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One of the raoet remarkable ohar<iote?istio8 of the low- 

temperature , slow-oxidation ot organic compounds lg th« 

Influence of ntructure on the reaction rote. With tho normal 

paraffin hydrocarbons, for example, the rato of o;d,dation, 

In strong contrast to the rate of pyrolysia, Increases 

roarkedly with the length of the carbon chain (!)  Structural 

sensitlvit* has recently been found to bo rulte o«n®ral and 

any alteration In the molecule whether by branching or 

substitution of chloro, anino or oarbonyl groups la reflected 

in the oxidation rate (2). The primry imrposo of the prooent 

investigation is to deternine the ijifluence of tt'O substitution 

(recording an ether, R f O-H, OB a hydrocarbon with an alkoay 

substituent) upon oxidation.

It has been suggeuted that ttesonaltivity of oxidation 

reactions to tho structure of the conbuotlble substance 

may have» in part at leant, a klnetie ex lanation (2). Thio 

hypothesis ID reviewed in the thesis, and In its esaontials 

it oay be stated an follot/s. Lov;-te£iperaturo, sloiv oxidation 

takes place by a nechanisra depcinfllng: on the formation of a 

peroxide which slowly deconpofles Into radicals, thereby sotting 

up branching chainn. Kie peroxlda forns by a aeries of 

reactions of tho fbllowln^ type: ilH  * 0 0 -*-H- * HOp1;
l j *^

H- + 02 —vi»2- f and K02-^ HLI-^HOOH" (whore R» nay be H). 

Decomrooitlon of the peroxide nolocule loado to HO- and H"0-
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which in general broal: dovai, for example, by the roaotion 

H^GHgO-  ^R^- * 11CHO. The szanller radical reacts further 

and my oithor continue the chain or tamlnate it.

Solution of tho rate equations for the individual 

roaotion steps shows that the rate of oxidation depends on 

the rate of initial attack of oxygon on the organic substance 

and also on the relative ease of splitting of the peroxide 

bond. Both factors ruiy be influenced by tho structure of tho 

organic reaotant, but because of the peculiar kinetics of 

the branching chain reaction, the oxidation rate gives a 

Eagnlfled and sensitive jaensuro of the Influence of the 

structure of H on the -0-0- linkage » tlie rupture of which 

is responsible for branching. Tho results of previous 

investigations indicate that the peroxide bond i» v/eukened 

by stibotituonts in R 'whicli are electron attractive { i.o» «xort 

an Inductive effect represented by -I) nnd is stro ^thoned 

by thD introduction of raathyl groups which have a * I affect* 

This is in Kgreonont vdth the viev? (3) that bonds betxveen 

strongly olootronegative elements should bo sti'ongtheued by 

attachment of electron recaUijig croupa since such croups 

facilitate the acipanaion of atonic orbltfils and allow increased 

over-lap vithout the occvirrence of nuclear repulsion*

The second factor on which tho rate of oxidation depends 

is the rate of the chain-initiation process. Before taking 

part in the initiation reaction the attacking oxygen roust be
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changed, ooro or leoa ooopletely, into the blrndleal form. In 

this change electrons znuet be drawn from the 0»O bond, and the 

very initial n togas of the redistribution raay uell be helped 

by the action of a positive centre nt the seat of reaction 

which would tend to draw electrona tormrds it. If thin were 

so -I oubotituents voulcl favour attack by creating the necessary 

pooitivo centre, while +1 substituents t ouch aa the nethyl croup, 

would v^enken the attack. Thus it appears that if the influence 

of eubstituento onn be asFea»ec». in terns of the onse of approach 

of the attcckinc ri^ant and the Initiation of the reoulsite 

re-organisation, the effects of substitution on both the chain- 

branching and chain-initiating Htopo are in tho aame direction 

and tend to reinforce one ano->.her»

Apart frwi the influence of structure on the rate of 

oxidation, the nost ntrikino kinetic characteristics v?hloh 

this sohene surtanarises are:

(a) the autooatalytio naturo of th© reaction;

(b) the Increase of the roiiotion rnte ivith concentration

of or^ranlo renct*mt;

(o) the Indopondence, over a considerable rpm(^e, of initial 

oxygen pressure and the reaction rnte. In fact, an 

elaboration of the theory (4) ^re-licto that oxygen 

in excess -will linve an inhibitory affect on the rate. 

If the oxidation of ethers takes place according to a 

neohanlsiri basic ally sirillor to that which has Just been 

described, these kinetic features ahould. be in evidence*
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The object of the present investigation is to determine 

the extent to which the react ions of ethers are coup <ir able 

in Eiechanisn to those of othe^ compounds previously studied, 

and vahore the raechanisias are conparuble, \vhat is the influence 

of the eilkoxy piroup.

The experimental not hod 3 oaployvd  were similar to those 

used in previous vsork on the oxidation of paraffins, amines 

and ketones in this laboratory. Ether vnpour and ozygen 

were adnitted separately to n closed pyrex rouction veosel 

at co net ant temperature and the reaction wan followed by the 

ohango in preamire and by ohtiraical analysis*

In the Jcinetloa of their »1'W oxidation dimethyl, nethyl 

ethyl, nethyl normal-propyl, diethyl, and di-nortaal-propyl 

ethers are generally nic-ilar to tlie other orgaxiio ooiapounds 

which have been studied. During the oor;bustion of other a the 

pressure decran.ies ot first and then ii^crt^ooes, tlio rate 

passing through a oaxiouia before tho end of the reaction. 

The jsaaxiraun rote of oxiciotion increaoep with the initial 

pressure of other but lo reduced by oxjfgon in ezceso* The 

length of tin© betv^eon th© atoiapion of the roactaJits to the 

reaction vessel and the establishment of the Dnxiraura rate 

(the i.nduotion period) is shortened by &n increase in initial 

ether pressure but is lengthened by ttn isoroase in the initial 

pressure of oxygen in the ran^e studiert. In the low 

temperature rngion an increase in tffiipora-ure favours
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oxidation* The lanxisaun in the concentration of peroxides 

of the HOOB* type during the slow reaction coincides vritli 

the maximum rate of pressure increase. I3ie slew oxidation 

or ethers it* inaeriaitive to additions of inert gas, but the 

nature of the surface of the iwoction veaoel raay influence 

the press ore change during the reaction, without greatly 

affecting the foxsaation of peroxides. With ^tandrirdixation 

of experimental prooedujfe reaaoiiable roproduo ib.llity can bo 

achieved.

Previoua results ou the zoaximiua rate of oxidation of

aiti tie oori'eapujidinf? inrktctiou period having 

ooixCii'iiod In the prt^sent apparatus, the relative 

rates of oxidation oi* the ouiiera aad ptmttme are aa

ether & 1 

Mtothyl n-propyl etlier 17S 7 1 

I&thyl ethyl otiaar ITS V 1.1 1 

Di-n-propyl ether 13UO 90 7 VI 

fliethyl etiiar 8»<)0 100 14 14 2 

TLe rate of oxidation of di-itio-propyl ether is nu&h
*»

lower tiian thac of ciiotiiyl etiier at 170 G.; in fact, it was

not pos-silDlo to i^ias ;;5.-actio jaensar amenta '.vith

etiiar Iwoauao .uo approoiablo reaction occurc ovor a v?ide

of tarApara turoa and proDv;vu*o£s oolov; thoi;o at which oool flames



&
are observed.

The al* dlarity of the fornal kinetics of the low- 
temperature oxidation of ethers to thorn; of the unaubatltuted 
paraffins, chloro-conpounda, amines and Icetons Indicates that 
the oxidation of ethers occurs by the anno basic raochanisn 
proposed for the hydrocarbons. If the relative tmae of 
oxidation of the ethers, compared to pentane, can be accounted 
for by the iiulactive effect of substituents according to the 
hypothesis outlined above, then the H'O group is electron 
attractive and exerts a -I affect. The inductive action of 
the alkoxy group deduced from oxidation measurements agreed 
with the -1 effect of GHgO determined by independent raoano* 
ffurtherr-ore, a oo^pnrloon of the rolativa rates of oxidation 
of the ethers theiiselvea ehovra tliat the -1 effect of the 
ethoxy and propoxy group is greater tlian tha^ of the nethosy.

The Btabllioinc influence of iietliyl fyroups, and t!i0ir 
inherent resistance to oxidation, uo pro/?lnent in the bohaviour 
of paraffins, axe oonfli'ijed by the ntablllty of dlnethyl and 
di-lao-propyl ethero -whoa oompored v,/lth otlier otloera.

Ethers do not show the pro^resalve and narkod Inoroaoe 
in the rate of oxidation with Increasing loncth of the nomal 
CJirbon chain which has been observed with the otlior organic 
compounds proviounly rturlied. It fjpnaarn that tlie Inductive 
action of the alkoxy group hao to some extent oaturatod the 
response of the molecule, und the effect of the introduction
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of -0- la next reinforced by lengthening of the carbon chain* 
Early In tlxo investigation it mis found that relatively 

large quantiti©Lj of peroxides were forraed during the oxidation 
of ethers* According to currant theories, compounds of this 
type play an important part, not only in the iow-tenpqratuso t 
elow caiaation, but also in the cool flu^e reaction and it 
 #aa thought that tfco oxidation reaction*} of etherB tii&ht bo 
eminently suitable for a study of the OCKJ! flaiie ueclutnisivu

atinfaotory liypotlieaia of oool flaiie forx^atioa

th&t pd^oxidoe play a duel rolt/; on the one hand* 
cllEiecoiate and lead f*> tlio b3?ajjc?ilr)f; ohaln rotxctiion 

characteristic of th^j 8lo\v oxidation, oy on the otlier hand, 
ebov© a critical taiflpertiture th^y i*iy largely daooiaposa by 
em altorr-fte route which dooa not laud to branching but ^ivos 
ric© to tha cool fla»L@, Thle jacsiohar.iiis:} ^ivos a satisfactory 
interpretation of the i\jrolta on cocXL f1 a»©s in butanono- 
oxygen ::Saturas (5),

Althcni^h tho slow oxidation of etliarts roseubles that of 
otiier oo^o^m'le, tho cool floi-ie reaction i« quite diffarujtt  
In contrast to th» pr**oipi*cus docline in tl*e concent rat Ion 
of peroxides or the 25>CHW tyj>e prorioucly obooi^ved aftor the 
cool flano In but,fijsone-oacy^*»n ittixtures, th© ccmoimtrQtion of

doriveJ froii ettioi'fl ia pracoicully urttffeoted by the 
of tho oool flaiat*. la fact, peroxides derived from 

dietliyl otlier exist at temperaturos and presaureo oonoiderably



/x

higher than thone at which cool flames appear. Evidently 

peroxides or this type do not play the proninont port in the 

cool flame reaction of ethers that they aoen to play in the 

butanone oool flacie. A teat of cool flame nBOhunisns with 

the etiiers met await further information.

1. Cullis, C.F., llinshelwood, C.M. tmd IJulcahy, M,F»H.; 
Disc. Faraday Soo.i 1947, &, 117.

2. Hiusholxvood, C»U«; Disc. Faraday Soo«, April 1951.

3* Walsh, A.D., J. Gheri. Boo.: 1948, 39B*

4. Bardv/ell, J.; Thesis, Oxford, 1950.

5. Bnrdv/ell, J, mid H3jiohel\^ood, 0*N.; Proc. Jtoy. £>oo. 
1950, Affll. 86.
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IHTROPlfCTIOI?

