upon the Temperature

Experiments designed to elucidate the temperature dependence
of the resction have been already described in the section dealing
with maxirum rates, Two distinet series of experiments were
performed and the net-branching factors have been calculated and
are tabulated in tavles Nos, 42 and 43, the former relating to
experiments at different temperatures with a mixture of 250 m.m,
eyclopropane and 70 m.m, of oxygen and the latter referring to the
reaction of a mixture of 178 m,m, of hydrocarbon and 200 m.m,
of oxygen at various temperatures over the range 651 A - 705°A,
Graph No, 23 illustrates the variation of log A' with reciprocal
sbsolute temperature for the two series,

Teble No, 42

Tnitial R, = 250 mam, p, = 70 m.m,

Vessel B
Run No, T -'_—r9- A '@‘%..."\'
B 89 651 1+536 0+105 0+0242
B 88 658 1+520 0120 00792
B 87 665 12504 0+123 0+0899
B 86 671 1+450 0+181 02577
B77 678 1475 0+216 0+3345
B 83 683 1464 04263 0+4200
E 80 689 1451 C+320 0+5051
B 81 697 1435 0477 0+6785
B 84 702 1425 0+576 0+760L
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Table No. 43

Initial bw = 178 m.m, PO;_‘ 200 m,m,
Vesgsel B
Run No !23 ' H’
G & T A 'e"&m
B 56 660 14615 0+112 Q+0L92
B 57 669 14495 0°+135 0+1303
B 58 673 1486 0147 01673
B 49 678 1475 0170 02304
B 48 683 146l 0+200 0+3010
E KO 688 1+453 0+220 03424
B B2 692 1445 0+310 04914
B 51 69, 14421 0+380 0+5798
B 47 697 14435 0+40L 0+6064
B100 701 12427 0+387 0+5877

The graphs closely resemble the log meximum rate against
reciprocal absolute temperature plots and the activation energies
calculated from the slopes of their straight portions are
35%0 keals. and about 35 kcals. respectively, the consideraile
curvature (or perhaps scatter) in the latter case making selection

of a best line difficult.

L, Effect of added Nitrogen

Experiments previously described yielded some information
as to the effect of nitrogen upon the net-branching factor,
The results are given in table No, 44 referring to experiments
with 200 m.m, of each gas at 678°A (Rated b, ) and in table
No, 45 referring to experiments at 701" A with 172 m,m, cyclo-
propene end 79 m.m, of oxygen (Rate % be-bo, )s It will be
seen that the net-branching factor was unaf'fected by dilution

of the reaction mixture with nitrogen,



- 70 =

TASLE MO, A4 TABLE RO, 45
Initial Roe 20 08, P o 20 n.a, Inftial Roe 8o, |2 =79 n.o.
T « 618 Vessel B T « 7012 Vessel B
fun No, P, A' Run Fo. Pa, A’
B 122 - 0-163 8 106 - 0+343
B 12 50-0 0+160 g 103 50+3 0350
312 984 0+165 B 104 99+6 0+350

5. Effect of added Hydrogen

Table No, 46 illustrates the results of the study made on
the effect of added hydrogen upon the net-branching factor,
While it will Le noted that the pretreatment of the vessel with
hydrogen and the addition of hydrogen to the system led to the
lowest values of A' very little can be concluded from the results
as there is not such a distinet trend as was coserved in the

case of the maximum rates,

TABLE NO. 46
Run o, Pretreatnent R, A'
D3 One hour's evacuation - 02
D & One hour's evacuation 50 0+20
D5 50 m,m, of products of run . D4 (Tricls 50 mems Hy)
Left in the hot vessel for 37 hours
One hour's evacuation - 0+18
D 6 One hour's evucuation - =22
D7 One hour's evacuation - 022
D8 50 m., of products of run Ho, O7 (Ho. Hp) Left in
the hot vessel for 67 heurs
One hour's evacuation - 024
D9 50 @.m, of Ha heated in the vessel for 40 minutes
One hour's evacuatfon - 0-23
D10 Seven hour's evacuation - 0«20

In these experiments it was noted that the graphs of log

against time showed more curvature than usual when hydrogen
‘was presant, This gradual decrease of A' as the exp;rim;t
proceeded made it necessary to consider the initial part of

the graph only in the determination of A',



- TP -

THE DEPENDENCE OF THE INDUCTION PERIOD UPCN CONDITIONS

The definition and method of measurement of that remarkable
feature of hydrocarbon cxidation ~the induction period - requires
a little discussion, The term induction period has been used
to descorive several distinet faotors, These are (a) the time
taken until the first measureable pressure change vecurs, (b) the
time taken until the rate reaches a certain small speed (say
0*5 mem, per minute), (c) the time taken for the attainment of
the maximum rate and (d) the time measured by the extrapolation
of the tangent to the AP-L curve at the meximum rate back to
the time axis, These are illustrated on the graph (No, 24).

In the present work the initial time (t.) has been taken
as the time of addition of the oxygen to the cyelopropane in
the reaction, It will be seen later that so long as the time
between admission of hydrocarbon and t, is small there is no
danger of pyrolysis except at very high temperatures so that the
description of %, as time of admission of oxygen is Justified,

It can easily be shown that the two extremes of induction
period definition {(a) and (e) avove are sufficiently equivalent
to meke their separate study umecessary, This is clearly
shown on the graph (Ne. 31) where the reciprocals of © and ¥
have beeu plotted against reciprocal temperature on the same
paper,

In general, therefore, induction period has been taken as
the time elapsing Lelween Lhe admission of oxygen to the vessel
‘end the attainment of maximum rate, T

It has been found that no high degree of reproducibility
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has been obtained in the study of induction perieds, As
earlier suggested, the state of the surface has a very pro-
nounced effect upon the period of induction, With this
limitation in mind, however, certain conclusions have been
drawm with regard to the variation of inducticn period with
change of conditions.

1. Dependence Upcn Initisl Oxygen Pressure
The induction pericds and their rediprocals are detailed

in tables Nos, 47, 48, 49 and 50 for the variation of initial
oxygen with 178, 200, 250 and 300 m,m, of cyclopropane res-
pectively at 678°A in vessel B, The results are shown on
graph No, 25, Table No, 51 shows the variation of reciprocal
induction period with change of initisl oxygen pressure at
651°A (initiel hydroearbon pressure = 250 m,m,), The graph

(No, 26) shows the relatiomship Letween § end b, at 65174

end 678°A for P, = 250 mem,
TABLE W0, 47 TLE W, 48
Initialp e 178 n.0, T 678 Initial koo 20 mm. T = 678°A
Yessel B Vessel B
‘oo oo

Runbo. P, O = . b, & g
B 43 500 150 0w667 B 2% 00 2 04704
8 42 897 9 1+075 8 2 00 105 0952
B bk 010 8 10220 B2 1005 71 1e4
83 08 76 14316 82 13040 47 2413
B 41 s 48 2083 8 30 198 2 3125
B4 2009 355 3817 BB 87 B2 392
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TABLE MO, 49 TBLE N0, 50
Inftial Roe 200, T » 678% Inftial hw 30 w8 T = 67
Vessel B Vessel B
100 \Do
Rnbo. b, 9 ° Run Mo, P, © T
B35 3 485 24062 867 95 68 1471
B 34 %5 33 34030 8 62 9y 3 2703
8 33 1098 3, 2941 B 68 0197 20 40762
B 38 27 3 3125 370 Wz 2 4545
832 Bi8 51 14961 B 71 uer B 3030
831 1800 35 2:857 B 72 .3 2 3571
B 36 %8 2 34704 B 64 1980 2% i167
B3 v | 54000 B 66 2521 185 5405
TABLE WO, 51
Initial b= 250 aum, T = 651°4
Vessel B

loo

Run Ho. bs, e =

B9 40-0 184+5 0+545

8 % 69+9 160+0 0v625

8% 99+0 127°5 0791

B 92 134+2 140+5 0712

891 180+4 109+0 04917

B% B37 1140 0877

Table No, 52 lists the induction times observed at 701°A
with 178 m.m, cyclopropane and varying amounts of oxygen and
the graph (No, 27) shows the relationship for bee = 178 mum, at
678°A and 701°A

TABLE M. 52
Inftial p. e 178 n.n. T = WA
Vessel B

oo

M m. Fﬁg % '.—B-
B 97 50+7 17 5882
8106 78+8 95 1053

B 98 98+6 10 10+0

899 151+4 10 1040

8100 200+3 10 100
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The data in table No. 53 and on the graph No, 28 refer
to experiments in vessel A using 200 m.m, of cyclopropane and
varying amounts of oxygen at 678 A, while table No, 54 lists
details of experiments in vessel D with 100 m,m, of cyclo-~
propane at 701°A, The figures in table No.54 ere also
plotted on the graph (No, 28)

TBLE W, 53 TBLE M. 54
loftiel hye W aa, T = 674 jaitiel Pow 100 mm T = 7004
Vessel A Yessel D

Rd. b, o T Rat.  Po, © o
AW S %2 108 o 18 90 33 3030
Ak BT 52 19 D 13 10005 40 20500
A3 W65 55 1818 D17 iMe5 18 555
AWM 1509 S, 1852 D15 1863 18 5e5%
A3 1898 48 2083 D16 A0 18 5ess6
A3 B8 2 2381 Dt 28 12 8333

It is very difficult to make definite conclusions from
these results, Recognising that some of the induction periods
‘observed were obﬂmaly not consistent with the others in the
'same series the graphs are still not very satisfactory, The
‘data in tables Nos, 47 and L8 provides strong evidence for the
existence of some linear relationship between initial oxygen
:preasure and reciprocal induction period, Apart from the
figures in table No, 52, most of the other results could be
said to show some semblance of such a dependence, and it is

probably Jjustified to conclude that, in general, the induction
’ period decreased more or less regularly when the initial pressure
‘of oxygen was increased,

2. Dependence Upon Initisl Cyclopropane Pressure

Tables Nos, 55, 56 and 57 give the details of experiments
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carried out at temperatures 678°A, 672°A, and 701°4 reapaotiva!

three series are represented en the Graph Ne, 29,

with 200 m,m,, 70 m,m, and 79 m,m, of oxygen respectively, "\‘H‘,e
|
|
i

FBLE W, 55

- ottial Ps » e, T e 6B

vessel A are given in table No, 58 and the graph No, 30 was

¥ossel B
Run Koo P © %9
8 1520 B 2+632
B3 1590 &2 24381
B & M9 355 2817
B2 200 b4 3125
8 3% 2497 4 3704
8 6 300 2 be16?
TABLE MO, 57
tedtfal Po, e 7 gun,
Vessel B
R o bee
8 108 99-2
8 107 128+5
8117 150+0
B 16 177-8
8116 198+7
8 115 212
B4 58-8

loftfel poo Pua. T & 6%

TBLE N 56

Vossel B
M., Pe O =
8 N 15040 57 175
g8 M 2025 495 204
8B n 52+ 2 333
] 300 2 45
8% 30 528
B MO0 6 65
i
!
T « W4 |
|
100 |
49 2041 |
33 3030
12 8333
$ 11111 |
3 1295
5 1333
5 2040

The results obtained with 150 mym, of oxysen at 678°A in .

‘eonstructed from these results,
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Table No. 58

Initial P, = 150 m.m, T = 678°A
Vessel A

oo
Run NO. PQP 9 —e—'
A 35 1763 68 1474
A 25 1991 5l 1+852
A 23 201+8 52 14923
A 14 208+0 48 2083
A 33 25045 33 3+030
A 28 299+0 29 3448
A 32 30242 26 3846
A 30 30440 25 4+000

The series of experiments already desecribed using vessel D and
a stoichiometric excess of axygen at 701 °A yielded the dats in
;table No, 59, These data are also plotted on graph (No. 30),

Table No, 59

Initial P, = 300 m.m, T = 701°A
Vessel D

Run NO. P‘:'P Q I'%—o

D 25 80+0 2845 34509

D 26 90+0 22 L*545

. D 21 100+0 18 54556
D 20 11092 20 54000
D 22 120+0 155 6+897

D 24 13040 13 7+692

| We may conclude from a study of these results that the
reciprocal induction period was directly proportional to the
initial pressure of cyclopropane,

3. Dependence Upon the Temperature

Two series of experiments have been described in the
f'previms sections which were designed to illustrate the temperam
.ooe?ficient of the reaction, During these experiments data
were collected referring to the variation of induction period

with temperature, Table No. 60 contains the details of*
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experiments with 250 m,m, of hydrocarbon and 70 m,m, of axygen
while table No, 61 lists the figures obtained using a mixture
of 178 m,m, of cyclopropane and 200 m,m, of axygen at various
temperatures, The former table also gives the values of Y
obtained, The graph (No, 31) shows three curves (one relating
to table No, 61 and two to teble No, 60),