A study of the low temperature oxidation of gaseous 

organic compounds has p % :ved to be a rewarding source of 

information about the in.^aenoe of structure on the reactivity 

of ;aolt*ouj.efc. -<lth the noraai paraffin hydrocarbons, for 

example, the rate of oxi-T'tion, la strong contrast to the rate 

of pyroljsis, increases ,'inrke*JLy wit the length of the ostrbo 

ohaln (1). Structural ; nsitivity has rooontly been found to 

be quite jen^ral and any slteratlon In the molecule vhether 

by b-^anohiflr or Sibstltution of ohioro, a;nino or o.jrbonyl u roo.ps 

is reflected in the oxidation rate (-', o, 4, 5). A detailed 

difljassion follows pres^-.tiy, but briefly the reason for the 

sensitivity is thought t:) lie, in pirt t leist, in the 

reaotian Jcinetlos and be:idos being a useful me'hod for 

investigating the relation between moleaular structure ind 

reactivity this approach leads to on increased onfl rst and ing 

of the low temperature a:»'"?< > of oxi^atian.

The purpose of the present vork is to dnterniine the 

extent to vvhioh the me ^"» !-jism of oxidstlon of  " thers resembles

that of other orvanio oo^pounds, ^nd where the me-hanli-ra is 
oonparable to -'Initormine the influence of the ox^^en atom In 
the molecular tkej-^-ton o *h« r»" rtivity.



Structural sensitivity has only been obe<*rved In low 

temperature oxidations, one phase of a variety of behaviour 

exhibited in oxidations generally. If the conditions of 

te.'aper'iture and pressure at which eluimolar mixtures of a 

ootnbustibie £as and oxygen react are represented on a d 

it is found that, except or the raott primitive members of a 

homolot;ous series, all compounds show five areas, each 

characterised b., a distinct type of reaction (Figure I) (b). 

At high temperatures aio'.v reactions ooour in Area X but give 

place abruptly to explosions in Area II as the temperature 

or pressure are inor ase 1 . At lorvr»r ; cruperatares there is 

an ad/litianal area; slow reactions in Ar aiil are repl?.oed by 

a special type of expirei:;n or "oool flame" in Ar^a IV with 

an increase of te.aperitu-e or pressure. A further inarease 

in pressure is reoLuir«?a t3 give ignition.*-, in Ar«a ¥.

A distinction it ;na k p bet veen alow reactions in Areas I 

and III bRjause the rate of reaction ^o^e not increase steadily 

when the temperature is . ncreasefl fro;a one area to the other. 

Instead, there is often transition range of temperatures 

between Area I and III W •••<*  -« th *> rate is lurgely in^-'pendent 

of temperature or ;;i (iy RV -n be lo-^r^r1 by an Inoroase in 

temperature. This type of behaviour 'ras been observp*^ with 

sev ral oof.ipO!jnds (i>, 7, 8), an'51 ty-ical results obtained 

wit*- butanono a>e a! own . n Figure I. To explain the abnormal 

flep-vnflerue of tho -^aoti rate on temperature it has been
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suggested that two modes of oxidatirvn exist, one prevailing 

at high temperatures and the other at low, and that the blending 

of the two is responsible for the oo:.nplflucity shown in the 
transition region (o, 7). An interwliHte may be involved 

in the IJVY temperature type of reaction which, bscmuce of 

its low thermal stability, <1oes not aontribute to the high 
temper iture reaction (9)

Methane ie ox^eptio .-il because it floes not show a 
discontinuity in the terao<!>r«iture ooefrioient of the rate and, 

In fast, seems to oxidize entirely by the high temperature 

n»eohanis<n. The .cinetiss of its oxl^rtlou have been intensively 

Investigated and the rest tirms InVjlve^ are understood in 

brosd outline (10). Propane (11), pentane (1C) and 

Si-iso- ropyl other (13) show similar kinetics in their 

respective high temperature oxi^ti.-m ranges so it is perhaps 

not unreasonable to oxpoot a oooiaan type of iTjeohanism for all 

high be-Tiper-iture oxidations.

Regions II and / have also been carefully investigated 

and it appears that what ooour in t/'^eca a^-e explDsions of the 

thermal type (14) though loibtle^-ly Involving chain reajtione 

(15). The ignition at ~ov temper .it urf>s often depends on the 

prior i'armatiDn of a iool flu/ae an^ -ipre^rs to arise i'rotn the 

prottuots of this primary tep (14).

It is the sxow reaction and cool flirue areas (Hi and 17) 

at low temperatures that , .ny of the interesting features of



oxidation are observed antf these will be disuussed more 

folly in the following sections.

The Lofl-Te:ni?eritCLre Slovr Reaction

The Salient tSx^ierimontal Feat ares.

Previous studies of -2 variety of organic oonpounds 

including straight and b -anohed ohaln paraffins, chlorinated 

paraffins, amines and fc"tones have revealed the folio ving 

kinetio features ooa:on to all:

a} Co.abUEtian is autojatalytie; If the progress of the reaction 

is followed by measurement, of the pr^saur© change it is 

observed that after a periud of apparent quiescence (the 

induction period) the pressure increases to a moxlaunu The 

maximum rate of pr^e&ure .-hange (/^max,) Is usually oonsiflered. 

to be the moct significant me^sore of the rate of reaction 

(1. 4, 7. 8, 17, 18).

b) The maximum rate of r--motion increases with increasing 

pressure of the ooinbasti^I^ <*s but 1? largely Independent 

of ox^i,.en (1, ~, -i, £», 8) o;- aay actually be lo;verO'3 by oxygen 

at high consent^ations (b, 8).

o) Iho induction period It shor'^^??^ by an inarsase In the 

pr^ssu'-e of the 01't.anio r'^ctant but may deoonfl on the oxj'gen 

pressure in a oooiplex .sm^ (1, £, 8, 16). 

d) The raaxLaum r^te ine^ scs and tho induction porio'' is 

shortened by an irior-'use in temperature (4, 7, 16).



e) Both the maximum rat* and the induction periofl are 

sensitive to ohongea in the nature of the surface and an 

increase in the ourfaoe-volume ratio ucually retards the 

reaction (1, S, 19. £0, :C1).

jf) She addition oi' inert gases has no efi'ect on the nnximum 

rate of reaction and is usually without influence on the 

induction period ( normal- pentane is exceptional among the 

compounds studied becsus<-: the induction periofl is decreased 

by nitrogen additions) (I, 4, 5),

g) Many compounds are fo &ed durin^ combustion, some, sach 

as aurbon monoxide, acid, and water reaoth their aaxlmuo 

CQzio en t rat ion at the end of the reaction, others each as 

peroxides re^oh their iaa..imuai at the perlofl of aio^t rapid 

reaction (1, 5, £2, 83, 21, 2b).

b) Mth par-ii'fin. , amin^;: Jtnd ke tones the rate increase::- with 

increasing length of the ;>*rbon o'-;ain but is very much lowered 

by the introduction of «=»vtra methyl groups into a hydrocarbon
/ T « f r i VA, ~, •* , w / •

The -lO.v Temporat ureio -i3tion_Me :?ianlsa

Oxidation ";a,jtl:m3 how i-:o n-any complexities in spite 

of their general similarities that the theories that have 

advanced fro-'a time to tise usually only at empt to formulate 

a general mechanism and *eave the fl.~- tails for resolution in

particular examples. -6-



little need be said about the early theories of oxidation, 

suoh as the primary thermal deootaposition and the hydroxylation 

theories (26, 27, £8, £9) for although they are important 

steps toward the unde^st nfling of oxidation phenomena they 

are not tenable in the 1 ht of mo o reeent findings. The 

modern trend seotos to stem from a su^estlon by Sgerton that 

peroxides initiate a chain reaction in the organic reastant- 

oxygen mixture (oo). More detailed aoohanisas of hydrocarbon 

oxidation applicable to the higher paraffins Inve been suggested 

by Ubcelohde (ol) and by i/>wl8 and von L.lbe (9) in which it 

is proposed that oo.abuetion proceeds by u series of de^radative 

steps inv.)lving chain carriers suoh ae alkyl and alkoxy radicals. 

The outstanding features of the ohain type ^'action h<we be«--n 

made clear by the .vork of Seoienov l.'<2).

Objeotions to the theories of o^id-jtion at this .-tage in 

thplr dovelapment have b ^n raised by Uuliia -and tilnshelwod 

^nd by iialeh. Cui-is an/' iilnshelwood emphasise the general

principle that the steps of a che..!ioal re^wii^,. usually take i
i 

place vith the minimum dl.-turbanae of the existing configurations

of the rea-:t:mts, and po nt out tha^, as the theoriea stand, 

some of the postulated r.-actions involve i:ap-'obTble rearrangement 

(1). Jalsh has objected to the early peroxide raeohanisms 

because certain 01 tho r > ;ction ST,OPS are inconsistent vjith 

the known reactions of p roxides (5J, .VI, ;5).

Modified theories ,v Ich avoid these unlikely steps and

-7-



explain new experimental observations have thorofore been 
advanced by Collis and Hiushelwood and by i'alsh. Both 
theories postulate a chain type of reaction which Involves 
the formation of p^roxKt-s as essential intermediates. The 

auto jatalytio nature of the reaction is thought to depend on 
chain b-anohlnt" arising froa the decomposition of the peroxides, 

and both schemes account :'or the formation of formaldehyde 
by the de~*o:ap:>si tion of Ikoxy radicals. i£ven though they 
have these features in oo.anon, the bnsis for the development 
of the theories Is ijaite 'Mfffr^nt and they ••'siil bp> developed 
separately. Sinae Kalsh's tr^ataent uepends on observations 
of cool flaraes, as well ae slo-v reactions, it will not be 
presented until the cool flame type of reaction has been 
described.

CSuliic and fiinshelwo:d have postulate!1! i .'aeohanism which 
is not only consistent vHh the obefrvefl Sine-tics of the 
reaction bat also l*ade *o an unde'-stanking of the way in 
which the structure of t' ••' organic reaotant o^n influence the 

rate (1). isinoe i t is ith this aspect that the present 
investigation i.;- particularly Conorrnft.i the theory v/Hi be 

oonsldor--& in &ome d tali.

Diali«yl peroxides ( I'^presented **$ RujR) are considered to 
play an all-irapor-tant ro^o and are formed bj. 'ho foil•>.•..'ing 

reactions

-8-



RH «• Uo —» R- + JIG,- (1) **

KOO* «• i'JR —•• :;OOR (3) 

and ttOO- + c\& —f eintively ina :tlve products (4) 

RH represents the original organic molecule and R- is the 

radical derived frotii it by the removal of one hydrogen atom. 

The peroxide formed in (^) raay be an alkyl hydrogen peroxide 

(represented as KOCH) without affecting the validity of the 

argument* The rate of the first reaction is t and the rate 

constants of the subsequent reactions are designated as JCr,, JK,, 

and so on, corrcspDndlng to the number of the reaction. The

peroxide radical and EH .;ight be expected to yield a number of 

fllfrer'int types of peroxide molecule in reaction (3) depending

on the hydrogen atom removed; some of these oiay be "elotlvely 

ineffective as far as continuing the reaction is concerned and 

are include? in (4). The active ones, ROOK or ROjH, undergo 

further reaction, either branching

R OOR —» 2 RO- (5J

or suffering non-::hain degradation
iiQOH —» Inactive products (t>). 

The alkoxy radiaal 2iay be written fc'CHja* anfl decompotee further

R'CH.y-^.i 1 - + i«5HO (7); 

if (7) is ashamed to foil^v (&) i;a,;e>1 lately they can be written 

together as

ROOK —* 2 i. 1 - + 2 HCHU

-9-
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The ohaIn is continued b^ regeneration of R- from fi 1 -

&»- + RH —*-R- + R'H (8) 

or R f - may roaot with ox,y£en

R 1- + ug —»-iosa active products 19) 

the last step peralts a simplification of the schema 

by making use of the experimental fast that the rate of 

oxidation decreases with diminishing number of carbon atoms. 

From which it is inf erre ; that the regeneration reaction (8) 

maintains the rate while (9; leads to paroxides which are 

less ready to undergo br moiling of the type (5J»

The generalised kin^tios of the branching chain type 

of reaction such as this ^ad been discussed by beajenov (62} 

and he had pointed out t' at, if the Intermediate formed Is 

relatively stable, the ruction has special properties which 

he has embodied a theory of ''degenerate branching • The 

distinguishing feature of this theory Is that, because of 

the stability of t'.e intermediate, the rate of foraation of 

chain centres through th<° branching reaction can exceed the 

rate of destruction of centres without aa explosion ensuing. 

i'here oan be two types of degenerate branching, the stationary 

type where there Is no possibility of explosion from developing 

chains because at any given moaent the number of active oentres 

formed is not as c reat as the number destroyed, o^ there is 

the non-stationary type -.v^ere t' e naaoer ot oentrea f

•J.U—



exceeds th number destroyed but tho r j tr of reaction is 

not permitted to increase indefinite!,) u'Vtu^e the stable 

Intermediate intervenes.

Gullis and Iiinshelv\/ood consider the oxidation of pentane 

and hexane to be of the stationary type and obtain the 

following expression for the rate:

/>=/)
/ / aax.

U - e-At ) (I)

8*6
4» A I"i/ (II)

A = (*5 +*6 ) - 2 k6

and th^y have founfli that, by civint suitabl^ nuoip'-ical values 

to fcho rate constants involved in (li), the pe-lietea 

flepenfience of /^^ on oxygen and hydrocarbon pr^s^ure le of 

the same form as that found experimentally. Furthermore, it 

will be shown in t'e next section that they vvero able to aoaoant 

for the observed efi'eot :>!' straotare on the rate on the baeis 

of the scheme.
The raeohanism, in Itr essentials, has been fo^ond to be 

general <sn3 has been a-p^ied suooes£i'ally to the oxidation of
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amines (4) and ketonee (£)• in the latter case, however, 

the roaation Is of the non-stationary type and the hydrogen 

atom (or alkyl radical} wormed in (oj has been tuken into 

aooount

KOO- -f ilH —— > HOUR •»• H- (10) 

to peralt increased formation of active centres. Also, to 

allow adeauately for the Inhibiting efieot of o^^en at high 

pressure a decomposition reaction of the peroxide radical 

Itself has been au.t; e;este3

—— *• les ajtive produots (11).

The Influence of ._.^t_ru.otqre

An oatstantling feature of lo-v teaperotare oxidation is 

the strong ^epem flen.-e of the rate of rotation on the molecular 

structure of tho or^ania reaotant. This fa.it may have, in 

part at least, a iclnetij ' xplanation (^, J6, ^>7). The 

expression for the rfite of oxidation ol1 a stationary type of

reaction contains a factor of the i'oroi 0 where <f) is the
1 - ck5

rate of the initial attack of ojcygen on the organic so;apound, 

kg is the velocity oonst nt for the splitting of the peroxide 

molecule Into radloals, and o is a jonr.tant (oompare equations

i and II). For a non-s 1 a tiona ry roaotian f h^ factor takes

tfee form —— >? —— • m oithpr oar.e 0 is small nnd if the - 1
rate of oxidation is to n appreciable but not explosive,

•12-
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mast not be far removed fro;a unity. In these 

ol re urns t Fine os the term i/[ 1 - ck^] (or I/[ clcs - l] )

changes rapidly with a ohnnge in k F itself and variations in«j
the velocity constant of the decomposition reaction of the 

peroxide molecule therefose hav- a magnified effect on the 

rate. For this reason t'v- rate of low-tempera tare oxidation 

gives a sensitive ^e^suro of the infl^enae of tho straotare 

of R on the st biiit;/ of the peroxide aolecale, KOuR or ROuH. 

Another reason may //ell bp that the -0-0- bond it .self is 

specially responsive to th<° nature of the attached g oaps.

in prinoiple, the st. rue tare of the organic reaatant say 

Influence b:>th kg an^l 0 f but the fonaor is iikfily to be mare 

Important because it& ef ^ct io enhano^fl in the manner 

flesiribe'% Therefore, . psaial attention has been flireoteS 

toward the interpretatlo of tho efi'ect of changing the structure 

of R on t^c" str^ivt!-1 of t'-e peroxide bon^ in thr KOuR molecule.

The changes in thr R ('rroup vhich have been studied by 

Hinshelwood and his stadents inolude vri riation of the im^th 

pf the carbon chain an<^ th^ intro-'action of /i"i-*us substituents. 

Before drawing jonclueione about the influence of a particular 

group they fi^et shoved that the parent compound oxidized by 

the basic Mechanism just outline".

Briefly, thoir rr-sulte have indicated that the introduction 

of raethyl groups lowers the maximoa rate of oxidation (l,«'i t o,Jbj



Il-

while chlo.ro, amino or oa bonyl substitution tfindi. to increase 

the ease of oxidation (.3, .1,16). With eaoh series of uorapounds, 

as with the straight ohaln h., flrocarbone, lengthening the carbon 

skeleton favours oxl^ati n. The first meabers of homologous 

series suoh as ethane an! aoetone were founfl to oxiSlze with 

extraordinary <!iff i aulty (3,16).

It has been conclude that the .r.ethyl group has two 

effects; in the fir. t pla e, it appears to be inherently 

resistant to initial att ; k* uxygen, like other eleotrophlllo 

reagents ^tta:;k8 the ort-anio molecule preferentially at the 

OiL, or GH group. It is for this reason that ethane, aoetone 

anft other 210leoales without GHg or UH groups oxiflizp with 

fliffioult^ (£)• But q.aite apart from this, the oetrvi t;roup 

exerts a specific efrect In hina?>ring the development of the 

b ran oh ing ch a in •

Substitution of a ohlorin* atom or an amino radical i'or 

a primary hydrogen atom nifls the initiation reaction b^ 

destroying methyl croups ?.mfl thtt& more h t.fl.rogen atoms are rnarle 

available for oxygen att k (.3,4), but also have i'^eir own 

Influence shown for exaa I in th o scoonury ohj-ori^es (o).

These spejiric eff^ t have been ascribed to the influence 

of th<> S'-ibetituent on th st?-f>n^t:h of the peroxide bond, and 

the substitaent aay '.veil not jy cj. .nronic Rfl>ats tnns::iittefl 

to the two oxygen atoms. I 1 ie pointed out '.hat those



aubstltuente vfoich favour oxidation possess a oa parity for 

electron-attraction, whereas the methyl £roup which has an 

unfavourable effect on o ! action is eleotron-reoulBlve 

(3,4,16,ob,o7j,

Aooording to the current^ accepted vievjB, the electronic 

factors responsible for the influence of molecular structure 

on the chemical and physical properties of organic compounds 

fall into two broad alas il'ioations (^8). There is, on the 

one hand, the "taatomeric ^ffeot" which is of the utmost 

importance in conja^ate*'' systems, euoh as aromatic or 

alXj'lfliene uioleoules, but this effect cannot operate in the 

absence of oonju^ation. It is called the tautomeric effect 

because similar electron migrations are involve'! in a 

tautoaieric change suoh as

Jhg = wH-JKg-UOuH ——»• GHj-CH = GH- CO'JH. 

This effect cT;oiot be important in the oxidation of the 

compounds already refer^-i to because a oon.ju.gatfi''' system is 

not available*

She other el:i otroni mochanista depends on the "inductive 

effect". It i , thought lint certain e^o^Ps have the ability 

to attract el ctrons in the outer shells of neighbouring atoms 

while other groups tend to allow their electrons to be strongly 

influenced b^ neighoouring nucipl. In a 1-irge raoiROule the 

resultant dieplaceaient n^ d not be .iOcalized for there -vlll be
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a tendency for the electrons throughout the whole molecule 

to move In the ?: ame direction, but these secon^^ry displace -: 

will become increasingly less Important as the number of 

Intervening atoms inorea.es. It Is tho shift of electrons 

in this manner that is responsible for the difference in aoifl 

strength of the aliphatic aei&s anfl the flipole moments of the 

haio£:eno-pa raff ins for e.^-imple, anfl since these properties of 

the molecule oan be measured flirectly •anfl. accurately a 

considerable bo*y of quantitative information has been balit 

up concerning this effect.

Ifyflrogen is the usu^l ctrinflarfl. of v"^fer©n3e; a ,-roup 

which, relative to hydrogen, repels electrons is s-\i3 to v : ave 
a >I effect, anfl a group ,vhioh attracts electrons has a -I 

effect. Of the coanon Mubstituents, the snathyl group is

outstanding as being the only one showing the +1 effect ;hilo
•*• » 

Gl and SH« are of the -1 type, and the moment of the G«u bond
fo

in the c&rbonyl group indicates that the shift or eloatrons 

in .kctones i:-. <->lso Hkffly to bo toward th^> substltuont.

Retarniag to the corieifleratlon of the influence of the 

structure of it on the st'-ength of the JF roxlfle bonfl in the HOOK 

molecule, It raay be saifl J hat substituents of the -I type 

weaken the -0-J* boaifl whi-ie those with a -fl effect strengthen 

it.