It may be emphasised here that this graph proves the

parallelism between the relationships of §and =

f'r‘ -
TABLE MO. 60
lnftial P e 250 n.s. Po,® 70 uen. Vessel B
o* too oo
B ¥ T © ® v Sy 7
B8 651 1+536 109 0#5626 %0 140457
B 83 658 1:520 75 1*1249 55 1+25%
B 87 665 14504 55 1425% 40 143979
8 8 671 14490 38 144203 3 1+5228
87 678 14475 25 146021 18 127448
B8 683 1o46h 17°5 147569 12°5 149031
B & 689 14451 135 1869 9 200457
B 81 697 1+435 85 20705 6 202219
88 2 1+425 6+75 2176 & 2391
TABLE HO. 61
Initlal Rp = s o 200 Vessel B
3 oo
B 56 060 1+515 87 140603
B 57 669 12495 54 122677
B 58 673 1+486 3 124089
B 49 678 1475 33 144814
B 48 683 1464 25 1+6021
B 50 688 1+453 2 106198
8 52 692 1=045 15 1-8240
8 51 694 1*441 12+5 1+9031
8 47 697 1*435 il 149586
8100 ™m 1+427 10 240000

The activation energies were caloulated from the gradients
of the three lines, They were found to be 509, 51+7 and 54+2
—keals/mole respectively, It will be noted that these energles

are considerably higher than those determined for the maximum
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rate and the netsbranching factor, Turther, there is good
agreement bhetween the values found for the energy referring

 to -'é in the two cases of partial prescsure, The energies of
|

sctivation of § and = do appesr to differ, although net by

\ very mach,

i In the experiments with added nitrogen it wes found that
j the induction pericd, as well as the rate and net-branching '|
factor, was not affected by the addition of nitrogen to the

| system, irrespective of whether the operative kinetiocs were

L]

the results cbtained with experiments in vessel B at 678 A
using 200 mem, each of cyelopropane and oxygen while table No.

of hydrocarbon and 79 m.m, of axygen,

Rete « pe. po.  Or Rate & pu-bo, o Table No. 62 contains

63

refers to experiments at 701 A in the same vessel but with 178 mem,

TABLE MO, & TABLE %O, 63
iftiat fee 20 8.0, F.: 0 na, inftisl poe 178 na, Re P se.
I T« 6% Vessel 8 T =« B3 Vessel B '
e o, l:)“:' o an . bPus 3] l
32 - §
35 2043 ]
% 96 9

The experiments illustrating the influence of added
hydregen upon the reaction have already received some attention

— [Unfortunately, the induction periods measured showed no trend |

at all and varied quite haphazardly Letween 26 and 66 mimutes,



|
| -79 -
|
|

‘While this is disappointing, it can hardly be described as

‘'unexpected since it has always been observed that © is very

|
‘much more sensitive to changes, particularly of wall conditions,
than is .P,,\“. Thus the completely illogical variation of ;

‘with the hydrogen trestment and pretreatment can be regarded |
|

‘as further evidence that the hydrogen effeect is a wall phenomenon,
[ |

The results are given in table No, 6L along with the details of

the pretreatment in each case, '

TABLE WMo, 64
|
Run Ho, Pretreatment R, e |
D3 One hour's evacuation - 2
D& One hour's evacu tion 54
5 5 w.a. of products from run No. D4 (incl. 5 mm. By)
left in the hot vessel for 37 hours followed by
one hour's evaguation - 65
D6 One hour's evacuation - 26
D ? One hour's evacuation - a1 |
0 8 50 a.m. of products from rua No. D7 (no Mp) left I
in the hot vessel for 67 hours; followed by =
one hour's evacuation - 66
D9 50 m.n. of hydrogen heated in the vessel for 40
ninutes; followed by ome hour's evacuation - 54

310 Seven hour's evacuation - 47
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THE DEPEIDENCE OF AIOA"“ UPON_CONDITIONS

It should be pointed out that, experimentally, the
pressure change occurring before the attainment of meaximum
rate is the characteristic of a chain reaction in the gas phase

i which is least accurately determined, This is so because the
i maximum rate is never actually determined as such but is cal=-
: culated from pressure changes over comparitively long time

| intervals (of the order of 60 seconds), Thus, in the case
of a fairly speedy reaction whose meximum rate was 14+5 m.m,

per minute but which maintained a rate of over 13 m.m, per

minute for a period of say, three minutes, it was very difficult

to decide, with any great scourecy, the AR, although e
' and even O might be stated with an acouracy of better than
| 987, TBearing this in mind, the results which are presented
;here mist be regarded as accurate only to a certain extent,
ébecming less accurate in the case of experiments in which

higher maximum rates were observed,

: 1. Dependence Upon Initiel Oxygen Pressure

The experiments which furnished the figures in tables
Nos, 65, 66, 67, 68, 69, 70, 7 and 72 have been described
elsewhere, Along with each table are given the conditions |
of cyclopropane pressure and temperature, Graph No, 32
illustrates the linear relationship existing between A\:sm,.
' and P“‘; , demonstrates the independence of A\bmupon initiel

 hydrocarbon pressure and indicates a temperature effect, and,

'to some extent the existence of a specific factor due to the

reaction vessel, '
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TABLE WO, 65 TABLE N0, 66
nitial R, 18 om,  T=6784 IMtlal e 2088,  Te 678
Yessel B Vessel 8
Run No, bo. ol . B aun fo. By Dby
B 43 50+0 12+8 B 2 50+0 133
8 42 87 24 5 2% 7040 198
B bk 10140 323 B25 100+5 21
83 1084 32:2 8 27 130+0 36+4
B 41 149+ A48 8 30 199°8 5547
B9 200+9 562 878 287 7040
TABLE W 67 TABLE MO, 68
lofti L Roe 20 m8. T 6784 nftial R 300 ma, T e6M
Vessel 8 Yessel B ;
|
Rﬂﬂ ﬁﬂ. bol. AP“,. . m rhn P"- APHA‘ :
835 483 139 8 67 495 143
8 3 %5 280 8 62 97, 298 |
B33 1038 28% 3 68 10147 309
8 38 1247 325 87 17e2 3548
832 1348 3944 BT 197 10°9
33l 180+0 498 872 1783 48+7
B 36 198+8 562 B 64 198+0 56+0
837 250+0 69+7 8 66 527 7047
TABLE MO, 69 TABLE WO, 0
litial Row B0 ms. T o 651% nitial e MBoa. T WA
Vessel 8 Vessel B
Run Ho. ‘D"x Ah-n'x Run Mo, F“:. aP_\w‘
895 1040 1340 BY 50:7 13+1
8% 699 17+ 5106 788 %52
893 9-0 207 5 98 986 32:3
B %2 1342 3341 B9 1514 56
891 18004 4240 3100 20003 69+1
B %N 2341 5543
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TALE MO, T TIBLE W, 72
inftial P, 200, T = 678 Inftfal Row 10 mm, T « 7017
Vessel A Vessel D
Run Ho. Po, N fun Mo, b.. L
A4 52+1 140 D18 49+ 1101
A 42 87 247 D13 100+5 17°3
A3 106+5 2%+0 o7 1hie5 B2
AL 150+9 3940 215 1863 - 324
A38 1698 5001 D 16 200 40+0
A9 B8 &3+ 0t 2988 54¢5

2, Dependence Upon Initial Cyclopropane Pressure

It will be evident from the fact that the same line

(graph No., 32) is the best line for the points given in
tables Nos, 65, 66, 67 and 68, that the change of pressure
occurring before the attainment of the meximum rate is not

at all dependent upon the initial oyelopropane pressure,
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| THE DEPENDENCE OF (\Po UPGN COMWITIONS

| The total pressure change occurring during the cn:idatim:
is a very important characteristic of the reaction since it may
indicate the relative predominance of various competing overall

| reactions, Since, in nearly every experiment performed, there

| was a stoichiometric excess of cyclopropasne it was not surprising

| to find that A‘:,a was not at all dependent upon the initial

hydrocarbon pressure,

Tables Nos, 73, 74, 75 and 76 and the greph No. 33, however,
show that Ap, is directly proportional to the initial axygen
pressure, the constant of proportionality being approximetely
0+5, Tables Nos, 77 and 78 contain data obtained at 651°A tmdI

701 A respectively and these figures are alsc plotted on the

greph (No, 33).

TBLE M. T TABLE M0, T4
Inftial pou 1B as. T o 676 inftial hos 20008, T = 678
: Vesssl B Vessel B
" Pun N, Bos Mh fun No. ks, Ab,
|
| 843 540 29 B2 50+0 %7
B 42 87 e 8% 7040 3409
8 b 101:0 50¢5 825 100+5 5041
83 1984 54+2 82 130+ 65¢1
8 41 149+ 748 8 30 1998 1000
849 200+9 10241 B %487 127
TABLE MO, 75 TABLE M. 76
Inftial Poe 290 a5 T « 678°) Initial boe 30ma T = 678°A
| Vessel 8 Vessel B
Run o, Ps. Abo — b nk,
B35 183 22+9 86 49°5 %ol
B 34 %s5 46+0 B 62 97+ 184
B33 109:8 542 868 1017 07
B 38 1247 62:4 870 112 735
832 134+8 685 B 1 149+7 The2
8 31 180+0 91+0 B 72 1783 892
83 1988 100-2 B 64 198+0 93+5
837 250+0 125+3 B 66 2527 1254
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TRLE W, T THRLE Mo. 78
Inftial e 2088, T o 651 Inftfal koo B am, T = 701°A
Vessel B Vessel 8
fun Ho, ks, Bba Run Ho, Po. Ak,
8 95 4o 1947 8 97 5007 254
8 9i 69+9 30 B106 78-8 §2e2
893 99¢0 495 B 98 9°6 5241
B 92 B2 6 899 15144 795
B 91 1804} 8604 8100 200+3 1040
B 90 2337 116+0

The variation of 'AP" with change of oxygen pressure
in vessel A is recorded in the following table (No. 79) and the
|

data have been plotted on graph No, 33. !

TABLE W0, 79
Inftial Row 200 m.e, T = 618%
Vessel 4

A& 5241 261
A b2 87 4540
A 31 10625 5140
AL 15049 775
A 38 189-8 9544
] Bues 116+1

On graph No. 33 only one line has been drawn and no
points are indicated, This is tc avoid the confusion which
would arise if it were attempted to mark each individual point,
Suffice to say that Apd, was independent of the initial
cyelopropane pressure, proportional to the initial oxygen

pressure, was largely independent of the vessel but showed
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VARIATION OF THE CHENMTCAL COMPOSITION OF THE REACTION MIXTURE

The variation of the chemical composition of the mixture
during reaction was followed by stopping the reaction after
various times and anslysing for unchanged cyclopropane and
oxygen and for oxides of carbon, water, formaldehyde, hydrogen
and hydrocarbons, Due to the previously observed variance in
induction times, the reaction was stopped when certain noted
pressure changes had occurred, The stopping of the reaction
was effected by opening the tap at the resction vessel (when
the pressure had increased by the desired amount) so that the
gases expanded into the comparatively large space between
the taps A and F, the trap J being meintained at -180°C by
liquid oxygen, After a few minutes, when equilibrium had
been attained, the tep K was opened and the permanent gases
were collected over mercury by use of the Toepler pump, Frac=
tionation of the gases was achieved as described previocusly
and the condensible substances were analysed for water or
formaldehyde as indicated earlier, Having repeated this opera-
tion at several points along the pressure-time curve the results
were tabulated and plotted together on a graph against time
(the time co=ordinates being obtained Ly reference to the
pressure~time curve and from a knowledge of the pressure change
which hed occurred when the analysis was performed),

In view of the existence of two regions kinetically rather
distinct this technique was applied to two typical experiments,
“one where the operative rate expression was Rate o PEF‘-‘; and
the other where the relationship Rate ok |oee. o, held, The

2ata in table No, 80 refer to the former expariment and are
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plotted on the graph (No. 34).

TABLE MO, 80  CMPOSITION OF GASES IN THe REACTION VESSEL.

inftial cyclopropane pressure « initfal oxygen pressure « 200 m.m,

Run No.
Time of extraction (mins)
Pressure chinge (m.m.)
Cyclopropane (a.m.)
Oxygen (m.m.) (including nitrogen)
Carbon monoxide (a.n,)
Carbon dioxide (a.m.)
Water (m.m,)
Hydrogen (m.m,)
Hethane (mem.)
Formaldehyde (e.m.)

E10

16
0

0+9
09
0-9
0+0
00

En £12
25405  31+8
b3 %9
197+6 1946 182+3
197-4 1889 158+1
64 325
0+0 1+6
6h 341
06 11
0+0 16
03 &6

T « 618
£E9 654 £
el 3601 4016
380 532 750
1785 1721 155+
12841 1030 64°5
555 751 1065
35 12 12
590 823 119+1
2+5 15 20
B9 07 1
51 56 4

£E8

6
100:2
140+7
2049
142-8
178
160+6
23
29
145

The next table (No, 81) is a record of the variation of

the composition of the reaction mixture at 701°A with an initial

hydrocarbon pressure of 200 m,m, and 100 m,m, of exygen. The

results are plotted on graph No, 35.