This con ji slon is 1- agreement .v/ith a view expressed by
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Walsh who has reconsider <1 the information about the strength

of the peroxide linkage and the strength of bonds bet?/een 
electro-negative uto:as in general (39,4^). He points out 
that increased electron©?'Hivity of the two bonflefl atoms 

increases the strength of the bond between them, as for 
example with

1-1, Br-Br, 31-C1 and F-P where the
bond energies equal <:>&, 46 , 58 and 64 koal./aiole. 
However, there Is a definite li&it in thie flirtation; beyond 
t^ie the aaount of overia of atomio orbitals requisite for 
maximum oond strength osrmot be established because the nuclei 
would be broci^ht together so closely that repulsion would 
occur. in such asses a flecr«ase in eleetronetfativity in one 
of the bonded ato;ns inoi* ases the bonft strength;

P-P anfl F-C1 with

bond energies of 64 and y? Kcal./mole aro cited as an 
example, 4 siailar situation is beiievefl to ariso with 
substituted organic pwrovidrs. 11' the su:>stituent is electron- 

in,;.,, as is the iaot ,j 1 £;roup, the j'rir^e transfer to the 
atom of the —j-0- bond reduces its off» rtive 

eloctronegativit^-, ±acll'tatee the expansion of the --itoralo 
oroita^s and. increases the aaiaunt of overlap with the net 
result that the peroxide oonS is strengthened,

previously mentioned, the ravxiMUJa rste of oxi^^
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flepenfla not only on the rate of the branching reaction but 

la aiso proportional to the rate of the initintion step*

iiH •»• U 2 —>R- + K)g- (1) 

The influence of this se onfl factor on the maximum rate is 

leas important for reasons already alsjuf.seft, anfl is likely 

to be smaller, in any oaef», since the CJ-H bonfl exists between 

atoms «ith ;auoh less pronounced electrochemical characteristics 

than o*ygen. Klnshelwo.cl has pointed out the (Uffioulty of 

forraing an opinion about the effect which electron accession 

shoaxd have on this bond, but has sug> esteS another possible 

approach to the problem 1--7), At th« floroanfl of the RH 

moleoale the attacking ox^^en probably taices the biradical 

form, more or less cooipl *oly. In this change electrons must 

be dra.m fro.a the u=o. Therefore the very initial sta e es of 

the redistrioution wight be expectec? to be favoured by a 

positively charger! centr- which -'joulfl t«?nfl to ?r>*w cleo^ rons 

toward it. i:has subsiit uents >.;hic'- exert a -1 effect .voulfl 

assist the attack '<?hiie the methyl group, which exerts the 

Opposite effect, would w^-iken th« attaclc by causing a flow of 

eleocrous to.varcl th-'s sea' of ro^otion. If the iufluenae of 

fcubstituenta on the reactivity of organic molecules can thus be 

p^ in terras of the >-ase :>f approach of the rea^tants ^nfl 

j-Li't,ijii Ox the ro uicite ooifani tijn, th«H the effect 

of substituents is in th eame direction in both the initiation

anfl branching stfps*
-18-



y03l Flames

The second type of oxidation in the low tompor-iture 
region is the cool flame. its relation to the other rao<"lfis 
of oxidation has been sho n in Figure 1*

jLa.p^i.rr nt-al Jbserv •, 1 1 :.ng

The experimental fa ts about oool llamas include the 
following:

a) The temperature rise ooompanyin^ a cool flame is less than 
that associated with ign'tlons in Area II or V in Figure 1 
(41.12/.

to) Cool flames do not produce a l^rge total pr^e-sure change, 
but there is usually a d« sided pressure pulse during the passage 
Of the f larwUl).

oj Goo* I'laaes are not observes un<5er any oonflitiona with the 
first ojeabers of s,.ae homologous scries. For example, methane, 
formuldehyfte (4elJ, glyoxal (4^) t ethylene Ui), infl a? t- yl 
alcohol i44/ do not rorra oool flames.

d.) fhe eraission spectrum of the cool flaae is th° same for 
all combustibles (15) an* Is ifl^ntlo^l vith th'» fluoreson^e 
©peotru.i o.:' rcirmaiflelj.yrle (ib,-i7;. wince the temppr.ature of 
the oool flame is too io.v for tho foraylflohyde to be thermally 
excited, tho cool flame uuat be of th» nutar^ of
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ej The feinntlOE of cool flame formation sugrest that they are 
thermal explosions 114; or, at least partly so (It)}. 
t ) Several oool flames may oocur at intervale in a suitable 
reaction mixture (17,48)
gj The oool florae aroa In tho pro as lire-temperature Diagram 
analogous to Figure 1 znay rhow more than one .obe directed 
toward the temperature axis. Kith butanone, therf> is only 
one lobe (Figure 1), but «vith cU-cthyl and -li-ieo-propyl 
ethers, tor example, the^e is distinct eviflenoe of two lobes 
at two differ nt temperatures. '.aish has reviewe-1 the 
availablo results (15).
h) Gaapo-onflt! each as al-1:h,vaes and peroxides are aracmg the 
products of the oool tlK-.it>. reaction, indicating less complete 
oo.;ibu,Etion than takes picuse in ignitions (41). 
1) Poroxiflos play an important role in aooi flame formation; 
It has beon fo^infl "hat afl/itions of p^^oxt^^s to roosting 
mixtures or ' '"roc-arbons nfl oxy ( -&n a^ p o'-l.uco. a cool flame 
149J, but the strongest < videnoe is th*> results of peroxide 
analysis flurinev th^ oool flame reaction (48,50). 
but>inone tho oor.jent rati -r.\ of certain p^ro:ci^t*s 
exponentially to a oa >xim I..D coincidinc with tho appearance 3f 
the co ;1 flarae but they .• .iffer practically compline flfsstract 
during th^ o-vi ^/--no. If the oon-'itlanr. • ~- 
ao ̂ o cool -.lames .aay oocu.r end the ;•,-•.-^x I df> c ri cent ratlin 

t exponontinlly to a ;a:-jxiniu!a eaoh time.
-20-



The other instance /here peroxides were measured daring 

cool flame formation wae with normal-propyl benzene. The 

peroxide analyses were incidental to a more extensive 

investigation of oxidation reactions and the results are not 

as decisive as those with butanone. nevertheless, bur^oyne • 

concludes that the propagation of oool flames in normal- j 

propyl benzene is oondit oned bj the reactions of phenyl i 

alkyl hydroperoxldes.

3) v'.it»h butanone the oo centration of acetaidehyfle and 

formaldehyde increases until the OOD! flame appears but is 

almost constant therea. t-r (48).

k) if'ith nonaal-pentane, norraal-hexane and butanone the 

relation between the induction ppriofl (the tiae for a eool 

flame or the maximum rate of siow roaotlonj (or its reciprocal) 

and the pressure Of react >nts is continuous fro.a the area of 

BJ.OSV reaction Into the oo 1 flame region. Also, the relation 

between the lo^urlthm of the induction poviod (or its reaiprooalj 

anfl the reciprocal of th^ absolute temperature IE- continuous 

In these regions (15,

theories of Jool Flrae Fo; mat Ion

Several theorios hav« be<*n •^.vansefl to explain the 

complexities of the cool /l^.me reaction, but rocent experiinental 

observations (43) are iaoct satisfactorily explainpd by a 

suggestion ori^inal-y aa^e by ~ainikov (5^.). In essence It

-21-



depends on two homogeneous consecutive roaotlons 

the temperature coefficient of the t^cond being , ; . reater than 

that of the first. If the second reaction is also hic-hly 

exothermic self -heating ;aay occur ,s the reaction proceeds 

and tlio rate will inornate until A is largely consume'!; the 

rate of the second reaction will decline and the temper-stare 

will fall. If there is sufficient reaotant the process is 

repeated.

Applied to butanjne, it has. been postulated that the 

reactions take the form

Final products 

A __» ... <~
0-^K^

Chain centres for A-*-X

the intermediate, A, is thought to be a peroxide molecule 
capable of tvro roaotions, ozae * en 3 ing to branching llw) and the 
other (12) bein^ us«lea^ lor this purpose.

if, on t';e average, the r<--gen<»r«tive reaction loads to the 
formation of ^aoioouloe of A, the rate oi' its formation vvlll
be VQ ^ x-i^x aa-l its rate of destruction (kio 4 ^12 ̂x wl";ere vo 

is the- r'ste of initiation on-1 x is the concentration of peroxide, 

Then « v + [*^IT> - 1) - ;;,.Jx (ill)
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The rate of oxidation is proportional to x, and the most 

important factor in determining its value at any paint in 

the reaction i the not uranohing factor A 1 fe^(l) - 1) - K^£* 

If kl2 increases more ra idly than x-^i) - 1) vith increasing

temperature, then at a certain temperature K_ ,(">) - 1) - klo 1&
will fall to 2ero and an initially branching chain will fail 

to branch effectively,

Ihe sequence of events leading to a cooi flame start 

with an autooataiytic increase in the peroxide concentration. 

When thr concentration exceeds a critical value, x the heat 

produced by the exothermic reaction (li) excep.ls that .vhioh 

can be oonfluoted away fro.a the reaction, ^elf-heating occurs 

and eventually leads to . L,!:^rp Cecr^ase in the net branching 

factor, -hen A 1 passes through zero the peroxide concentration 

passes through a maximum, but the temperature risoc furt'tor 

because ao^u/nulated peroxide oonMnuos to fln^orapose. A 1 will 

be stron£:l^r negative bec-iU.. o o^ the iarge incr--aic in Jc^g an4 

the peroxide concentration can fall to cuite a low value. v«hen 

it fails to a certain v'-J.U.G (so/ae.vhat larger than X0 ) coif- 

heating stops, A 1 rlo«£ nd the peroxide concentration passes 

through -i minimum v.tlue, «ith further coaling A 1 eventually 

returns to normal m-3 an exponential increase in x may occur 

provided .sufficient roaa . nts aro available.

the theory not only explains the peroxide behaviour



during p'^riolio oo-;l flaaes mentioned In paragraph (i) 
above, one of the ino^t fliffioult points, but aleo is in 
agreement with the other observations including the thermal 
nature of oooi flame explosions.

Considering the OOOJL fl;ime and slow oxidation reaction 
together, reaction (12) oran be identified with (6) and (1.5) 
with (5) in the slaw 0;d Ration mechanism previously outlined* 
The Intermediate, £, is of course, the peroxide KJGit* At 
temperatures where the ^ow reaction ocou s tho rate of (12) 
is not sufficiently groat to pr-oflu-je seii-heating even -,vhen 
the peroxide ooncontrntlrn is a mnximutn, and the branching 
chain reaction develops Jitil the naximum ^ate is established. 
However, ;lth increasing tern per at .re a point -111 be roached 
when the maximuai pe'^oxiflo concentration wilJ, Jut t equal x0 ; 
the hnat produced b^/ (l£j vili exceed the amount that can be 
conducted away fro!a the ruction anfl self-heating and the coul 
flames ensue. The time for the cool florae or the raaxiaium rate 
will depend on the formation of the peroxides in the some vvay 
and it -.vould thT'^o^^ not b« r-xp^cted to bo flisjontlnuoos on 
ohangint; frora the siov,- r .jtlan to the oo,>l rlame area, In 
agreement with the experimental observations.

It was '^n^ionod ear*iear than an alternative ''ieory of low 
temp wit are oxidation hi been advanced by -.alsh 115,^0,0^,36;. 
JLt has been <5ev>4, <jp'*ti lately froai a oousideration of the oool

e reaction un^ Its isic postulate ia that the cool flame



Is an explosion (partly thermal and partly chain) initiated by 

the branching chains of the slow oxidation reaction. The 

explosion is soon quench d by the formaldehyde to whioh it gives 

rise; the mechanism of quenohing will be di&oussed later. An 
analogy is drawn 'vith th first pressure limit of explosion in 

hydrogen-oxygen mixtures but, in contrast to the 'oontiauoue" 

branching enoo mtered with h^droe-jan and oxygen, "degenerate" 

branching, as postulated by Semenov (oi), is thought to be the 

mode of reaction with th^ paraffins. The stable intermediate 
in the "degenerating" branching chains IE identified with alkyl 
hydrogen pe-oxides and i:, this respect is similar to th? theory 
of Caliis and Iliushelwoofl. Farther development foxiows from 
i^emenov's theories, A racohanism consistent '.vith the general 
theoreticsal jonolusions ha: been proposed and is as follows. 