TABLE NO. 81. COMPSSITION OF GASES IN THE RE CTION VESSEL

Initial cyclopropane pressure = 200 n.n,

Run Ne. E24
Time of extrzction (min.) 1+0
Pressure change (m.n,) 0
Cyclopropane (m.n.) 1982
Oxygen (m.n.) 9945
Carbon Monoxide (m.n.) 07
Cardon Dioxide (m.m.) 0+0
Hater (m.e) 0-7
tiydregen (m.n.) 0+0
Hethane (m.m.) 00

Formaldehyde (m.n,) 0-0

EB
1042
1+0
1939
26+9
3+
00
31
00
00
1+0

£21 (3}
105 1495
4 18+0
18944 1841
82+6 67+2
141 21
0+0 0-9
141 250
11 143
0+6 0+0
k75 60

(31
15+48
25+0
179+9
535
35+8
26
384
02
0-7
15

En7 El6
15-77 1658
287 397

1680+7  173+0
b5 255
395 555

42 6*3
437 618

2+1 40

0-0 21

5+8 349

Initial oxygen pressure » 100 ame T e ?01°A

E15
1772
49-9

164+0
112
67149

99
718

3¢5

2*5

1-8
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In work such as this it is necessary to attempt to show
that the products of reaction are quantitatively equivalent
to the reactants consumed, In each analysis quoted the criteria
of equivalence have been (1) that the output volume sgreed to
within 5% with the volume anticipated from a knowledge of the
pressure in the vessel at the moment of extraction, and (2) that
the carvon, hydrogen and oxygen 1?’ound in the output gases each
agreed to within 5% with the amounts of these elements in the
original mixture, A typical input-output balance is given
below for run Yo, B3 (table No, 80).
Pressure at time of extrection = 4750 m.m,
Pressure by sum of constituent determined pressures = 466+3 m,m,
i,e, loess = 8+7 m,m, = 183 %
Carbon input (in m,m, atoms of carbon) = 3 x 200 m.m, = 600 m,m, atoms,
Carbon output = 3 x 1559 + 106°5 + 126 + 14 + L4*3 = 592+5 m,m, atoms,
Loss of carbon = 7*5 m.m. atoms = 125 %
Hydrogen input = 6 x 200 m,m, = 1,200 m,m, atoms

Hydrogen output = 6 x 155°9 + 2 x 11941 + 2 x 2°0 + L x 1°4 + 2 x 43 =
1,191°8 m,m, atoms,

Loss of hydrogen = 82 m,m, atoms = 0+68 %
Cxygen input = 2 x 200 mym¢ = 400 m,m, atoms

Oxygen output = 2 x 64+5 + 106*5 + 2 x 12*6 + 1191 + 4*3 = 384+1 m,m,
atoms,

Loss of oxygen = 159 m,m, atoms = 3+98%
Balances were not always so accurate as this but analyses
were disregarded if one of the losses exceeded 5%, When one

considers this faet in conjunction with the report of the

negative results in the qualitative analysis of accumalated
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samples of the condensible products ( 9-V.) it becomes evident
that if any products, apart from those shown in tables Nos, 80 |
and 81, are formed in the reaction they must be formed in
mimite quantities indeed,

Several remarks may be made at this stage, with regard to
these products, PFirstly, there is the striking fect that therog
is no significant difference in the products or their rate of
formation in the two cases; that is, although the two rates
of reaction are gcm;med by different kinetic relationships
the products are essentially the same, Secondly it will be
observed that the nature and relative amounts of the major
products are very similar to those noted in the slow combustion |
of meny other hydrocarbons, The data in the tavles can Le
used to Jjustifly the belief that the rate of pressure increase is
a true measure of the rate of reaction, The latter may certainly
be measured by the rate of removal of the reactants and by the
rate of formation of the main products, The graphs Nos, 36 and
37 illustrate the linear dependence of changes of cyclopropane,
axygen and carbon monoxide concentration upon changes of total
pressure, The first of these graphs was constructed from the
data in table No, 82 while the second refers to the experiments

reported in table No. 83 with initial oxygen pressure = 100 m,m,

at 701°A,
TASLE NO. 82
Run Ho. £10 En 2 B ES& E13 g8
Tise of extraction 16 2505 31-8 34e1 36e1k  40-16 46
| Ingrease in total pressure 0 43 29 380 532 750 100+2
Decrease in cyclopropine pressure 24 54 11T 215 219 b 593
Decrease in oxygen pressure 62 1M1 41*9 T+9 970 1355 17941

Incre2se in carbon monoxide pressure 09 604 325 555 751 1065 1428



CRAPIH N?'s 3¢ # 37

\Es& FONYVIHD FHISSTAd  TYVLOL

i %

P (@ VAR
ZDIXOLUOLA  LIOGAOT 'S

cr2bbxo -

“m\&m.\ﬁ\wﬁ\.&u -
LE N HAVEID

2

—

s

(e dl) 2ONYI1D  Z7SSTAS T TTAIONI

(2t 244 L TONYVHD  TNISSTIS
oo os

TVLOL

VLeZD -/

Zoyx0LIoN  LIOGIDT ()

’

(12OPXO -

r -

&

:
g

wrwt) F0NVH2  FOSSI3d TN VANICNI

-

/

— 061




TABLE NO. 83
Run RNo. g2 €23 g2 E19 €18 E7 €16 ENS
Time of extraction T 10042 14=05 1495 1548 15°77 16°58 17-72
Ingrease fn total pressure 0 1 9ok 18+0 2540 287 397 499
Degre-se in cyclopropane pressure 146 6°1 106 159 20+1 193 27+0 360
Decrease in oxygen pressure 05 3e1 17+h 328 465 535 745 898

Increase in carbon monoxide pressure 007  3¢1 1401 24+ 358 395 555 §7+9

In consequence of these straight line graphs we mey
conclude that AIOC A _@PCP)t. ok— (A t"h) e & (ﬁ \:’m\t

Cooab)  -dek,) | -sGh) | dBbd
dE

dt ak dt

Perhaps the most important feature of the analytical

' results is the way in which the formaldehyde concentration
varies during an experiment, It is seen to increase to a
'maximum at about the time of the attainment of maximum rate and
then decreases rapidly leaving, however, some fairly low pressure
of formaldehyde at the end of the pressure increase, The graph
(Mo, 38) compares the variation of formaldehyde pressure during
the reaction of 200 m,m, of cyclopropane and 200 m,m, of oxygen
at 678°A with the variation of the rate of reaction with time,
The line shows the variation of rate with time and the points
refer to the pressures of formaldehyde determined at the times
indicated, These pressures of formaldehyde have been adjusted Ly
miltiplying them all by a factor of 1+16, The pressures of
formaldehyde plotted are those given in table No., 80, This

h procedure was repeated with the results of the experiments which

are in table No. 81 (i.,e, with 200 m.m, of hydrocarbon and

100 m,m, of oxygen at 701 °A), the appropriate multiplication
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factor, in this case, being 1+77. The correspondence vetween
formaldehyde pressure and rate under these conditions is shown
on greph No. 39,

It will be noted that, particularly in the former case
(graph No, 38), a definite relationship seems to exist between
instantaneous rate and formaldehyde pressure, The parallelism
is not so marked after the time of attainment of maximum rate
(since there was always some residual formaldehyde after the
reaction had ceased) or in the very early stages, but is very
striking over a considerable portion of the reaction, up to
and including the time of maximum rate and formaldehyde pressure,

Since formaldehyde appeared to be a highly important
intermediate in the reaction the variation of its pressure
during the slow combustion was considered in more detail, It
seemed 6f interest to investigate the manner in which the
maximum formaldehyde pressure observed in an experiment depended
upon ccunditions of pressure and temperature,

1. Yariation of the initial oxygzen pressure

A series of experiments was conducted in which an initial
cyclopropene pressure of 200 m,m, was always taken and in which
the temperature was kept at 701" A, From a knowledge of the
pressure change occurring before the attainment of the maximum
rate, it was possible to exiract the gases, in the usual way,
at that point in each experiment, The permanent gases were
pumped away by the Toepler pump and a definite volume of water

‘was pipetted into the cold trap, The Dewar flask was then

removed and the contents allowed to warm up, One ml, of the
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resultant solution was analysed for formaldehyde as deseribed
earlier, The results are embodied in table No, 84 while

table No, 85 gives the variation of maximum rate with oxygen
pressure under the same conditions of temperature and hydrocarbon
pressure, The data in the two tables are plotted together on

the same paper (graph No. 40)

TABLE N0. 84
Run Ho, Inftial pressure of oxygen Max. pressure of formaldehyde
E 2 38 329
£Ea 50 A48
E N 70 628
E 2 102 149
E 2% 150 112
E 2 20 12
E 30 250 649
TABLE MO, 85
Run No. inftizl pressure of oxygen Maximum Rate.
£ 3 50 75
£ 3 100 13+9
£ 32 152 24
£ 3 200 28
() 254 25¢5

The graph shows that both rate and formaldehyde pressure
become independent of oxygen pressure as the latter is increased
but that the two curves could not be made to be coincident by
the introduction of a suitable factor, The critical oxygen
pressure at which the rate loses its dependence upon oxygen

pressure is about 180 m.m, whereas the critical axygen pressure

for formaldehyde dependence is much lower, namely about 80 m,m,
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24 Variation of the initisl cyclopropane pressure,
Two sets of experiments were performed under this heading:-

(a) with 200 m,m, of oxygen and (b) with 50 m,m, of oxygen
(temperature = 701" A in each case), The results are given in
the following two tables and are plotted together on graph No, |
L1,

TABLE NO. 86
Initfal oxygen pressure = 200 n.am, Temperature = 701 A
fun No. Inftial pressure of cyclopropane  Max. pressure of formaldehyde
£ED 20 12
£ N 150 4493
£ &0 50 1474
£ M 100 347
TABLE NO. 87
Run No. inftial pressure of cyclopropane Max. pressure of formaldehyde
E W 100 22
E & 150 402
£Ea 200 be48
E & 300 heo6
E B 350 5+02
£ 48 500 5466

The graph indicates quite clearly that the formasldehyde |
pressure depends linearly upon the initial hydrocarbon pressure
but that the dependence falls awey at higher cyclopropane
pressures, i,e, when the initial oxygen pressure is low, In
neither case is there any similarity to the corresponding rate

relationships,
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3. Variation of the temperature, f

A series of experiments was carried out using a mixture
of 200 m,m, each of cyclopropane and oxygen at various teme
peratures over the range 650°A to 701°A i,e, the renge over
which the kinetics of the reaction had been studied, The
results are embodied in the table No, 88 and the Arrhenius plot
of log maximum formaldehyde pressure against reciprocal absolute

temperature is given (graph No, 42),

TIBLE MO, 88
fum Yo, Tesp.° A oy Ruor i K
E % 650 19538 3489 05899
£ 55 658 14520 hesh Qo651
£ 53 6n 14493 5410 07076
E 5 68 14475 5061 0+7490
£ 701 19421 2 0+8525

The graph provides a straight line of little gradient
and yields an "energy of activation" of some 10+5 keals,/mole,
The interpretation of this figure is not a simple matter and
consideration of its significance will be deferred until the

discussion of results,
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THE EFFECT OF ADDING WATER VAPOUR TO THE REACTION MIXTURE

Several workers have reported that the addition of water
vapour to hydrocarbon-oxygen mixtures exerted a oconsideratle
iinfluence upon the reaction rates and induction periocds, A
;recmt study of the methane oxidation indicated that the -
:kinetics of the water-catalysed reaction might be em:p:l:'elzclanzé.(:-5-'8)i

Rate o o~ B B
| In view of the possibility that water might affect the
'resction between cyclopropane and oxygen, a series of experiments
|was carried out using 200 m,m, of hydrocarbon and 100 m,m,
of oxygen and various amounts of water vepour at 701 A, The
results are embodied in table No, 89 and are illustrated on
the graphs (No. 43 and No, 44),
TIBLE We 89
EFFECT OF ADDED WATER VAPOUR.

Run Ho.  Pressure of water vapour (m.n.)  Maximwm rete  Induction period = |
£ 109 . 1149 12:88 776 |
EM 33 130 1447 872
£ 110 1 136 10+50 52
£ 112 12:2 140 11-80 848
£ 108 16°9 W2 143 875

E13 1747 143 193 838

In addition it was observed that the net-branching factor

increased in a similar way but results were less consistent,

In this connection it may be noted that the experiments involving

‘the addition of water vapour yielded results very difficult to

reproduce, The experiments reported in table No, 89 were 2ll

carried out in the same day and were all preceded vy rigidly

controlled conditions of evacuation,
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THE EFFECT OF ADDING FORMALDEHYDE TO THE REACTION MIXTURE
Since formaldehyde was the only intermediate product
detécted and since it was known to react with oxygen at 400°C,
& series of experiments was carried out with varying quantities
of formaldehyde, added to 200 m.m, of cyclopropane and 100 m,m,
of axygen at 701" A in vessel E before the beginning of the
‘reaction, It was found that progressive addition of formaldehyde
ito the mixture reduced the induction period without ccnsidembllf
:affeotins the meximm rate or the pressure change preceding
the atteinment of meximum rate, The total pressure change
showed a gradual increase but not a considerable one as the
ipressure of added formaldehyde was increased, These facts
| are obvious from the pressure-time records shown in the graph |
‘No, 45, It should be pointed out that the addition of |
quantities of formaldehyde less than about 10 m,m, produced
no change in the meximum rate (11°9 m,m,/minute), The addition
of greater quentities of formaldehyde did lead to some increase
' of maximum rate (e,g, the experiment with 35°2 m,m, of added i
formaldehyde showed a maximum rate of about 14 m.m./mimtg) '
'but it should be emphasised that in such cases the rate :I.mreased
to the maximum at sbout the usual DPoax and fell away again
in the usual way, Even when the pressure change appeared to
vegin at a rate of 12+0 m.m,/minute, its rate of chenge ac= |
celerated slowly to 14 m.,m,/mimate, |
_____ B It will be seen that the effect of added formaldehyde upon
the induction period was very great at first but that the effect

 decreased in importance as the amount of additive was increased,
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This fact is clearly demonstrated by the data in table No, 90

and by the graph (No, 46), The values of © were computed in |

the usual way but some of the shorter values of 7V could not
be determined directly and were taken from the pressure-time

records of the experiments concerned,

: TABLE WO. %0
THE EFFECT OF ADDED FORMALDEWYDE.