HH * 02 — *• K- + H0 2- (14) 

R- + J r. —— * iijO*- (15)e^>

ROD*- + as. —— >kOOH + -.- (16) 

(The asterisk on the product of the seaond reaction inlisntos 

that it ;aust at i'i-st oo tain its o vn energy of format ion),

ROOH + Op — > JH- and other p^oduota (17)

L- forraaldohydo, -' -t-iiaeh;. r?«, aim. le oiffins, simple 

ke tones, ull radio ale, methyl or ethyl r-jrUaals and relatively 

inert -^0,, radicals.



Uther reactions of radio.Is follow:
OH- + RH—*.R- + H2Q- (18) 

OH- + surface—»• ao .struct ion (19) 
RO*- 4- surface —> fles t -motion (20) 

> destruction (21)
This last reaction is Msaumefl to be favoured by collision with 
ftH, whereas collision with Ug favours the branching reaction.

it will be noted th-it the only outstanding difrer^noe 
between this and the mechanism of Callis und Hinshelwoofl Is 
that the branching reaction is dependent on reaction with 
oxygen. This is postulated beonase the partial pressure of 
peroxide repaired for ignition in air is less ft*:an that 
required for explosion of the pare peroxide (5£, £>3) and also 
It orfers an explanation of the complexity of the oojl flame 
region mentioned In para,-v-aph (e) above.

The lobes or poninsulae directed toward the temps rat are 
axis in cool flame diagrams such as Figure 1 are thought to be 
floe to th« at*-iclc of ox^ : en at ^ifrer^nt hydrogen atoms in the 
peroxide molecule, toino- the dissociation energy of the 
tertiary G-H bonfl is Icsr than that of a primary, oxygen 
attack on the former would be favoured ^t lower temperatures 
but at higher teraperatur••& attack on the primary bond woolfl 
oooar. If the temp era t -ir^s are fsir enough apart definite 

lobes ?^ould appear. It ic point-'d out that there is agreement
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between the kinds of C-H bonds In the peroxifle molecule and
the lobes in the oool flame areas of a variety of compounds (15).

This theory bmaks Town, with butanone at least, In its 
interpretation of the be' -jviour of poroxidee flaring oo->l 
flames, particularly recurrent oool flames. It was pointed 
previously that the oo~>1 i'lame is thought by tfalsh to be a 
self-quench ing type or e .plosion. The mechanism for this 
reaction and the pe.rioftij1.ty of oool flames is ascribed to 
the Inter-action of the intermedia tee and Is a development of 
a general scheme propose^ by Frank-Kamenetzki (i)4).

In outline, the reaction soquenoe pat forward le 
A + i—>B -f £^ ( 22 ) 

1 * Y—>d + 2Y (23J

A + y-^B {24}
wh«re A is a reaatant molecule anfl B a proflaot, 1 is identified 
with peroxides and Y with alflehyfles, more specifically 
formaldehyde. In tbis t^-ries of reactions JC increases 
uatocatalytically until It reaches a critical concentration 
at which point sufficient Y forms by the autooatalytic reaction 
(23J to rtipiflly reduce th pe roxide concent .ration to below the 
critical value. Thus the oo::l flame appears when the poroxifle 
formation is very rapid find the peroxide concentration io 
approaching its maximum but is soon quenched by formaldehyde 
antf the oo 1 fia;n^e su^sifles. If sufriclent re ̂  at ant is



present the foraalflehyfle concentration will be reduced and 

the qyole of evonts oan be repeate-5.

on_the 0_xiflation of athera

The danger of explosions with rtlethyl ether when used 

as an anaesthetic stimulated much of the eariy work on the 

v<3 pour-phase oxl-'-stlon of ether and th ° ^p^^ndence of the 

explosion liaits of ether-air and ether-o^^en mixtures on 

temperature, pressure, composition and other factors has been 

carefully investigated (l'i,41, 42,^5-60).

The pr^ssure-tomper tare explosion fl-ia^rams f or flimethi'l 

ana di-iso-propyl ether ! -ave also been fletTtnine* anfl it was 

founfi that the oool flame limits of th?» former are very similar 

to Figaro 1 (ol), but that the liaits i'or fli-iso-pro-iyl ether 

(an^. nlso rtlethyl ether) -ire more complex anfl may consist of two 

overlapping peninsula© fl.! ."ooteft toward the teraptrature axis (6£)

Ihese r^ooar:'-cs ah . ^-* th^t fiethyl ether produces easily 

detectable oool flsaes at convenient prosaures anfl temperatures 

ana is veo suitable for rtu31.es of this type of oxidation. 

An extensive invest l^ti •.-; of oo: i ,A-; ; PS particularly in 

fliethyi ether by To^nend n,nfl his oo-'.vorfcers follo^e*! (14,41,56, 

41,63). They fir ft showed that there is no essential 

difference b^t veen oool fj-aaes initiated by sp-r^s or hot 

fllaraents an3 oool flames initiate^ thermally. A technique 

was then developed which allowed th^.m to maintain a stabilized



oool flame la a tube at room temperature and this worts. 

culminated In a series of experiments whioh ehovrad that ignition 

is a two-stage process. Thfi first stage leads to the oool 

flatae and the second-stage appeurs in the oool flame products. 

The stationary flame technique also produced large samples for 

analysis nnd It was found that a much higher concentration of 

peroxides and aldehydes \vas produced by the oool flame than by 

the seoond-sta. e flame, thus emphasising the Incomplete nature 

of cool flame combustion.

So information about the kinetics of the slow gas-phase 

oxidation of ethers in tbe low temperature range is available 

In the literature. the kinetics of the oxidation of dimethyl 

and di-iso-prop.yl ethers have been investigated but the former 

compound was studied In the transition range of temperatures 

between the high and low temperature type of reaction (61) vhile 

the latter was stufliod in the high temperature region (lo'»

The liquid phase auto-o:cldation of ethers in the presence 

of aienolv?;^ oxygen hap : ;con Etuflief? by a nuraber of workers 

(b4-oD;. It is generaljy agreed that or^^nic peroxides are 

involved but they ar« so a^stable that purification and analysis 

is usually very Hfl'icui 7 and th? cheiniCQl constitution of the 

products is doubtful. It has been observofl that, of the 

coa.uon ethers, ai-lsc-propyl ether foras peroxides .-nost readily 

(b3). iiinoe ethyl buty^ ether forms peroxides more readily 

than methyl butyl ether it has been suggested that the initial
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oxygen attaok is on a secondary hydrogen of a oarbon atom 

afljaaent to the ether-ox^en,

The on^y other comp rlson that might rerieot the relative 

ease of oxidation of ethers is given by the ease of oonl florae 

formation (14), The minimum ignition pr-'Beams required for 

cool i'laafl propagation 1.. e^uioiolar mixtures of others anfl 

oxygen at constant te;npe turo are f;iven as:

Dlethyl sther Bu aim. 

aet?-);;! ether 110 nirn. 

projjyl ether llu mia,

liatyl aetV-^i ether l£u nun.

PropyJL tae f. ';,•! ether 19 u 3i:n,

Diineth.. 1 ether ^-lu m..i. 

Since it is lesira'oio to toat the thoories of low 

temperature oxiflatlon as completely as possible anrt sinc rt the 

existing data do not permit suoh a teat with the ethers an 

investigation tow^rfl thi,. enfl ;;as bogan. The problems to be 

con^ifler fl were to fletormine first, the 'intent to which the 

reactions of others are ao^parable in m^olianisa to those of the 

parafrint, amines anfl acetones ana secondly, .v'lero the meohanisra 

ie oomparabl*?, ?rnt la the ini'lusnje of the oxygen atom in the 

carbon skeleton. 'Ihe experiments sho,?e-' that large qaantitles 

of peroxifleo ^ere pro^aoe^. flari.ng ethor oxidations anfl therefore 

theories of oooi i'larae fo aation coald alao be conveniently

testefl.
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The apparatus anfl experimental aethofls were similar to 

those usefl in previous work on oxidation In this laboratory. 

Thf ether vapour antf oxy, en were admitted separately to the 

hot reaction vessel, anfl the reaction was followed, in the 

first instance, by the pressure obange. The partial pressure 

Of peroxides i.a the re^o'Ion mixture at various tim^s flaring 

the reaction was tfatorminod by chemical analysis of the products 

withdrawn from the react!. an vessel.

apparatus.

Th« spherical, pyrei reaction vessel, V in Figure 2, of 

25u ml. oapasitj1 wa3 sup-ortel centrally in a thermostatically 

oon": rollol farna;o. Th" vessel we coa;s0cte'3 by capillary 

tubing to a mercury :aano:notcr, M, ana a two-»vay tap, T, through 

whloh the react'snts vrero •-•'iralttcd to the reaction VPS: el* When 

this tap was eljsefl the vessel an<t Its :;ianomet*r v/ere isolated 

frora the rest of the sys'^rs. To prw^nt condensation of the

volatile r^oot'ints nrifl proflacte the nanometer and connecting 

tubin.; v/e^o wound v?it!i r siataaoe wire ;infl !;.e'jtc^ to 5'J°c.

The two-way tap oon ^ctecl the reaction vessel with two 

to which were attached reservoirs of the roa
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FIGURE 2 

The Apparatus
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mechanical 
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the gaseous reaotants on the upper gallery and the liquids

on the lower. The appnr anfl lower galleries were connected 
by a tap T-^. Gas purification equipment was provided on the 
uppe~ gallery, although normally it was isolated by the tap X 
The lower gallery hafl a ;ap and ground-glass Joint for the 

attachment of a sampling pipette P. Kaoh gallery 

connected to the pumping system by an individual tap.

The apparatus was e/-. coatee! by a fchroa-sta{;e moi* 

Sifi'usion pa-ap, DP, backed by a mechanical rotary pump. The 

punps -ver*? pro touted by the traps Tr-^ and Tr2 , and th« former 

could DO cooled if nacftcciry. Since it was found that gaseous 
reaction products attacked hot .-riercary in the diffusion purnp | 

and prof'uoe'* S3ii3 ;aateri*il which lnte^"ferf*a with its operation, ! 
a by-pasc tube .vltb appropriate typs was pluce:! -..roanrl the 

aiffatlon puap and "'£>& used for the initial evaluation. To 

give an inflloatlon of th« pressure in the apparatus a high- 

voltage discharge tube, Di, plac -1 in parallel with an «ir gap 
of about 7 an. ^vas provided on the manifold.

liquid ethers, stjor'--'! in bulbs on the lower gallery, were 

froron anl ova-3uat«d dai];. to rAr.iov« air '.vhioh aiu^' havr been

d in them originniiy or -vhich map hivo leaked in 

h th-s tap or eroiin ;a -g> i.'=-isr> Jo Jet.