Run Mo, Pressure of added form:ldehyde & ¥
€128 . 13405 mins, 87 mins.
£ 13 09 n.m, 17 34
€125 15 7403 25
£ 24 663 19
£ 119 bl 558 10
£ 118 59 525 06
E121 78 ] 01
€122 1240 28 i
€127 132 e - .
£123 1741 307 .
£ 126 202 302 .
£ 13 54 278 "

E 132 2949 2e37 .

€135 3542 1+98 -
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THE EXTENT OF TUERMALLYINDUCED ISOMERISATION OF CYCLOPROPANE,

The thermal isomerisation of oyelopropane (to propylene)
has “een atudled Ly several workers (59),(60) over the temperature
range 440 C to 520°C (Commer and Pease (60)) It seemed ime
portant to determine the degree of isomerisation at the lower
temperatures at which the axidation had Lee: studded, In
censeguence , samples of 200 m.m, of cyolopropene were enclosed
in the reaction vessel for various periods as indiocted in the
tatle (Wo. 91)s Znalysis then showed the extent of isomerisation,

TABLE NO, 91
fun No,  Temps As Pep Time Propylene
A T8 678 200 mym, 24 hours, 18y
AT 701 200 mm, 24 hours L7
A 80 704 200 m,n, 1 hour 2850

It was ooncluded from these experiments that the iscmerisa-
tion of ayclopropane was unlikely to be of any great importance
in the study of 1ts axidation, since at 701 °A (the highest
temperature employed in the slow conbustion studies) the ine
duction pericds were very muoh shorier than an hogr (of the
order of 5 = 10 minutes) and sinoe at 678°A induction times
were only of asome 30 - 40 minutes duration, It was posaible
that the isomerisation was facilitated by the presence of
wﬁm but this was not tested, In any event it was probable
that an axygen-catalysed lsomerisaticn would fellow e reaction
mechanism similar to that of cxidation,

It was of great interest to note, however, that in one
experiment 255 m.m, of oyelopropene was heated at 695°A for
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about 24 hours, On the addition of 110 m,m, of axygen, a
small explosion occurred almost immediately, The pressure
change which had ocourred after the explosion was only 38+6 m.m,
as compared with the usual change of 55 m.m, This seemed to
suggest that the propylene formed by isomerisation at 693° A
oxidised very rapidly when the oxygen was admitted to the
vessel but failed to stimulate the oxidation of the remaining
cyclopropane, If this were so then the iscmerisation of
cyclopropane could be disregarded as a factor of importance in
the slow combustion of that compound, The matter was not

studied further and the suggestion is a very tentative one,
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pIscusSsSIoN OF THE RESULTS
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In the first instance it will be instructive to collect
and compare certain of the results and to emphasise their
significance. ‘The experimentel results constitute a considerable
body of evidence for the legitimate application of the Semenov
theory (10) of a reaction with degenerate branchimg chains to
the thermel oxidation of cyclopropane, Firstly many similar
reactions proceed by such a mechanlsm, Furthermore the shape
of the pressure change - time curves is .typiaal snd the linear
relationship shown to exist between the logarithm of the pressure
chenge end the time demonstrates that, in the early stages ot
lesst, the law of pressure change is an exponential one, ‘the
long induction periode obrerved (of the order of minutes and hours)
are also ch:aractcriatic of chaines with degenerste brenching while
the extreme sensilivity of the rate and net«branching factor and
more particularly of' the induction pericd to the state of the
surface of the reaction vessel and its extent provides strong
evidence for the cccurrence of such chains, In this connection
there hes been adequate demonsiration of the importence of the
immediste pasi-history of the vessel (cooling, admission of air,
and veristion of the duration esnd effieiency of the evacustion
a1l producing chsracteristic effects),

Gne of the features predicted by the Semenov anslyeis is
a pronounced inert grs effect, This might menifest itself as a
third-body effect or mipht opernte by deactivetion of "hot"
radicsls or simply by preventing diffusion tu the walls end
- since the effect might be applied to an initlaticn propsgation,

branching or termination reasction the oversll effect micht lend
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to an increase or a decreese in the reaction rate. In the
present investigation the ecdition of nitrogen to the system did
not change any of the resction cherscteristics st ell. This
was rathér surprising since the observed dirferences of rate
etc. in vessels of similer dimensions end the drastic changes in
' kinetic charescteristics of the resction following a twelve-fold
increese of the surfece?! volume ratio seemed interpreteble es
Iindicative of the heterogeneous nature of the branching end/or
non-brenching resctions end possibly of the initistion and

| terminstion reesctions ¢oo. Consequently one might have
snticlipated thet the addition of inert gas might influence the
rete and incuction periocds It was posaible ol course that the
sbsence oi an overslli eiffect was due to balen ing of seversl
eifecta some enhsncing end some retarding the progres: of the
reasction, This seenmed less likely, however, when 1t was found
thet, unier sn entirely diiferent set of conditions of
teperature end praessure, there was still no inert ges effect.
;& second possible ex-lanstion of the results was that the amount
of n@trogcn sdded wes too small to exert eny great influence.

In the most favourable case the nitrogen constitutec about 263
of the mixture and yet showed no efiect, Ixperimental
diificulties woulu attend sny very great increase in this percentege
but it would be of intereat to find whether 30 of nitrogen did

inorcese the rate of resction in & vessel whose walls had been

treated 80 &8s to increases their chain-terminating activity

(esge by costing with potessium chloride).
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In striking contrast to the inerfectiveness of adding
nitrogen to the reaction mixture, sddition of hyurogen hsd a
most pronounced result, Induction periocs became quite
irreproducible {thelr inconstency nersisted for some time) but
the investigation of the efiect of hydrogen upon the rate
showed that the rate was reduced either by the fact that hydrogen
wes present during reaction or by the pretrestment of the vessel
with hydrogen (the nor:al evacuastion technique being adopted
beiore the commencement oi $he next experiment j. Purthermore
the rate greduelly rt:urnud t0 normal after a few combustions
or more rapicly if the v»roducts Irom an oxidation were left in
the vessel for some time, These facts, combined with the
obaervation thet even prolonged evacuation of the vessel in its
"low rate” stete had very little eifect upon the meximum rate
of the next experiment, made it clear that hydrogen removed
from the walls some substence which normally facilitated reaction
end that this well-catalyst wes grecually repleced in the next
sxperiments or by leaving a few centimetres prezsure of the
products of resction in the hot vessel. There wes no evidence
that the hydrogen did not exert s homogeneous gas-phase effect
(such as hes been studied by Ubbelohde (56))ss well es the wall
effects. Two possible exvlanntions of the results seemed rensible.
The iirst wes thet hydrogen changed the nature snd hence the
catelytic sctivity of the esusorbed substance end thet this

‘altered form wes graiually rechenged by the ensuing resctions |

ena reegction products. This did not seem very probeble since

the hydrogen wes litely to reduce the adsorbed meterisl which
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could be re-gxidised by the oxygen involved in the next
experiment but which could probably not be re-cxidised by the
products of resction which contained little or not oxygen (thir
being far lecs then the stoichiometric requirements of the
cyclopropane in these particulsr experiments), The second
poesible explenation was that hydrogen removed the subsatance
from the adsorbed phase altogether, leaving » clean flass surface.
This seemed a more ressonable suggestion since, it hed heen noied
that rate results in a new olean vessel were, et first, low and
gradually incressed as the number of experiments increassad,
The precise nature of the resction product which wes normelly
resident on the walls oan not be stated with certainty but of the
products detected in reaction the one most likely to exert a
catalytic effect upon the rate was water, Juat why hydrogen
should be so eff'active in desorbing water from the wells is a
very difficult question to snswer and further speculstion as to
the nature of the catalyst and ite mode of action can be of no
great velue,

Semenov has shown that Ap — o7  ware Ap: pressure
change , ¢ : the net-branching factor, t = tine ard B = "-%3
where M. = the number of active centres formed per second
by the primery initiation process,V = the chain length and
D = the time elapsing between the commencement of the primery

chains and that of the secondary chains, Taking logerithme,
%40 o o+ A'E and plotting 10[{10 \D sgeinst t,
™ streight line of gradient A' should result. The intercept

of this line on che logyq [BP axis should be log, %.z which
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we shall call log10 N. ¥ was obviously determinable from the
graphs normally employed for net-branching factor evaluation
and from a knowledge of the net-branching factor it was possible
to calculate B, Now B(end N) are dependent upon the rate of
initiation of primary chains by other mesns than by radicals
formed by the intermediate responsible for the degenerate
branching. It seemed of great interest to consider the
variation of B and N with the experimental conditions but
little success was had so far as resctent pressure variation
was concerned., On the other hand B and N were found to vary
in a remsarkable way with the temperature, The results which
are given in tables No. 92 and 93 were calculated from the data
previously determined., In grephs lo. 47 and 48 10310 N and
1logyn B have been plotted against reciprocesl absolute temperatmre,
Celculation showed the activation energies for N to be 160 end
280 keals/mole and those for B to be 280 and 340 kesls/mole,
Now of the various factors of B,V and © are unlikely to have
very high activation energies so that the very high activation
energy of B must be largely attributed to the rate initiation of
primery chains., This primery initistion could hardly have been
a homogeneuos one and probabl& took place on the walls of the
vessel, since the apparent activation energies of heterogeneous
reactions mey include heats of adsorption which may be considerable.
It was therefore concluded that the slow combustion of
cyclopropane proceeded by a chain reactiion with degenerate
branching of the chains and that the primary initistion reaction

was heterogeneous in nature having 2 very high energy of activation.



Tnitial P, = 250m.m,

Run No, Temp.T

3
1o

T

B 89 651" A 1.536

B 88 658
B 87 665
B 86 67
B 77 678
B 83 683
B 80 689
B & 697
B 84 702

Initisl Rew= 178m.m,

Run Ho, Temp,T.

1+520
1,504
12490
1475
1,460
1451
1435
1425

3

T

B 56 660°A 1.515

B 57 669
B 58 673
B LS 678
B 48 683
B 50 688
B 52 692
B 51 694
- B &W7 697
B100 7O

1.495
1.486
1,475
1464
1453
1445
1441
1435
1.427
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TABLE NO,

Initisl

Loz o
“9e4t5
-6.60
~L*92
=543
=389
-3426
-2,88
«2,86
=2430

T/ABLE NO4

Tnitiel

1051 A
=784
=540
=515
-3457
=3.80
~3e52
2495
«2485
«2+83
=1.55

92
th 70m,.m, Vessel B

log, B (-log,mH + 2log, A')
~11 41
- 8ol
- 674
- 6.9
- 522
- hel2
- 3.87
= 3450
- 2,78

93

b= 200mem,  Vessel B

logyoB (= logyoli + 2logyoA')
«9. 7%
=Tl
6,82
5,11
5420
484
«3.97
«3.69
3,62
2438
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Several workers have attemptedto derive theoretical
expressions relating the various chsracteristics., Bardwell (61),
discussing the oxidation of butenone, integrated the general rate
expression § =.§.’ (aA't - 1) to obtain Ap = %,z(ek't..;nt - )
Substitution of the rate [ fbr.%‘ (aﬁ't. 1) in the integrated
expression end disregerd for A't in comparison with A't . g
yielded the simple relationship AP £, or T - F\'&?. At
S S Sl Ahe el 1At AKLE Do Lo ® N A boax . Welsh
derived the same expression in s similar way in 2 peper on the
slow combustion of di-isopropyl ether and methene (62). These
suthers then showed that £Sh“m‘wns virtually constant and thus
were able to explain their observations thst the dependences
of maximum rate upon the conditions ran perallel with the net-
branching factor dependencges upon pressure and temperatures,

In the present work it was shown that the pressure chenge
occurring ur to the attainment of maximum rete AR, was
independent of the initisl cyclopropsne pressure bult was directly
pfoportional to the initisl pressure of oxygen and showed a
smo 1l temperature effect. The combination of this knowledge with
the derived relationship between meximum rate, net~branching factor
and AR, predicted that at @onstant oxygen pressure, veriation
of the initial oyclopropane pressure would produce parsllel effects
upon maximum rate and the net~branching factor, That this ie
in fact true is shown on the graph No. 49 where the lines refer
ﬁo the variation of the maximum rate and the points to net-
branching factors, To obtain this graph easch line was drawn

to 2 special scale so as to coincide with the net-branching
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factor points, This was achieved by multiplying all the f