Gasoc, to be stored in the bulbs en t'^e Ui''per ^alJ^ry, 

wero first "riftd o,y pa6£- ; ;.e through n be 1" of phosphorus 

pentoxide in the tube U. To ensure that no air leaked in
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with the ia*ooralae ^as while the bulbs w«*e being flllefl, 

the pressure in the tubing connecting the source of gas with 

the apparatus itself was kept above atmospheric. The "^blow- 
off" tube iai-.-tersefl in water gave an infllcatlsn of this pressure 

and also served as a safety valve. A 25 ou. trap on the "blow- 

off" tube tfas founfl to be a useful protection against a sudden 

rush of wator into the phosphorus pcntoxi^e when the pressure 
ohaagofl* Ethers with baling points below rooa temperature

were condensed in trap Tr, unrt ?/er^ frozen aafl evaouatefl too
remove 4isj>olve3 air iwjfore they were vapoarizefl Into the 

storage bulbs, Ihe bulbs were always thoraughly eviooate? 

before they wero fille!, nnd, if possible, they wore flashed 

several times with the gas to be stored.

The furnaje in whiol: the roaotiDn vessel *as placed was 
electrically heated and .v^il Insulate-''. The vessel itcelf 
ooulA be observe 1;! through a glass window i^ the insulated 

cover. The teaiporat ore of the furnaoe was kopt constant 
autoai'itioslly by a "iitatrx" theriaorec'-ilator, i-t, ana relay 

system. The heating oi suit IE shown in rig;ore 3. The 

operation .vas as follows: when the temperature of the furnace 

rises to a pre-e^lected value the meroary oolu^c. lu the "Statex" 

closes an electrical circuit and actuates thft "iunvia" hot-wire 

relay, wiiich in tarn pls-j.es a csaill : ;^.,jui:tablc r-iQietanao, R, 

in aeries with the heating element. The healing current is 

thus reduced and the temperature o^ the furnace Tails until
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the "Statex" breolcs the r^-lay oiroalt which shorts oat the 

external resistance.

Ihe temperature of : he reaction vessel was measured with 

a calibrated thermometer, Th, the bulb of Which ^as placed 

near the wail of the ves:-e^.« Alternatively, a ohromel^alumel 

thermocouple and potentiometer w»>re used. The temperature 

variation in the spioe normally occupied by tho reaction vessel 

was found to be about 1°J , an* fluctuations arising from the 

operation of the tempers'ore-controlling equipment were kept 

at less than 0.5 c. by a'.'iustment of the external resistance.

jSxperlmental Prope^ure

The reaction vessel WHS evacuated by the fllffaeion pump 

for ton minutes liaaedlately before an experiment was et-arte1*!, 

and then the rc^uiro^ amount of ether was aflfle^, followed as 

quickly as possible by t' e oxygen. A stop-watch was startefl 

at this point. The pressure v»as read f*t saleable intervals 

and the change in pressure, Ap, v?as usually represented 

graphically as n f'JLnotion of time.

with ethers if- ms i'o did. that the prossu-" decr^acofl at 

first and then Increase'!, the rate passing through a maximum 

before the end of the re-iotion. The aaxi.num rate of pressure 

Increase and the time for its establishment were considered to 

be the ino::t useful ohan • t-^rlstics of the reaction to record in 

the preliminary general survey.
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Under certain conditions cool fla;ces or ignitions occurred 

and could oa;ily be identified by the pressure pulse anl light 

emission which aooorapani- «l them. A distinction between oool 

flames and ignitions oan be made on the busis of a difference 

in the colour of the light emitted, but .uaoooraac and Tovraend 

have sug^estM a more reliable method (41), They founl that 

oool flames invariably produce B smaller total pressure change 

than Ignitions and so an, sudden reaction which produced a 

pressure increase groat? v than &0^> was termed an ignition.

Very early in the Investigation of the oxidation of 

ethers it was founfi that the experimental procedure ha '1 to 

be strictly adhered to if reproducible results -were to be 

obtained Minor variations such as reversal of the orfllor 

of admisi ion of the reaotunts to the reaction vessel often 

pro^uo^d .narked changes in tho i^ximum T*ute» Th*. 1'Jrst 

expe^iaents of the day were also not very reliable and were 

disregarded. This Is a oom.r.on observation in oxidation studies 

and is usually attribute-1 to surface ooaages which have ooaurred 

overnight with the veseeu. in the evaluated condition (lb,7u),

Kith a suojoot as complex n& oxifl-jtion simple manotnetrlo 

data are seldom sufficient, for although the pressure change 

has been found, to parallel the disnprrearanoe of organic reaotant 

In several Instances (lt», 17,«v) it "lay not reveal th^ formation 

and ^isappenrance of int^r.no^latos, iiinae peroxides are 

believed to be important intermediates In both the cool flame



and slow reactions the reading mixture was analysed for these 
compounds.

Peroxide Analysis

A number or analytio-il methods have bcren described In 

the literature. J4an,i of them rely ou the oxidation of the 

test reagent and yet it is known that some types of prroxides 

ar? BUO^ weak oxidizing ^ents that they do not reaot with 

hydriodic acid (71)» JJev^rthelesr, among the reducing agents 

that have been 8U£t,estefl are potassium Iodide in neut-al or 

acid solution (72) possibly with some differentiation among 

different types of peroxide by suitable choice of reaction 

time (50, 63) or catalysts (7.3), ferrous thiooyanate (74), 

ttannous chloride (7i>,7b), oymene hir drosulphide (7'f), and 

acotio acid solution of potassium ioflide (78), uther methods 

involve hydrolysis folio efl by estimation of the hydrogen 

peroxide forased using eit'ier potnsriuas iodide in aoetic acid 

solution (7v) or potasci . porsnun anite (80). Colour reactions 

with titanic sulphate in dilute suirhnrio acid solution (24), 

titanous ohlDrifle in Siiiite hy^r^chlorio aoid solution 172), 

potaseium lerrioyanide (7.;), and an amzaonlacal solution of 

lead acetate alone (7o) or with the addition of "tetra-base" 

(tetra^ethyl-dinniino-dlphenyl methane) anfl glaoial acetic 

acid (7.5,81) have also been su^,gosted«

All these tests have oeen objected to at various times;
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those which Involve the liberation of iodine because (a) they 
ere not specific, acetaiaehyde in aaid solution, for example, 
will liberate* iodine in !:e presence of oxygen (£4), (b) In 
some systems iodine may oe loat by addition to unsataratert 
oompounas present (77,82), and (o) some peroxides euoh as 
di-ailcyl peroxides and manohydroxy-dialJcyl peroxides react 
incompletely or not at ail (8«i).

Although ferrous salts are very sensitive to di-alkyl 
peroxides (7ii) they may (a) partly ro<3uoe and partly catalyse 
the decoiaposition of alJcyl hydrogen peroxides, monohydroxy- 
dialJcyl peroxides and arallcyl peroxides (suoh as the hi/dro- 
peroxirle of ethjl benzene^ (83,84), (b) catalyse the dehydration 
of peroxides deri/ed fro - oorapounde such as tetralln to form 
ketones (8«3) or (o) may not react -vith sc;ae peroxides, euoh 
«A ben^oyl peroxide (8£). iColthoff and .aedalia (84) have 
made a detailed study of the reaction of ferrous ions with 
ouoiene hydro peroxide in OT^nic solvents and hove found that 
in the presence of oxygen a chain reaction is initiated whioh 
consumes more ferrous ioae than v?aui(i be expected froia a simple 
oxidation-red action reaction. in the absence of oxygen a 
somewhat similar ahain oon^umes more hydroperoxide than would 
be expected from a siiaplc non-chain reaction raeohanlsm. 
This uooouuts for the oo.n lex effect of the ferrous ion in 
hydroperoxide sysioms aa^ may be partly responsiole for the 
diversity of the observations made with hydroperoxidos and
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ferrous thiooyanate In different solvents(74,82,8S,86).

StannouG chloride has been objected to because It most 

be protected I'roin oxygen and air, bat more important, a brown 

ooloar forms flaring the Itration and maske the end-point (74). 

The oymene hydrosuip' ide and hydrolytic methods are slow (74) 

an& often incomplete (79), anfl the f<?rricyanide and tetra-base 

t«sts are only moderate!;* sensitive (7,'j), at least with ai&yl 

hydrogen peroxide and Sia-iky! peroxides. The titanium test, 

although eKtremely sensitive with hydrogen peroxifle is not 

reliable with alls^rl Viydroe-'en peroxides or fliallc^l peroxides (73),

The inflaence of reaction conditions on the sensitivity 

of the potassium ioflifl© method toward some of the types of 

peroxide that might be rxpeoted to forai daring hydrocarbon 

oxlftntlon has been oonsiSerel (50,72,73). It appears that a 

broad distinction oan be ,uade between differt'.nt types of 

peroxides by selection of reaction oonflitions and the following 

coneiu£ions wer-r1 iravm:

a) potassium iodide in neutral solution reacts readily with
xC»H 

acyl peroxidss (peraoids) of the type H-C^ U derive-1 from

aldehydes (50,7£) and .vith sozne products of the liquid phase 

oxidation of ethers (b8). This , roup has b«^n sabdivi^efl into 

t o sections, those poro-..'fle8 W ich rrnct ia?acdi'3tely and those 

which require ou minutes, bat t!--c ^ifrerfn^p in oonstitation is 

not known (50),
b) potassiujB iodide in -njid solar ion in an atmosphere of
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nitrogen repots within 3U minutes with hydrogen peroxide, and

of course, members of group (a) (50), Acetic acid is

suggested for acidification of the solution b^oause it may

Increase the solubility of peroxides in the reagent.

o) poiasciuia iodide und r conditions, similar to (b) reacts

within 24 hours with aryl ana alkyl hydrogen peroxides (50)

and ble-di-hyflroxy alky 1 peroxides (83); members of this group

will also appear to some "<xtent in (b)« The last two reactions

can be ma^o somewhat more> specific by the use of selective
Oatalyats:

ft) potassium iodide in acid solution ro-'iote rapidly "?ith alkyl

hydrogen peroxides if catalysed by molybdenum (7-J)«

e) potHSsiuci iodide in --^ifl solution In the prosenoe of e;nall

amounts of ferrous sulphate reacts -.vlth dialkyl pr; r oxides and

it is stated fcb'it al^yl '\, drogen peroxides ar^ destroyed (73),

It seems unlikely, Troia w!-at has been said before about the

reaotions of the ferrous - ona and this t; po of p^'-'oxide, that

destruction i.3 qa^ntitat v-'ly complete,

The poroxid^-s invDl.-ed. in ths slow oxidation of nor-7ial- 

hexane (1) and tb r slow o. idation and cool iflaiae reactions of 

noraial-propyl oonr^ne (50) -j»0re analysed by these methods *rith 

the results ulrsady stated in the introduction,

The ferroua thlooyu::^te method has been used In icinetlo 

studies of the oxidation of amines an3 butanon? (4,16,48) sinoe 

It responds to di-aiicyi peroxides, the type of peroxide thought
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to be responsible for branching In the low ttmperatare, slow 

oxidation .re&otlon. Unfortunately, the reagent is not specific 

and reacts In an uncertain way with alkyl hydrogen peroxides, 

a type of peroxide whioh raay also contribute to the branching 

reaction. «hen, however, the analyses of reaction mixtures 

are made under identical conditions it is likely that the 

ferrous thiocyanate method not only deteots di-al&yl peroxides 

but also reflects relative changes in the concentration of 

alky! hydrogen peroxides.

The ferrous thiooyanute method was used in the present 

investigation so that the insults oould be ooap&red directly 

with results on buwmone md aaine oxidations. A few 

supplementary analyses of the cool flarae reaction products 

were also made with the potassium iodide in neutral solution.

The partial pressur^ of peroxides in the reacting fe-ases 

was determiner? by analysis of t!.e products of combustion 

withdrawn from the reaction vessel into an evacuated pipette 

attached to the lower gallery. To prevent oonflensation of 

the loss volatile reao tacts and products the tubing whioh 

connected the vessel with the pipette was heated to 50' J. 

She pressure in the reaction vessel was measured before and 

aft or the sample had been taken. She sample was analysed by 

the method described belo« and the peroxide presrvxre in the



reaction vessel was calculated from the gas laws with a 
correction for the connecting tubing*

fhe peroxides in the sampling pipette were estimated by 
absorption in benzene foj.iO-.vefl by reduction with lerrous 
thlooyanate. The conoentration of ferric iona thus produced 
was determined by titratlon with standard titanous sulphate 
eolation.

The fceneeno used v;as of !:AnalaR" quality and frr-sh supplies 
w»re always tasted before ase by the ferrous thiooyanate 
method and found free of peroxides,

The redoing solution of ferrous thiocyanate had the 
followic^ oouposition:

1£«9 gm, frrrous am;aonlaai sulphate 
5,0 £&• -miTionium thiooyanate 
£,0 ml. sulphuric aoid (concentrated/ 

50 v ral. ater 

500 ml. othanol
It was usually plnx .vhen freshly preparea, either because of 
ferric impurities in the ferrous amnoniiua sulphate or axidi 
tsipu'--i^ie/. in t,hc oth?>r reagents (e.g. dissolved air}; before 
use t.S-'o' .70.":-- -• ^i* ,;,>-;'! -.vith concent rated titanous sulphate 

solution until iu.^t colourless.
A eolutiDn of tltanoue eulphate O.jO^'U ia reducing power 

in the reaction given below was prepared by dilution of a 15jto 
solution with 4M eolph rio acid,. It was stored over liquid
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Bine amalgam and was vigorously shaken with the amalgam for 

five mlnatea before it w, used. The solution was standardized 

with ferrio ohlorifle as Ureote<3 by Tr^adwell and Ball (87).

The analytical proo''lure was as follows: after the 

pipette had been a.i^conri oted from the lower gallery its 

contents -sere extracted ' hree times in » total of 10 ml, 

of benzene. 5$ie eolations thus obtained w«te oomblned in a 

250 ml. g-asa-ntoppered iVisfc and exactly lu ml. of ferrous 

thiooyanate solution was idded. The mixture was thoroughly 

shaken for fi?e minutes in a water bath at 60 3. The red

solution pro'luop'3! '.vns titrated until 3ust oolaorlese with 

st^ndnrcl tltunouB sulphate*

fhe peroxide conocnt^otion v?as csloulater! on the basis 

of the following reaction:

2 Ti*° + iiv.'OR + 2 E* —— ̂  2 Ti * + ROR •»• 2 H 00

where the peroxide is re-; yl 'sexitefl by ROOK.

fu ir. method is iden-.ioal la all t-ospeots with the method 

used for the fleterraimtio:, of peroxides in the oxilatlon of 

batanone (16, £8} ana the amines (4).

Preparation ^uid j'upii'iaion of _Materiale

High grade Oiiinfl' i- oi^een smd nitrogen •.',-« ro dried before 

storage by pnsta^f tiro ugh the oolu-iin of phosphorus pontoxide 

attached to tho upper gai
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Elethyl, di-iso-propyl and di-normal propyl ethers were 
obtained fro.fi oonwiercjial sources. The first two were purified 
toeoau.se they were found to contain peroxides. Dimethyl, 
methyl ethyl ana methyl norra^l-propyl ethers were prepared, by 
methods to be described*

1'he peroxides in die thy 1 ether were removed by a method 
•oseea ted by Brand t (88). About Sou ml. of ether and a 
solution 01 6OO g. cryst -line ferrous sulphate, 60 ml. 
suuphurio acid and i,luO mi. water ware shaxen together at 
room temperature for nine hours. Xhe ©thor was thsn washed 
with water, i>/o sodium hydroxide solution and again with water. 
Hext, it was shaken with 300 ml. of u.5/ potassium permanganate 
solution and washed sev ral tim^s with water. After it had
been dried over oaicium chloride and sodium the ether was

o distilled through a ten I. .oh column; b.p. 34.O-34.& G. Ho
peroxides >vero detected in the product by the ferrous 
ihiooyanate method after this treatment.

Di-iso-propyl ether vas shaken .vith an equal volume of 
sttturubed sodiuas bisulphite solution for seve'-al hours at 
room le.uperature to remove peroxides (89). The ether was 
then washed with toft sodi-om hydroxide solution and water. 
Alter it had oeen dried over cjaicium chloride and phosphorus 
pantoxide the ether was iraotionated in an ail-glass apparatus;
b.p. t>6

fjuaiity di*nor:nal-propyl other was fractionated



3 0and the middle portion which distilled between 09 and 91 J. 

was collected.

Dimethyl ether was prepared by the action of sulphuric 

acid on methanol (90), The &as evolved was absorbed in aold 

concentrated solphario aold and when production had ceased It 

was regenerated by dilation with water* 1'he gaseous ether was 

dried by passage through the phosphorus pentoxide tube attached 

to the upper gallory and then condensed in a trap, Tr,j in 

Figure 2, im.aersefl in liquid air. While the ether was at 

llcuid air temperature the apparatus was evacuated. Ihe ether 

was then carefully fractionated and the middle portion was 

collected in the storage globes attached to the upper gallery.

Methyl normal-propyl ether was prepared oy the reaction 

of so^iura normal- -or spy late and methyl iodide (91). Hormal-

propyl alcohol, dried over anhydrous potassium o srboaate, was
a fractionated and the portion which distilled at 97 U. v^as

oolleotfd. iaodia,1:! (i>«75 g. ) w> then disEO^vod in 149 ml. of 

the alcohol unflor reflux and lk.5 ul« of aeth^l iodide was 

added Sropwise- ^hen the addition was oouiplete the ether 

foriaed was roiaovecl by fli&tiilatiDn. She relation and 

difctiliation wer*^ repeated t*?iee aioi-e usia^ the same alcohol. 

The oracle ether yields w - 1 •:& ooabineft and re f .taxed several times 

with fresh sodium uritil no further rfsaction was observed. 

The product vas then OMT lully fractionated; b.p. 39 G.

itethyl elhyi ether was prepared similarly oy the reaction
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Of sodium me thy la to and othyl iodide* A solution of b g,

of sodium In 40 ml, of uinhanol was sealed in a glass tube
owith lb ml. of ethyl iodide and heated for o hours at 60 C,

The oontents ivere then frozen and the tube was opened. The 

tube and its oontents were immediately transferred to an all- 

glass dietillation apparatus where the other wns permitted to 

distil. The product was dried over sodium for 24 hours in 

a bulb immersed in a dry ice—ilcohol mixture. It was then 

sealed in a tube with mo ^ sodium and was heated for 9 hours
f\

at 60~G, The distillation ana treatment '.vith soflliom ^?ere 

repeated until no further reaction with sodium occurred. The 

ether was finally distilled and stored over sodium in pealed

tubes. Imaediateiy before uso it was transferred to a bulb
o attached to the lOvver gallery maintained at 0 C.

Iodide* w«r« shown to be absent from ethers prepared by 

th« Wiilianson method, The test for imparities of this type

was as follows: n s-rnple of the other was heated for o hours
o at 100 G. in a s*?al» r' tube with sodiiim e thy late dissolved in

ethanol* The tube vas t'^en opened and its oontenta were 

dissolved in ^.vater. After the solution hod been neutralized 

with nitrio aaid the test for ioaides was ma'le by addition of 

silver nitrate.

-17-



Although pressure-tojiperature explosion diagrams for a 

few ethers have been publishes already by other investigators 

(6G,bl,b2) the appropriate experiments .Arere repeated BO that 

all the ethers studied could be compared under the same reaction 

conditions. These diagrams, moreover, are useful because 

they show the cool flames in proper perspective in the complete 

ran^e of oxldatlve behaviour.

The experimental points for determining the boundaries 

of the slow reaction, coal flame ana ignition zones are plotted 

in Figures 4-9 (for eq,ul;aolar mixtures of other and oxygen). 

She limits could not be (Vteralned more accurately because it 

was found! that the transition fro/a one area to another was not 

quite sharp, especially at low pressures (20 am, or less) where 

the pressure pulse or luminosity accompanying the cool flame 

is very faint, at higher teape rat ores the reaction became so 

rapid that the products spanned into the connecting tubes 

before the oxygen could be completely added, but since the low 

temperature sone is of the raost interest in the present 

investigation: experiments were confined to this region.

Di-iso-prop^l ether ,vas found to b© unique in two aspects; 

the ',)ounwary between cooi flames and ignitions was above 3uO ram, 

and could not be {! etc rained in the apparatus because at these



FIGURE 4

The Preasure-Temperature 
Explosion Diagram for Dimethyl Ether
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FIGURE 5

The Pressure-Temperature 
Explosion Diagram for Diethyl Ether
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FIGURE 6

The Pressure-Temperature 
Explosion Diagram for Di-normal-Propyl Ether
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FIGURE 7

The Pressure-Temperature 
Explosion Diagram for Di-iso-propyl Ether

£10 —

200

190

TEI.T. 
(°C)

180

170

160 No
Appreciable 

Reaction

COOL FLAILS

0 50 100 150 200 250
TOTAL PRESSURE (IT.)

300

Slow reaction

Cool flame
Explosion during 
oxygen addition

-52-



URE 8

The Pressure-Temperature 
Explosion Diagram for Methyl 2thyl Ether
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FIGURE 9

The Pressure-Temperature
Explosion Diagram for Methyl normal-Propyl

icther
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pressures the pulse aoooapanylng the oool flame exoeeded 
atmospheric pressure and some of the products escaped through 
the manometer tube* Sirue an undetermined amount was lost the 
final pressure after the oool flame was not known and the usual 
criterion of a oool flame, namely at total pressure change of 
less than 60,;, oou^a not be used, but sinoe the light emission 
was predominantly blue In oolour there can be little doubt 
that oool flaaes occurred,

it was also found t? at outside the cool flame area for 
fli-iso-propyl ether ther^ was no appreciable pressure change in 
24 hours* Thl.<; might moan that two reactions occur, one 
giving a pressure Increase and the other a pressure decrease 
and that they exactly eq.ua! one another, but analytical 
experiments to be mentioned later show that there is, In fact, 
no significant reaction under these conditions* Therefore, 
It has not been possible to make kinetic measurements with this 
ether* Under the conditions of the present Investigation the 
oool flame with dl-iso-propyl ether always appears within <5Q 
seconds of the admission of the renotants to the reaction vessel.