'ratea obtained under one set of conditions of oxygen pressures

and temperatures by a factors These factors and the conditions
of the experiments to which they were rpplied sre linted in

table No, 94 along with two other mets of data,

TABLE MO, 9k

Pe. Temp’ A vessel  Factor
200 678 B 0.0 54
70 678 B 0.024l
79 701 B 0.0248
150 678 A 0.0192
300 701 D 0,0232

The theories of Walsh and Bardwell predict thet, in
experiments with constent hydrocerbon pressure and st s constant
tempersture, the net-branching factor would be independent of
the pressure of oxygen when this was low, and inversely
proportionsl to it st higher pressures (aines fuwax % Po,  or
foox ® Po, 8nd Ap.,, AP, )e  This, of course, wes not
the case and the gravh (No. 49) shows the parallelism between
rate end branching factor when the initisl oxygen pressure was
varied, The graph was constructed in the same msnner as the
previous one from some of the date in teble No. 95 which
‘contains details of initiel cyclopropsne pressures,

temperntures, vessels and the necesssry ratewadjustment factors,



N4

D,oo P00 g : [- G784 : [Factor O-0/54

{ =2

Bf;az - TOmrprn /] = G'*‘7<‘3 A s fockr O-0244
Vb, /B0 rarn 27 -GC78°A : [ockr 0-0/92

L | |
100 2o0 3oo

INIT7A4L CYCLOPROPANE PRESSUIRE

B D FACTOR 0-0/54
R‘-P = 300”’-)‘7‘?-
7T = &78°4

Vesse! B

o—o —@— FACTOR (©-0154
By = 250 r2. 192

7 -=678°4

\n/gé‘;dﬁ 5

— ©— FAcTOR 0-0/57
= ZOO FF7o 1774

[Ra

7 = G754

‘lv/é’ffg/is

®

| |
loo 200

WINITIAL OQRYCEN  PRESSURE  (h1.m2)




- 109 -

TABLE NO., 95

Pee Temp” A Vessel Faotor
178 678 B 0,0200
200 678 B 0.,0157
250 678 B 0,015
300 678 B Q.01 54 '
250 651 B 0.0221 |
178 ™ B 0,0105
200 678 A 0,0526
100 701 D 0,0333

It was noted, then, that p distinct persllelism obtained
between the varirtion of rste and net~branching factor with
externs1 conditions but thet the theoreticsl relstion
fmet A’ Ql’\m&‘“' not verified unless the "constent of
proportionality” itself depended upon conditiona, It seemed
probable thot Faxk A' but that the proportionnlity constant
was not AP, .-

Varioua attewpts have been made to deduce » theoreticsl
expression relating the induction period with meximum rrte snd
net-branching factor. Thus Berdwell (61) showed that the
reciorocnl of the time © elspsing before the etteimnment of a

i Al
definite rete § wes given by s =Tog 1 +E§') 80 that

""9' should be more strongly dependent upon the net-branching
factor A' then upon the initiation factor B, Similerly Walsh (62)
 indicated thet ;, was proportionsl to the meximum rete, These
suthors found experimental verificstion of these expressions in

certsin ceses, In the cyclopropene oxidstion, there wes a
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striking contrast between the dependence of rate (or net=
branching fasctor) upon conditions end the behaviour of reciprocel
induction period, the latter being appsrently proportional to

the product of thé pressures of cycloproprne and oxygen. The

only theoreticslly derived induetion period-constituent pressures
reletionship differing from the rate expression was that of Muleehy
(63) which was deduced on the basis of the hydroperoxide theory
of low=temperature slow combustion, This was of the form

"é = h(ﬂ“ﬂ)@g)* Fg where Fg was a function of the surface

conditions while the corresponding rate expression was, a8
ususl, fﬁmu kz(}zﬂ)z

It does seem strange that Mulcahy verified his expression
in the cases of n-butane and propylene while Bardwell verified
his in the case of butsnone oxidetion; and yet both authors
seek to explain their genersl results in terms of the
hydroperoxide intermediste theory,

Before proceeding to compare the kinetic relstionships in
the cyclopropene oxidstion with those reported for the slow
combusticn of other hydrocarbons it will be wise to summarise
the kinetic results, It wss shown that the dependence of the
maximum rete upon the initinl pressure was extremely complicated.
The maximum rete could be either strictly proportional to the
initisl pressure of oxygen or quite independent of it, Which
of these two lews opersted was found to depend upon (a.) the

initisl oxygen pressure itself, since a2t lower oxygen pressures
.tﬁ; former dependence was observed while nt higher oxygen pressures

the independence wes hoted, (b.) the initinsl hydrocsrbon pressure,
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since as this was mmneu (ell other things being equel) the
region of oxygen indenendence was dimininher:', the critical
oxygen pressure being incressed, end (c.) the temperature,
because as this was incressed the critical oxygen pressure sgain
roge so that at higher tesneratures the maximum rate was
depencent upon the initial oxygen pressure over & wider range
of oxygen pressures.

It wes elso shown that the meximum rete veried sometinmes
with the sgusre of the cyclonropene nressure and sometines was
directly »roportionsl to the hyirocarbon preasure, Yhich of
these two (enmendences held good in eny perticular case wes
found to depend uvon the initiel pressures of both cycloprovane
and oxygen end the temperature of resction. The total order of
reaction wes found to be alweys two so thet the two regions of
kinetic dependence were described by the aquntionsfm < h;: h,:
and fm o lof-P't“&,- It was possible to combine these in en

empiricel but single exg}re‘nsion

JL@& = iE“JL;—i:—

hiFhP'*h%Fo;

Thus under the eppropriste conditions when Ra t’ee » k;b,l

then the maximum rete was given by 'E"; ' k’cp-l"% . Suitable
conditions for such e simplification were considered to be
increase of cyclopropane pressure, reduction o the oxygen pressure
or increase of temperature if kz woere more temperature ucipenuent
then Ky by & lerge amounts Yhis simple relstionship wes veriiied
when such conditions prevaileds (n the other hend, st lower |

cyclopropene pressures, higher oxygen »oressures or lower

temperetures k:, an » would become the more significent term



- 112 =

k. r 3
Ry T
A term musi be included in the rate expression to account

in the denominator whence f max -

for the powerful influence of surface extent and cheracter upon
the maximum rate, Inserting a term end the exponentiel fector
to sccount for the oversll temperature eifect the general equation

for the meximum rate of the resction became -3Sooe

= ‘ e
f . . O
may

vt @ T
h:.h'.? "'kant fs

With reference to the overall sctivation energy of the
reaction, Arrheniue diagrams were constructed for experiments
where the kinetics could be represented f max o ,’ QP; and

Poax o bt.P Poa . Some curvatére wes noted st the ends of
the lines but the graphs were straight anc psreallel over a
consicersble tempersture range. This indiceted thet the majior
factor contributing to the sctivation energy was k1 in the sbove
equation.

Expressions of a similar type heve been reported for other
hydrocerbons although the cyclopropene oxidation kinetics were
not quite the same ss any otherss The veriation of the mexiwum
rete with the conditions of the resction hus been investigsted in
e systematic wey for the slow combustion of only e very few
substences. Apnerent orders of u» to six with respect to the
pressure of the organic substances have been reported for the
butanone combustion (61), though for the majority of compounds
studied the order is sbout two, For exemple methane (16),
ethylene (64), propene (65), n = pentene (28), n - hexane (28),
ui=isopropyl ether (30), chloropsraffins (66) and certein

eliphatic amines (67) oxidise at a rate determined by the



- 113=

presnure.of fuel raised to sbout the second power. It is

possible that very high or fractional orders with respect to

the fuel, which have been reporteq, may find en explanation

in the observation that the dependence of maximum rate of

oxidation of cyclopropane upon the initial cyclopropane pressure
could change from second to first order as the hydrocarbon was
increaseds, For example two rate~hydrocerbon pressure curves
reported for n - butene by Mulcshy (63) might be interpreted es
showing the trensition from second to first order. In this
connection it is interesting to note that if the kinetics changed
from Jeay®* PR\: to fwmdk,ﬁg“ and if the constant k.2

were high, then the spparent order of the overall rate = hydrocarbon
pressure curve would be high. The meximum rete of the slow
combustion of methylamine st 330°C was an_nroximatel'y proportionsl
to both the methylamine end oxygen pressure but this reaction

was perheps somewhat enomalous in thalt it showed no period of
inapprecisble pressure change snd sterted off at a finite rete (68).
In ell other oxidations in the "low-temperature" range the chenge
irom vependence to independence of the maximum rate on the oxygen
pressure has been noteds Sometimes the curve exhibited & meximum
(e.gs with the lower ethers (69) and butenone (70))but in general
the curves illustrating the effect of varying the oxygen pressure
were of the same type as those reported for the cyclopropane oxidation.
The observation that the criticsl oxygen pressure depended upon
_conditions had not been previously reported but, with the exception
of Berdwell's experiments with butanone, no m;rkera appesr to have

studied the oxygen dependence of the meximum rate in any deteil,
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In the cese of butanone there wss no shift of the critical oxygen
pressure (in this case the position of the meximum of the curve)
with chenging conditions, The butenone combustion must,
however, be regarded ss exceptionsl in many weays since there is
e maximure in the oxygen-rate curve snd sleo since the oxidative
degradation is not complete, there being s high concentration of
ecetone (which is comparstively steble to oxidation) in the
finsl products.

In the slow combustion of carbon compounds st higher
temperatures (27) and in the oxidetion of methsne (16) et all
fessible temperatures, it hes been generallyl sgreed that the
maximum rete was sirongly dependent upon the oxygen concentration,
In view of the discovery that the meximum rate of oxidation of
eyelonropsne could be mede Jevendent upon or independent of the
oxygen pressure by suitable choice of conditions of pressure and
temperature, it seemed reascneble to consider the possibilitly
thet there was really no sharp distinction between "high" and
"low® temperature kinetics of hydrocarbon oxidation. If this
were 80, one might expect to find that the rete might become
independent of the oxygen pressure in the high temperature zone
of the combustion of a hydrocarbon, if the retio of oxygen to
hydrocarbon pressure became high enough. The results of a
recent investigetion of the ethylene exidation et 400 C were
interpreted by Herding and Norrish (64) s indicating rate-

oxygen pressure proportionelity but certainly appeared to show

a tendency to oxygen independence at higher oxygen pressures.

tne of the other charscteristic features of slow cowbustions
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in the "high-temnerature” region is the dependence of meximum
rate upon the totel pressure of the gystems In the "lowe
temperature” range, the sbsence of en inert gas effect is
qqually charscteristio. This property of "low-temperature"
combustions is herdly unexpected since, in such ceses, the
maximum rate is largely independent of the oxygen pressure
. and because there seems to be no very gresat resson why
nitrogen or other inert ges should be much more efficient in the
prevention of diffusion of redicels to the walls than oxygen.
In the cyclopronane oxidation, added nitrogen had no effect
under any circumstences, It may be significant that the
dete published on the effect of total nressure on the rate of
oxidation of methane (16) end ethylene (64 ) indiccoted that the
dependence of rate upon totel pressure tended to become less
. 8% the highest pressure used. It is interesting to speculate
whether the rate of a slow combustion in the "low~temperature®
gone would become total-pressure-~dependent et very low pressurds.
The kinetic denendences of the net-hranching fsotor
closely psralleled those of the meximum rate of oxidstion of
gyclopropene and & very similar rate-esquation could be set up
to desceribe its variation with changes of pressure and tem-
perature. As has been indicsted Walsh (62) studied the oxi-
dation of methsne and di-isopropyl ether end found that A' was
propertional to j;m; « Bardwell's studies of the butanone
-oxidation have slso been discussed w&th-retatenn.‘ha.fma, ]
A' relstionshin., Apart from these investigetions very little

mention is to be found of the kinetic denendences of £' in the
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literature of hyurocarbon slow combustion.

On the other hend, the reciprocal induction period
depended upen the conditions in a2 menner cuite different from
the maximum rate and the net-brenching fsactor. It was shown
that there was no significsnt difference between the behaviour
of ‘é} and l,]: » although there wa# some evidence that in ex-
periments where high meximum rates were subsequently sttained
the value of‘é tended to become fairly constant at some high
level when the time © was so small that (© =Y ) became
larger in comparison with ¥ . The general equation for the

reciprocel induction period might be written:=-

3p00

L. kpebodie =

The linesr dependence of the reciprocel induction period upon

the initial hydrocarbon pressure was compared with a similar

finding in the cases of propylene (63), n-butane (63),

n-hexsne (28) snc 2-methyl pentsne (71, and its proportionality

to the initial oxygen pressure has been previously reported in

slmost every oxidation stucied, Hotable excentionsto this

latter type of behaviour are butsnone end provene (61). Some

glow combustions sre characterised by a grester then linear

dependence of reciprocel induction period upon the pressure

of combustible substance e.g. methene (16), ethene (72),

isobutane (63), n-pentene (28), butanone end di-isopropyl ether(30).

It is very difficult to generalise with reference to these obser-
\

vations but it should be pointed out thet in sowe cases P

5 L
beheaves similerly to \?MK end in some cases ) a(\:)m" \'301‘ .
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The presence of inert gés hed no effect upon the induction
period in the cyclopronsne oxidation but it has been reported
that in the slow corbustion of methene, n-pentene and di-
isopropyl ether the induction period was reduced by increasing
the total pressure,

The effect of chenge of temperasture on the oxidstion of
oyclopropane was, in general terms, to increese the maximum
rate and the net-brenching factor and to reduce the induction
periods On graph No. 50 are plotted the Arrhenius grasphs for
maximum rate, net-branching factor end the reciprocal induction
periods ( —‘é' and _‘}1‘— ) The experiments were cerried out
with 250 m.m, of cyclopropene and 70 m.m, of oxygen in vessel B
and the temperature range was sbout 50°, It will be noted

that the two lines referring to reciprocal induction period ere

parallel and show no tendency to curve at the ends, their
gradients correspond to sctivetion energies of 51:7 and 54°2
kecals./mole. The two other curves sre parallel to each other,
the sctivation energles referring to the meximum rate and the
net-branching factor being %5 keals. /mole, These observations
were seen to be very different from some made by Chanberlain
end Walsh (62) who found that the activetion energy of the
maximum rate, net-brenching factor and the reciprocal induction
period were 2ll close to a value of 51 kcals,/mole. for the
oxidation of methane between 4,70°C and 510 C. Mulcahy,
however, has reported that the asctivation energy of the re-

ciprocel induction period in the propylene oxidstion was twice
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that of the maximum rate (63)., In the sane communicetion
Mulcehy reported that the efiect of cheange of temperature wes
very much grester upon é" than :?....,,, in the glow combustion
of propane.

ts to the perticulsr values determined for the sctivetion
energies, 1little can be said., In most ceses, Arrhenius nlots
have been found to be curved so that in the case of eny perticuler
hydrocarbon the ectivation energy could be said to varve For
instance the overall sctivation energr of the reaction of
etrylene with oxygen (6. ) was found to very from 26 kesl. st
L00°C to 53 keal. st 500°C.  This represents s gradual chenge
in comparison with the activation energy of the pronane oxidation
which was found to become sctuelly negative over part of the
range (26), A very important observation was mede by Mulcshy (27)
who compared the effect of change of temversture of propylene,
propene and speveral substituted nronanes. He found that the
very greet differences in rate observed at low temperatures
tended to disappear at higher temperatures, INow since the
erfect ol structure upon resction rate at low temp;:ratures had
been attributed to the effect of structure upon the esse of
breekdown of the intermediate hydroneroxide ROOH (by fission
of the =0=0= hond), MMuleshy concluded that the results showed
that peroxide breeidown was of less consequence (or none et all)
&t the higher temperatures snd that et these temperatures
oxidation proceeded by a more -gmrnl mechenism involving the

seme or similar redicsls irrespective of the fuel. These
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radicals would be expected to be less complex then alkyl-
peroxyl redicals - hydroxyls, alkyls etc. being more likely.
The total pressure change occurring during en oxidation
was considered to be a measure of the extent of reaction and
it was herdly surprising to f{ina that it was proportional to
the oxygen pressure when this wes in excess and independent
oi the cyclopropane pressure, Increase of temperature
produced s small incresse of the totel nressure chenge. Since
enalysis showed the main products of oxidstion to be oxides of
cerbon and water it was possible to write down two stoichiomet-
ric chemical equations to describe the complete oxidation.
These were:~

1. 0356 + 302 _9 500 + 3320

Compering the pressure changes involved in these reactions it
was seen that, relstive to nine volumes of oxygen in each case,
the pressure chenges were six volumes in equation 1. and one
volume in equation 2. This suggested that the smell tempera=
ture effect on the pressure change was due to the gradual with-
drawel from prominence of reaction 2. as the temperature was
increaseds This was & reascnable idee since it was likely
thet carbon dioxide wes produced from cerboxylic ascids which
would be less likely to be formed at higher temperatures

~and analysis showed that increese of temperature did, in feet,
5ring sbout an increase of the ratio carbon monoxide: carbon

dioxide. The relativelvy smsell amounts of carbon dioxide found
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seemed to be nearly all formed after the attainment of maximum
rate,
Other important facts revealed Ly analysis were that the
process of isomerisation of oyclopropane was probably negligible
under the conditions of experiment, that the rate of pressure
change was & measure of the rate of resction of both ayclopropane
and oxygen and was a measure of the rate of production of the
end products, Only a few compounds were found in the products
and only cne intermediate was detected, The possibility of
the presence of other intermediate products in small quantity
was a real one tut the relative acouracy of the carbon, hydrogen
and oxygen balances made it less likely, In fairmess it should
be pointed out, however, that the cutputs of these elements
were almost without exception lower than their imputs, The
analytical results were discussed rather fully in the experi-
mental seotion,
Semenov's simple scheme for a chain reasction involving
degenerate brenching is:=
Stage (a) Production of active centres, i.e, radicals, which
initiate Stage (b),

Stage (b) Primary chains involving oxygen end the combustible
substance and of average length» , These chains
lead to the production of a substance ¥ which has a
reasonable life-time and stability,

Stage (e¢) Reaction of the intermediate M in two ways (one pro-
ducing active radicals, the other not)
Thus inaotive products, ceusing a pressure

k, rige
M <
R, radicals which can initiate the prie

meyy chains, leading to the Pormation
of more M,
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The conditions to be obeyed are that k; ) k, and that M
should have a lifetime of the order of seconds or minmutes,
Norrish (23) has demonstrated that if the molecule M can sur-
vive for one minute between its formation and its entering
into a branching reaction then it would be expected to attain
a pressure of several m,ms, during the reaction, For this
scheme the net branching factor is given by k, (0-\ ) =k, .
Presumably the acceleration of the rate falls off to zero
because D or ko decreasesafter the initial autocatalytic
period due to depletion of reactants or accumulation of products,
Harding (73) suggested the existence of a second type of de-
generate Lranching in which the radicals from M, as well as
initiating primary chains, can decompose molecules of M to
give inactive products, According to this scheme a limiting
rate could oceur early in the reaction before there was any
serious depletion of reactants. This latter type of chain
branching seemed to be out of the question in the oxidation of
cyclopropane since analysis had shown that at the time of
attainment of maximum rate, the reaction was well on its way to
completion and that about half of the reactant not present in
excess had been consumed, This suggested that the reason for
the failure of the rate to continue to increase exponentially
was, in fact, the serious depletion of rezctants,

The identity of the intermediate M in the cyelopropane
oxidation was decided to be formaldehyde., Only two types of
--31W combustion intermediate have been described previously -

peraxides and formaldehyde, 1In the present investigation all
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the evidence was against peroxides, Despite repeated and

very careful attempts to deteot peroxides in the products of
the reamotion (the condensible products removed at the time of
attainment of maximum rate of seversl experiments were colleoted
and the aggregate was tested for peroxide by the ferrous
thicoyanate and starch-iocdide methods) it wes quite certain
that even at the lowest temperature studied (378 C) no percxide
could be detected in the products, On the other hand,
formaldehyde was found to be present in ressonable amount under
all conditions of temperature and pressure, It was considered
to e very significant that its concentration varied with time
in & mamer analagous to the rate end, in particular, that its
pressure recched a meximam value at just sbout the same time

as the rate reached its meaximum, Thus in any single experiment
' the rate at any given time appeered to depend upon the amount
of formaldehyde present at that time, In contrast with this
‘was the fact that the meximum rate depended rather upon the
initial preassures of reactants,

The study of the effect of adding formeldehyde to the
oxidation system ylelde! some extremely interesting results,
:The first was that the addition of a smell quantity of formal-
dehyde (about 03 of the total) reduced the induction period

© by 37 and, still more striking, reduced ¥ by 615 without
altering the maximum rate at all, Inorease of the amount of
formaldelyyde added progressively reduced Y which was very
olose to_a;m (0*1 mimutes) whe; the quantity of additive was
7+8 m,m, This inoreased addition of the aldehyde had a less
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profound effect upon © since the pressure change preceding
the attainment of meximum rate was constant and independent of
the added formeldehyde within the limits of experimental error
and since a certain, finite time was always necessary for the
occurrence of that pressure change, Thus the effect of
formaldehyde addition upon © wes great at first but decreased
in magnitude later, Vhen the amount of additive exceeded
about 10 m,m, a slight effect upon the maximum rate was observed
end this rate gradually increased from 1149 to 14 m,m,/minute
when the pressure of added formaldehyde was increased from

78 m,m, to 35°2 m,m,

These results were rather different from those of Harding
and Norrish (64) who edded formaldehyde to ethylene-oxygen
mixtures and found that the decrease in induetion period
(measured by the intercept on the time exis of the tangent to
the pressure=-time curve at AF\M_: ) was proportional to the
pressure of added formaldehyde and that addition of the inter=-
mediate in amounts greater than that required to eliminate the
induction period led to increases in the initial rate of oxi-
dation over the normal maximum rate, The rate subsequently
fell to its normal value, In the ethylene-oxygen reaction,
however, the rate reached a maximum after a comparatively small
pressure change whereas the maximum rate of slow combustion
of cyclopropane occurred after about 50% of the reactant not
in excess had been consumed, Thus the failure of the rate to
‘continue to increase with time was due to consumption of the
reactants in the latter reaction, The two combustions,

therefore, must be regarded as essentially different,
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In view of these faots it was conoluded that the essential
intermediate reaponsible for the degenerate chaln bLranching
in the slow comiustion of cyclopropane was formaldehyde,
Experiments showed that the maximum pressure of formeldehyge

. mindepuﬁmtoftmmualwgmmamumim
this was very low and wes proportional to the initiel oycloe
propane pregsure, although this proportionality wes less marked

at higher cyclopropane pressures (possibly due to difficulties
of extraction or enalysis), The maximum preasure of formaldes
hyde varied with the temperature in a mamner corresponding to
an activaticn energy cf 10-6 konls, per mole, There was, thus,

. despite the proportionality between vate and pressure of
- intermediate during one experiment, a great differncce between

the pressure and temperature relations of the maximunm rate
and those of the maximum formaldehyde pressure,

Before attempting to deduce a mechanism for the reaction
it would Le well to summarise the various types of elementary
reaction which are regarded as sufficlently plsuaible to be

postulated in & gas phase chain reaction schene, Yalsh

emphasised the necessity of writing reaction steps emmctimliy
feasible snd having a fuvouralle steric factor (74).
Such elementary reactions he divided into four olassesie

(a) resotions involving the breaking of one bond, e.g.

GHB *Oﬂj — UHBQ-GH’

| (b) reactions involving the formation of ene bond, e.g,

:'IH, + 0}15 S GH, - GH, »
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(e) abstractions of an atom (particulsrly of hydrocen) from
a moleoule by e redicel (involving the Lreaking of one
bond and the formation of another), e.g.
OH, + G —> Oy + 10
(8) resotions involving the transfer of energy from a radical
or nolecule e,g.
» »
Oﬂjnm‘l}fl--—-} C’H;-CH}#!!

Some of the reactions which have been suggested Ly Norrish do
'not fall into one of these four classes and might therefore
appear suspect, Ubbelohde too has criticised some of Norrish's
proposed resction steps, meinly on the grounds that their
geometry indicates that their activation energies may be almost
as high as the energies required for fission of the Londs
concerned and that there is no ouvious source of these sctivation
energies (75).

Vialsh did make one very lmportant exception to his rules,
stating that it was not unpleusivle to suppose the ocourrence
of a reaction more complicated than those given above for an
energy-rich redical A * particularly if this were a large
enough body to allow distritution of the exceas energy over
various vibrationel degrees of fyeedom, If such were the
case the radiocal would be undergoing far greater geometrioal
distortions than usual thus facilitating the ocourrence of
what would normally be deserited as less likely reactions,
Furthermore an energy-rich radical, if not desctivated by
collisions, would be expected to take part in reactions
normally vequiring en sotivation energy high enough to make
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such reactions improvavle. So long as the radiosl preserves
its energy of formation, however, the energy of sotivation of
& subsequent resction will be consideravly less than the
endothermicity of that reaction, These considerations were

borne in mind in the deduction of reaction mechanism,

The elucidation of the mechanism of the reaction was
divided into two parts -~ a consideration of the posaible
modes of formation of formaldehyde and an examination of its

. funotion es the degenerate brenohing-chsin intermediate,

One might write down verious possibvle reactions involving

' eyelopropane and leading to the formation of formaldehyde

€.
Cyllg + © —> CaH), + CHy0
This recotion was disregarded immediately since tests for the
presence of ethylene in the resotion produocts were guite
negative, In any event mich critism could e directed at
such & reasction from the point of view that the participaticn
of axygen atoms was unlikely at the temperatures involved,
A second possible reaction wosie
Cslig + Og — CzHpO + CHR0
It was immediately noted that this involved the fission of two
C=C bonds end one 0-0 bond, and the formation of two C~0 and
one 020 bonds, Thus it would be expected that the reaoction
would have a very low steric factor since such a large re-

-~ arrangement would Le necessary in the aotivated complex and for

that reason this reaction also was disregarded,
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A third suggestion involved the initial breaking of a
EB-G bend in oyclopropane and the subsequent reaction of the

!
diradical formed, Thus:=

Oglly ~—>  CHy=CHy«CHy
| Op + CligeClip=Cly —> CHpediigeGliy —> 20Hp0 + Cifp
LI
k«mmxmwuﬂwlm radicals in that way would lead
iwmmumwmatmmmt«gmmcﬂ
ldirad.toal by suocessive destruction of Cly groups, Thusie

Cig+ 0 —> CHx0O « ©

| O + CHpelligelHy —>  GHy0 + CligeClig eto,
:Thia idea was discarded largely tecause of the faet that the
CsHg diradicel hed been suggested as the intermediate in the
isomerisation of aoyclopropene and because the aotivation mnrm*'
of its formation from eyclopropane had been faund to be
565,200 eals/mole (60), If the mechanism sbove were adopted
the splitting of the ring would Le the rate controlling step
and the activation energy of the ccmbustion would have had to
!‘be 65,200 cals/mole (which it was not) since it was difficult
%taimgim!wwthegun&oal formation could proceed in eny way
other than unimolecularly, This also raised the point that
this mechanism did not suggest any explanation of the autooatalysis,
| A very frequently postulated reaction is hydrogen abstraction
fm hydrocarbons by redicals (including oxygen molesules), |
Thast=

RHQ-_JE - R+Pﬁ__
or CyHlg + X —>  Cyilg + IX
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Consideration of the value of such a reemction step was made
with a view to determining whether it facilitated explanation
of the formation of formaldehyde and whether this could proceed
by a simple chain reaction involving the eyclopropyl radical,
It is well known that alkyl redicels resct with oxygen to

form alkylpercxyl radicals whieh, if stable, can react with

| another fusl melecule te form peroxides (this is the basis of
;tho peroxide theory of the "low~temperature” mechanisn of
‘hydrocarbon oxidation). In the event of instability of the
peroxyl radical (which is endowed with & great excess of i
energy just after its formation) due to its chemioal omtimtiifm
or to the temperature, it mey decompose to yleld active proe=
idtmts. Since no peraxides hed been detécted at any time,
lwm at lower temperatures, the oyolopropylperoxyl radical
'would have been unstable, if formed,

Ogfis + 0 —>  Csfig0p
| The possible decomposition of this radical aceording to the

:equattm

OsHg0z  —> 00 + GHo0 + CH3
'was stolchicmetrioally possible but at first sight such a
‘reaction would appear to violate all the rules regarding
simplicity of elementary changes, since it requires the f‘haim.-;
| of ene C-H three C-C Londs, one 0-0 bond and the formation
iofmaﬂuﬁbcmiandmec-ﬂbtmd. However, in view of the
|fmt that the formation of methyl radicels provided the basis
fcr & primery chain resction involving oyelorropane (and of
course, methane had beecn detected. in small amounts, in the

1
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protucts) the resotion was considered in more detail, It wes
re-written as & series of simpler steps,

N Gl = 0 CHy = © CHp = ©

/N e e | oo

CHg = CH Clig = CH Clip = G Olige0H=0 > Oz + GO
|

The first step involves the movement of eme electron, presumably
; excited by the accumulation of sufficient of the energy (esrned
Gty the radiesl) in the C=C bond concerned, It leads to the |
profuction of a five-menmbered ring system whose weakeat linik

is the 0«0 bond, partioularly vhen the % osrton atom beers a
 free electren which will tend to disappear by the farmation of
a earbonyl group {egain by the movement of only one elestron),
!'memlaaule now has the struoture of an aldo=alkoxyl radical

' and loses formaliehyde readily by the process postulated in

the peroxide mechanism of hydrosarbon exidation, It will be
noted that this third step again inveolves the movement of only
one electren, Now the remaining redical CH2«CH=0 may be
:rosnrm as a simple type of aldehyde, extremely unstsvle due

to its being a radloal and also on acccunt of the large amount
of energy it carries away from its exothermic formation, It
would, therefore, be expected to pyrolyse tomrhmmmanh
methyl very rapidly,

Thus en apparently over-gomplex resction when studied,

' step by step, was seen to involve three separate onewelectron
iahifts and a prototropic change all of wvhich could be regarded
;n simple and quite likely particularly in view of the feet
that the original redical wes energy-rich, It should, perhaps,
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be emphasised that, even under such favourable starting cone
Aitions, only a unimeolemular decomposition could be so complex
snd yet so likely,
Accepting then the formation of formaldehyde {rom the
gyelopropyl redicael
| Cfigs 0, —> O3ils0; —> 0O + Cii0 + CHj
ene next considered the use of the methyl radicels in mti&l
of & primary chain reaction, The only likely mechanism waa
CHy #+ 0 —>  CHY0 + OH
Of's Cgllg —>  Cglig + Hy0
These reactions require no discussion as they have been suggested
Iby several suthers (25, 30, 31) and appear to he well eutabli.nhe:d
reaction ateps in the methene oxidation rezotion,
It would Le well to summarise the reactions suggested for
the primary chain leading to the productien of formaldehyde,

Cglig + OlI' —>  Cglig + 10
ofig e 0 —>  Oyil0;

Cxli50z —> 00+ -*:}HZO + CHs
oy + 02 —> om0 + o'

The thermoshemistry of these reactions will now be considered,
The heat of the first resotion is caloulable from a Ikmowledge
of the bond dissoclation energy of the HeOH bond in water which
1s 118 koals,(76) end the bend dissoclation energy of the
H~C3lls bond in cyolopropene, TrotmaneDickensen (77) taking
the energy of activation of the metathetical resction

03:;#% —> 'Gﬁh‘rcﬁs.
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as about 12*8 keals/mole and the bond dissociation energy D
(Ciig=il) ® 102, showed that the relation AE =L AW held
for the reaction of methyl radicals with a series of alkones
where E = the activation energy of the methyl + alkene resctions
and H = the heat of these resctions, i,e, the bond dissociation
energies of the O-H bonds broken in the alkenes, Trotmane
Dickenson and Gteacie (78) found that the energy of activation
of the hydrogen abstraction reaction of methyl with cyelepropane
was 10+2 keals/mole,

Then AE =128 «» 102 = 2+

if d =0, then AH = 52

flence n{c,n,-a) = 102 = 52 = 97 koals,
Trotman-Dickenscn (77) sugzested that due to the similarity
between the bonds Lroken and formed, ol should be closely equal
to 0*5, Even if o were vrather less than 0+5 the bond disscoiaw
tion energy derived would not differ very greatly firom 97 koals,
Thus the first resction was written

Oglg + O —>  CsHg + HoO + 21 keals, (118-97),

The change of heat content involved in the second and third
reactions could net be caloulated aince no information was
available on the heat of formation of the eyelopropylperamyl
redieal, It was possible to ealculste the exothermicity of the
overall resction

Cyfly + Oy —> 0O + Ciiy0 + CHy

since the heats of formation of methyl (7). formeldehyde (80)
and carbon monoxide (81) were Jmown, end the heat of formation
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of the oyclopropyl radical was calculable from a knowledge of
 the bond dissociation energy of the CsHseH bond in oyclopropane,
the heat of formation of a hydrogen atom (79) and the heat of
formation of oyolopropsne {82), The latter value was ovtained
from the heat of combustion of oyclopropane and was preferred
te other values reported in the literature (83)s The values
of these heats of formation and the caleulation of the exo=
thermioity of the oxidetion of the cyclopropyl radical are glven

‘below,
Compound _ ARG koals,
Methyl _ + 3
Formaldehyde - 287
Carton monoxide - 26+8
Hydrogen atom + 52
Cyeloprovane - 127

Nov D (OgfigH) = AW} (Cgig) + AWS(H) = DML (cgig)
- DW (C3Hg) = 9752413 = 32 keals,
And for Ogils + O —> GO + CipgO + OHj
O H = «27=29431=32 © «57 koeals,

The exothermicity of the last resction step (the oxidation of
;mcthyl) follows by subtraction of the heat of formation of
methyl from the sum of those of farmaldehyde and hydroxyl (79),

Thus A H ® «29¢10=31 = =50 koals, |
The reaction steps mitten for the formation of formaldehyde

from gyclopropane by o straight chain were, therefore, thermoe
chemically acceptable and, at the same time, geometrically '
sirple,
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The next problem was the mechsnism of oxidation of formaliew
hyde so that it functioned as a degenerate Lranching intermediate
in the resotion, The reaction of the aldehyde with molecular
oxygen was oconsidered,

OH)0 + Op —s> CHO ¢ HO,
This is a branching reaction and would eppeer to e sufficiently
endothermic to merit serious consideration, The bond dissociation
energy of the G« bond in formaldehyde has becn the subjeot of
some disoussion btut many authors believe it to be svout 7H-80 keals
(e.ge Gorin (8k), MeDowell and Thomas (85), Roverts and Skinner (86)
Hoare and Welsh (87) ) end about 78 keals seemed a reasonable
value for D(HCOH), Much more Aifficult to assign a value
‘to is the energy libverated in the formation of the HeOz Lend,
walsh (22) discussed previous evidence and estimates end cone
oluded that the value of this energy lay in the range 60«70 keals,
In & later communication (87), however, Walsh took the energy
evolution to be 55 + 10 keals, If this value is socoepied, the
‘endothernicity of the reaction between formeldehyde and oxygen
s 7855 & 10 = 23 4 10 konls, 5o that its energy of sctivation
would Le probably rather mere than 25 keals/mole, Fnergetioslly,
therefore, the resction is suitable, It is also necessary to
attempt to Justify the inclusion of formyl and hydroperoxyl
radicals in the recction scheme, The formation of the formyl
radicals seems the cnly feasible result of any probably gase
phase reaction of formaldehyde and they will be destroyed either

by direot reaction with exygen to yield carbon monoxide and
hydroperonyl radicals or by decomposition to carbon monoxide and
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hydrogen atoms whioh will form HO) radicels by resction with
arygen, The overall effect will be the seme and it ocan Le
shomn that the cholce of reaction offered will not affect the
general kinetics, Little can be said about the themmochemistry
of the reaction
HOO + 02 —> HOp +CO

since there is so much dcubt about the disscoiation energy of
the O<H bond in the formyl redical, Gorin (84) has given
26 keals as en upper limit so that it is very probable that the
resction is quite exothermic, A possible explanation of the
formation of smell guantities of hydrogen towards the end of
‘the reaction is that, at that time, the chence of a successful
;B.«r 0, collision will be smaller and hydrogen moy be formed by
reaction with c¢yclopropane molecules of hydrogen atoms formed
by deconposition of formyl radieals, In esddition, due to
depletion of the oxygen present, the probebility of unimelecular
decomposition of formyl will be greater under these nimmatmfa,
|A similar explanstion of the production of small amounts of

methane is possible due to hydrogen abstrection reactions of

;uathyi radicals,

Another possible reaction of the formyl radical would be
to add oxygen,
HOO + G —> Iﬁﬂi

The formylperaxyl radical thus formed might diffuse to the
S ‘walls to decompose to carbon dicxide end a hydraxyl redicel,

This would explain the appearance of carbon dioxide in the

endeproducts of the oxidation, It 4s, indeed, possible that
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the formation of hydroperoxyl radicals from formyl radicals
oscurs by @ similar process, The destruction of the latter
vould then Le representedss

CO + H TE e S 102

03-
e woi S8 oo
\ 1oz’ + CO
Disregarding the unimolecular decomposition which will not
affeot the kinetics of the maximum rate, the removal of
formyl radicels will then depend upon the ﬂmamn of formyl
and oxygen,

As to the lilkelihood of the perticipation of hydroperoxyl
radicals in the reaction, it is importent to consider the
similarity Letween the methane and gyelopropane oxidations,

In both, formaldehyde is the essential intermediate and there
is very strong evidence that, in the former reaction, the
radical responsible for the initiation of the secondary ochain
is the hydroperoxyl (87, 89), Walsh et al.arrived at this
conclusion as & result of their study of the lead oxide in-
hibition of the combustion, The coating of a resction vessel
with lead axide has been found to inhibit the alow combustion
of ayclopropsne (90), "he HO2 redicels produced by the
brenching resetion will initiate the secondary cheins by pro=
ducing cyclopropyl radicals from the hydrocarben by the reaction:
[— Cqflg # BO, —3 c}né'nzzcai =1 onl,

The endothermicity of this reasction wes caloulated from Walsh's

- - —

estimate of the bond dissociation energy D(HOg-H) = 96 (22),
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Little oan be said about the fate of the lydrogen peroxide thus
formed although it probably decomposes hetercgencously to water
and exygen (88).

The non=brenching reactions of formaldehyde probably
involve its resction with hydroperoxyl end hydromyl radloals
(thus explaining the feoility of the nom-branching resctions
compered with the branching reaction), Thus

ORL,0 + HO; —> GHO # Mz0p + 17 koals, followed by
CHO + O —> CO + HOy
The mett effect is Clig0 + O —> CO + HyOy,
Thus there is no inerease in the numuer of redicals consequent
upon that non-brenching reactien, The same is true for the
reaction of hydrexyl with formaldehyde, although the nature of

the radical changes,
OHaO + OH  —> CFO0'+ Hy0 + 39 keals,

N0 + 0y —> 0O « 1Oy

These resctions are not somplex chenges and are suitably exoe
thermic and since the overell effect in each casec is the oxidetion
of ‘ormeldehyde by oxygen to inert products (ocatalysed by e
radioal), together they constitute e non<branching mechenism of
intermediate~removal as required by the Semenov scheme of
degenerate chain Lranching,

The reaction ateps, so far discussed, form the Lasls of
& resction scheme for the slow combustion of gyclopropane,
They are all chemically probable and invelve simple molecules

end vadicels whose participation in sigiler resctions has often
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been suggested, Furthermore, the scheme explains the functien
of formaldehyde as degenerate chain branching intermediate,
It remains to discuss possible chain initiation and chain
termination reactions, Very little cen be sald about the
former since it is almost certainly a heterogenecus reaction
but it might well involve the reaction of gyolopropane with
oxygen on the walls (possibly to form cyclopropyl and hydro=
peroxyl redicals), No initistion reaction has been included
in the complete scheme, It is very doubtful if chain ter-
mination reactions could be jJustified experimentally but they
are necessary if the scheme of reactions is to yield a rate
expression, The experimentally-deternmined rate expression
indicated that the termination of the chains involves destruction
of chain carriers by resction with either gyolopropene or
oxygen and that one or both of these reactions ocours on the
surface, Since the secondary chain initiation depends upon
the presence of hydvoperaxyl radicels and in view of Walsh's
conclusions sbout the importance of termination by HO, destruce
tion in the methane oxidation, the following termination
reactions are sug estedi=

G,H; + HOp —_ Inective products,

Op + HOp —> Insctive products,
The difficulty is, of course, to name these inactive products,
The first, particulerly if it occurred at the walls of the
“vessel, might lead to very greset structural changes, Reactions
similar to this one and equally vegue have been postulated in
reaction schemes referring to hydrocarbon combustions in the
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"lowetemperature®” region (e.g. 61)s The seoond termination
step above may possibly be.explained in the following way,
A hydroperoaxyl radicel diffusing to the wall may alight close
to an adsorbved oxygen molecule, The resulting complex cen be
represented thusse

0y —= <~ = =0,

i.e, there is resonance between the two cancnical forms

0,4 0, and 0y HeO,
On the approach of a seoond hydroperoxyl radicel the following
reaction ensues:e
| Og= = <fi- = <0y + HO; —> 207 + a0y
The rate-determining step of this termination resction will Le
the first shose efficiency will depend upon the cxygen gas
pressure if the extent of oxygen adsorption is small,

With the exaeption of the questicnable primary initiation
reaction the resctions are collected into a single scheme below,
1o Cslg + HO, —5 Ogfls + Hy0p = 1 keal,

2, Cyflg + O —> Cglig + H0 4 21 keals,

3. Cgflg + O 5 OgHg0h—>C0 & CHy0 + Ofg + 57 koals,
b Ciy + 0 —> cn:,,c:'2 —> CHy0 # OH + 50 koals,

5., Oo0 ¢ Op — = OCHO & HOp = 23 kosls,

6a CHy0 « HOp —> CHO + Hy0p + 17 keals,

7o CHy0 ¢ G —> CHO # Hy0 + 39 keals,

B, CH0 + 0y —> 0O+ HOp + 30 koals,
9. Cslg + 502 —> inactive products

10, 02 + H02 —= inactive products
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Before any theoretical relaticuships can be derived from
this scheme it is necessary to meke two assumptions, The first
is, that at the time of attainment of the maximum rete, a
stationary state can be suppesed for all radleels and for
formaldehyde (experiment showed that the rate of formation of the
aldehyde was equal to its rate of removal at the time of the
max {rmam rate), The secoond is that the pressures of reactants
remaining at that time are proportional to their initial
pressures, This can be shomn for the exygen pressures,

Analysis showed (A\D,Jt_ai (A\:)t_

. At time © (AF% o ¥ AP

Put by experiment Ab.., % P, Giital)

Hence (&\DOJ o Ps,  (initial)

1.e, (AP‘%-)Q = Kb, (initiad)

Bat  (OPo,)g =Po.(initial) — po, (et time © ).

SoR(et time © ) = (A=) Po. (inttial),

It is not possible to demonstrate the existence of a similar
expression for the oyclopropane pressure at the time of the
ainximm rate but inspection of the results of anslyses carried
out under quite different conditions shows that Pe (at tine )

is oonstant within the limits of experimental errob.P MRl |
The partial justification of the two assumptions makes it
possible to attempt some deduction of the kinetios of the reaction.
Calling the formaidehyde pressure (F) snd the eyelopropane
pressure (0), we have (disregarding the less important formaldehyde

removal by resotion 5)

&P) = k(on3)(02) + k3(C3tg)(02) = kg(F)(HOz) = kp(F)(0H)
at
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At the time of the attainment of the maximum rate, &(P) = 0
at

and kh(ms)(oa) = kB(cjﬂs)(og)
Then 2505l )(0y) = kg(F)(HO,) = kAP)(GH) = © (1)
Applying the method of the stationary state to the aycloprepyl
radicals, we obtein (Csilg) = kq(H0z) + kp(OH)

k3(02)

2)

' Substitution of (2) in (1) yields the expression
{2 ky(10,) + 21:2(0&:%(()- kg(F)(i102) + k7(F)(0H)
(1,8, at the time of attaimment of maxivum rate

(F) = (P) maxe = 2 kqo(HOp) + kp(0H) (0 )max, (3)
g(HOp) + k-,(m)

Now asmy = kz.(cﬂs)("z) - ka(c)(oa) - k7(F)(0H)

= k1(2)(H0p) + kp(0)(OH) = kp(O)(CH) = knlF)(cED)
= 14(0)(10g) = k{P)(CE) |
At time © , (oH) = Kkq{0)(102) (&)

kA F) max,

Substitution of (&) in (3) gives

keqka(C)(105)
R ks(Hoz)'c“%'?%

kg(HOp) + k1(°)(mg)-§1:_.-
¥) mex,

{G)M.

« 2 kﬂtj(?) max + kgk&(@) max
kgko(F) mox + kyky(C) max
kgit?(F)m + k.‘k-,(c)m(l’}nx = 2k1k7(0)m(?)m + 2k1£2(0)gw:

i.e, kng(F)m « ltgk-AC)max (F)mex = 2x‘::2(c)m = O,

(o)mo
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This equation has two solutions for (F)mex, cne of which is not
admissible, The other is:-
22 £
(F)max = logk, + (k,k7 5 &qkzkskﬂ (8 )uas,
2k6k7
i,e, (P)max = B(C) initial, where E includes a faotor

to eccount for the proportionality vetween (C) initial and
(C) max, This result is in accord with the experimental
finding that the maximum formaldehyde pressure attained during
 the resction was proporticnal to the initial eyelopropane
pressure and, except at very low oxygen pressures, independent
of the initial oxygen pressure, Due to the extremely complex
nature of the proportionslity constant B, nothing can be said |
about the significance of the cbserved temperature coefficient
with respeot to the mctivation energies of the elementary
reactions in the scheme,

The next deduction is of the theoretical relationship
between the rate of the resction end the reactant pressures,
Prom the suggested schere, one moy write:-

< a0) = ky(c)(10,) + ky(c)(0m)

at
- &(2)_) e kq(C)max(HOy) + k1kg(c)§u(:~tog_)_
4 /v k7(F Jmax,
s k(1 +k
( E%)(c)m(ﬂog) (8)

i!ow a(roy) = kg(P)(0y) + kg(cro)(0g)- kq{C)(H0g)~ kg(P)(10z)=

at 12g( 3 )(10p)= 140(05)(HO)

and kg(0HO){(02) = ks(F)(02) + kg(¥)(HOz) + kyf(F)(CH) at the
maximum rate,
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And k7(}")(0ﬂ) = q(C)(HO,) at the maximum rate,
and (P) =P (C) max, at the maximum rate,

(H0p) = 2ksh(C)max (0p)max
ko(Clmax + kqo(0p)mex
Substituting for (HOp) in equation 5 and making use of the

relations vetween the initial reactant pressures and those at

the time of the maxzimunm rate, we octain the eguation:-

ﬁg} 2
(. dat max N K"(c) (93) referring to initial
K2(C) + K3(0z)  pressures,

fat it was proved by analysis that the rate of removal of
syslopropane at any time was proportional to the rate of pressure

increase at that tine, (-w ” _\_?M“
at
" K1(0)2(%)

Ky(C) + Kg(0,)

Comparison of this with the experimentally-determined rate
expression is very favouratle, In a general wsy the kinetio
behaviour is explained, although mthina.am be said regarding
the overall activation energy of the m:etia;; The auove
proportionality does not include a term dependent upon the
surface tut since both the temmination resctions are probsbly
surface dependent such a ‘erm is wumecessary,

The importance of the surface in the slow combustion of cyclo-
propane suggests that valuable co:clusions might be drawnm from
the results of experiments in vessela with different surfaces
iee, coated with different materials, If such experiments
were performed, it might prove possible to state the initistion
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and termination reactions with more certainty,

Another aspect of the work, worthy of further investigation,
is the effect of adiing water vapour to the reaction mixture,
The ram_.llta obtained, so far, show a distinet positive catalytic
effect, It may be that the water, in some way, facilitates
the branching reaction but since the effect of adding more
water became less and leas, it is possible that it is due %o
deactivation of the surface as a chain terminator, The
termination reactions suggested in the resction scheme require
the presence of oxygen (end probebly also cyclopropane) on the
‘walls so that, if water were preferentially adso:bed, the
effect would be explained,

It is not possible to deduce from the scheme a theoretical
expression for the induotion period in terms of reactant con=-
centrations, It vas hoped to use the relationship:e

= k(o « 1)(F)(02) « kg(P)(HOz) = kp{F)(0H)
to deduce the net branching factor in those terms but this is,
unfortunately, impossible since the net branching faotor refers
to the early stages of the roaction where there is certainly

no stationary concentration of the radioals,
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SUMMARY

The resction between cyclopropane snd oxygen has been
investigated by the stetic method in the temperature range
SBOGto 430°c. and with paertial pressures of the resctents
between 4J and 400 meme There is an initizl period of
negligible pressure chenge, the rate then sccelerating
exnonentially to s maximum, The kinetics of the reaction
have been stucied by messurement of rate of pressure change and
enelysis has shown that this is equivalent to the rates of
removel of the reesctents and of formation of the products which
are meinly cerbon monoxide and weter,

The three rate cheracteristics - the maximum rete (J mex),
the net branching factor (A') end the incuction period (O Y )—
obteined from the pressure~time curves, have been founu to be
surfsce-gsensitive, lydrogen hes an inhibiting effect which
is probebly due to the removel of some resction product from
the vessel walls. The addition of nitrogen has no erfect but
the addition of water vapour leads to some increase in - d max
and A' snd to s reduction in ©, egain probably due to a
surface eifect.

With lower oxygen pressures the maximum rate ia
proportionsl to both the oxXygen snd cyclopropene pressures,
while with higher oxygen pressures it veries ss the spusre of
‘thn hydrocarbon pressure and is 1n¢apenden£ of the oxygen

pressure., Vhich rate expression obteins, is shown to cepend
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upon the temperature and relative reasctent pressures. The
veriation of the net branching fector is similar to that of

the maximum rete but the reciprocal induction period always
vaeries as the product of the cyclopropeane snd oxygen pressures.
The oversll activation energies for meximum rate and net branche
ing factor are about 35 keal., end for reciprocal induction
period about 53 keal, When cyclopropane iz in excess the total
pressure change is arproximately half the initial oxygen pressure,
end the pressure change preceding the attainment of the maximuy
rate is proportionel to tie oxygen pressure, inuependent of the
pressure of cyclopropsne, veries somewhat from vessel to vessel
end exhibits & amell tempereture effect.

The products of the oxidation resronsible for the increase
of pressure are extremely simple, the only unsteble intermediate
detectable being {ormeldehyde whose pressure reaches s maximum
at sbout the time of the maximum rate, the verisution of its
concentration parsllelling the variation of rate of pressure
change. The msximum pressure of formeldehyde is proportionsl
to the initisl cyclopropsne pressure and, except at very low
oxygen pressures, is indepencent of the oxygen pressure., Its
veriation with resction tempersture corresponds to en energy of
activation of 10*5 keal. The eddition of small quantities of
Iromldehy:ie to the system leads to a drastic curteilment of
the induction period and the pressure incresse may commence
'onl,y & few seconis after admission of the last reactant. -
The results sre discusced irom the genersl point of view

that the resction involves & chain mechanism with degenerate
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branching, and it is shown that the initiation step is

probably heterogeneous. The kinetic characterigtics of the
reaction are compared with those of the slow combustion of other
hydrocarbons and & mechanism is advanced. This involves the
propagation of the primary reaction chain by cyclopropyl and
hydroxyl radicals and the slow-branching intermediate is
identified as formaldehyde which can react with oxygen to form
hydroperoxyl redicals which, in turn, initiate the primary chain,
The non~branching reactions of formaldehyde are believed to involve
hydroxyl and hydroperoxyl radicals. Possible termination
reactions are suggested and all the reaction steps have been shown
to be sterically and energetically feasible. Application of the
method of the stationary state to the formaldehyde and radicals

at the time of the maximum rate leads to the deduction of the
experimentally-determined relationships between the maximum
formaldehyde pressure and the maximum rate and the initial reactant
pressures., The proposed reaction scheme also explains the
formation of the products, including the small amounts of carbon

dioxide, methane and hydrogen also found.
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