Ho conditions were found where any of the> ethers studied 
&ave repeated oool flames.

For comparison, the limits of reaction for all the ethers 
studied have been plotted in Figure 10, and it will be noted 
that, except for dimethyl ether, they al- lie in the same 
region of temperature anfl pressure*
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FIGURE 10

The Pressure-Temperature 
Explosion Diagram for Equimolar Ether-Oxygen T'ixtures
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i'IOfr UP '.im .LOsV-TaMPaKA'i'UHa ^.tO !" OXIMflOj 

Factors Influx no ing the Maximum Rate

A study of the influence of the reaction va-iables 
on the maximum rate of pleasure ohange, P , has been

/ max*

found to be a useful basis for comparison of experiment and 

theory (l,^,5j. The significance of simple pressure 
measurements i; increase* by the discovery that for raany 
OO^buEtible gases the disappearance of roaotants parallels 
the pressure change, Ap (16,17). The maxiiaum rate probably 
indicates a steady state in the reaction where intermediates 
are formed and destroyed at an equal rate. If appreciable 
reaction has oscurred before the attainment of the maximum 
rate the interpretation of this measurement becomes ooinplioate 1*! 
beoauce the reaotant oonoentrations are somewhat lower than 
their initial values. This is especially true for the ethers 
and higher hydrocarbons where a pressure decrease pr^oedes the 
establishment of the max!-aam rate of pressure increase, 
Nevertheless, the aaxi.aua rate probably remains a significant 
measure of the reaction arid the of:eot of the reaction variables 
on the maximum rate of pr'-ssare increase v/iii now be co

The .Inl'luetioe of Temper^ are

The iniluenoo of temperature on the maximum rate of
reaction was studied with equimolar mixtures of diethyl and
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dimethyl ether at a total pressure of 3uO mm. and ^Ith diethyl, 

di-normal-propyl, and mef yl normal-propyl ether at 100mm.; 

the results are shown in Figures 11-14. The maximum variation 

In the temperature of the reaction mixture {*0.5°C.) is 

Indicated in the figures and also points on the graphs for 

duplicate experiments giving the samo result are marked *2'.

It was impossible to obtain a similar diagram with methyl 

ethyl ether because oven though reaction occurred, the rate 

never showed the well-delined laaximum observed with the other 

ethers under similar conditions; Instead the pressure increase*, 

very slowly to its final value without discontinuity except for 

the initial pressure decrease. Further experiments, to be 

reported In the next t-eotiun, show that this is due to oxygen 

inhibition.

An estimate of the reprodueibility of t'-e experiments eta 

be formed from Figure 13 which includes the results of three 

groups of observations with dieth, 1 ether; between the first 

and last groups over 6uO experiments were made with othor et' ers 

giving all types of reaction, i.o. slow reactions, cool flames 

or ignitions.
i>inoe the temperature coefficients of the rates hnve all 

been measured below the temperature at which oool I'latnos appear, 

they are all .veil v/itbin the lo# temperature reaction region 

and would not be expecte-" to show the negative temperature 

coefficient ohanoteristLc of the transition tempsrature region.
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-FIGURE 11

The Effect of Temperature 
on the Maximum Oxidation Rate of Dimethyl Ether
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FIGURE 12

The Effect of Temperature 
on the Maximum Oxidation Rate of Diethyl Ether
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FIGURE 13

The Effect of Temperature
on the Maximum Oxidation Rate of Diethyl Ether 

and Di-nonnal-Propyl t.ier

1.5

COOL FLAI^E

DI-n-PRO?YL STICiR

2.24 2.25 2.26 2.27 
1000/T (°A)

Diethyl ether pressure .50 mm. 
Oxygen pressure 5u mm.

Experiments in Group 1 —— 
Group 2 —— 
Group 3 ——

Di-n-propyl ether 50 mm. 
Oxygen pressure 50 mm.

2.28 2.29

,61-



The r;f 
the T'aximum r >xidation of Methyl n-Propyl
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However, the linear temperature dependence does contrast with

the upward curvature obe rve« with butanone in a range of about
_o
° U. belofl the cool flame temperature (16).

She ran^e over «fiioh the temperature coefficient could be 
measured is very small, because on the one hand the reaction is 
too slow and the maximum rate blends into the slow pressure 
rise, while on the other, a oool flame appears* The absolute 
values of the slopes are therefore not very significant; they 
correspond to an estivation enorfc;^ of about 35 Icoal. per mole* 
The data are useful for comparing ethers which do not oxidize 
at measurable rates at the same temperature, anfl for this 
purpose the results have been re-plotted In Figure 15»

To establish a lirilc with other compounds already studied 
in this laboratory a few experiments were first made with 
nor>nal-pentane, a frequently used reference substance. The 
results are also given in Figure IS.

The relative rate of oxidation deduced from this figure are:*

TABLE I

Relative Kntos of Oxidation of the Ethers and Pentane.

Compound Roln tlve Kate

Pontane 1

Dtaethyl ethar 25 1

Methyl n-propyl oth«r 175 7 1

fli-n-prapyl ether l«5uO feu 7 1 
. ether £SuQ luO 14 2



FIGURE 15

The Effect of Temperature 
on the Maximum Oxidation Rate of the Ethers.

LOG

0

240 On 22Q°C 200 *C 180 °f

* Pentane 50 mm 
Oxygen 50 mra.

1.90 ?.oo
1000 / (°A)

15Q°C

2.30

1. Diethyl ether 150 ran. Oxygen 150 mm.
2. Dimethyl ether 150 mm. Oxygen 150 mm.
3. Diethyl ether 50 nm. Oxygen 50 mm.
4. Di-n-propyl e^her .50 mr.i. Oxygen 50 mm.
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Direct comparison at the same temperature was possible 

with di-normal-prop.,1 et'-er anfl fliethyl other anfl the results

are given In Table il where the ratio of P for aiethyl/ max.
ether anfl /?max> for fli- -propyl ether is shown at flifferent 

temperatures and ether-o;vi.«n mixtures. it Is ^lear that none 

of the reaction variables, reverse the orler in whioh these 

compounds appear in Table I, -Ithoogh tho ratio of the rateo 

does change when oxygon Is in excess.

Inl'laenae of Ox^'cen Pr»s. are.

The fle penmen 3 e of ma :.imoa rote on oxyvon concentration 

for a constant pressare of each of the others is shown in 

Figures 16-13. At first increased oxygen pressure favourably 

affeots the rate but furt!;or increase produces inhibition anfl 

the rate declines to a very email value. Still farther 

increase ^ivos immeasurably lo rates. The inhibition is even 

greater than has previously been observed with butanonp ana 

butane (b,B). The dep^n^ence is the saw* throughout the low 

temperature region with (li-methyl anfl fll-othyl ether IFigures 

16 anfl !'/>» but the curves at tho higher temperatures stufllel 

are incomplete because e" ! er-rloh taixtur^e give "ise to cool 

flames *ile the oxye®»" ri<5^ mixtures ^ive ignitions.



FIGURE 16

The Variation of the Maximum 
''xidation Rate wit}* Initial Oxygen Pressure
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JPv.-, 17

The Variation of the 
Maximum Oxidation Rate with Initial Oxygen Pressure
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FIGURE 18

Variation of the Maximum 
Oxidation Rate with Initial Oxygen Pressure
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A!

The Influence of the Reaction Variables on the Ratio of Maximum uxlflatlon Rates of Diethyl andDi»n~p<-opyl others.
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The accuracy of the results for methyl ethyl ether, as 
indicated by the oize of the points in Figurr 18, is poor 
because the rates are low and the maximum rate is not well 
defined, This figure shows that the temperature coefrioient 
oouid not be measured, with a reaction mixture of 50 mm. of 
methyl ethyl ether and 5u m;:u of oxygen because, under these 
conditions, oxygen inhibits the reaction.

The relation between rate and oxygen concentration was 
studied la detail »lth diaethyl anfl fliethyl at 2^3° and 162°J. 

respectively, anfl Figures 10 and 2u show the efi'oot of o:<ygen 
at several initial ether pressures. The ourvos are incomplete 
because ignitions set In at high dimethyl ether pressures.

Further experiments vero ua<\<? with normal-pentane in the 
present apparatus to compare thp efreot of oxygen with that 
observed previously by Qullis ( Figure 21} (1).

The general agr°-ment is iianedintely apparent, the 
discrepancy in teapereture is probably oona^oted with the 
difleronce in shape, size and surface characteristics of the 

reaction vessels.

Influenue of lather Presso.:^

The results show that for o'ioh of the ethers staflle-1 
the raaxlmuffl "ate of reaction inoroaaes with increasing 

concentration of ether, oxygen p.-os^ure being constant (Figures 
£2-^4). This obs<- rw.ti n is in qualitative agreeaient with the



FIGURE 19

The Variation of the 
Maximum Oxidation Rate with Initial Oxygen Pressure
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TJR^ 20

The Variation of tne 
Maximum oxidation rate with Initial Oxygen Pressure
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FIGURE 21

The Variation of the Maximum 
Oxidation Rate with the Initial Oxygen Pressure
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FIGURE 22

The Variation of the Maximum Oxidation 
.ate with Initial Pressure of Dimethyl "ther
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FIGURE 23

The Variation of Maximum Oxidation Rate 
with Initi O. Pressure of Diethyl 3ther
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FIGURE 24

The variation of the Maximum 
Oxidation Rate with Tnitlal Pressure of Ether
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17

previous Investigations on oxidation of other substances 

(1,£,.5,4,5). Closer comparison indicate® that, in oontraet 

to the other compounds for Which information is available, 

the "apparent order" of -faction with respect to other is 

unity or less. This is ?i<?»ar from T'ible III, bat it should 

also be noted that the comparison is «;m1e it widely different 

reactant ratios* Kith ethers It is Impossible, beoauae of th« 

strong inhibiting influence of excess oxygen already mentioned, 

to extent! the measurements to low ether-ox^en ratios. At 

sach low ratios the pressure change ie Blow anfl steady, and 

never shows a well-dpf?.n^fl raaxlmua* However, at the iovest 

ratios at which it was possible to .aaice mea0uremf-nts (Figares 

2£ and £4) the relation between ether pressure and in iximom rate 

la linear and extrapolation to lover r^acfcant ratios (lower 

ether prfl-ssores) flo^s indicate that tho trend is toward an 

"apparent order" greater than one, In agroement with the 

behaviour of the other ootabastible ^aees,

The rate,. o±" Ovdflcition of methyl rthyl anfl ^rth^l nonaal- 

propyl ethor can now be ooapared: asfiu;aing that the temperature 

ooefi'ioient Is the same at an ether-oxygen r^tio of 77:50 as it 

is at a ratio of £0:50, the taaaci;nura rat© i'or aeth^ 1 no -:tual- 

propyl ether at 190°o. froa Figaro 14 v/ouud be aboat 1,26 

coi.apnrc-d to 1.43 tnea»ur« ! with methyl ethyl M;hor at the a-arae 

temper;!turo an'1 re^ctant ^-atio. Thus t" ese two etheic rea.it 

at aboat the aime rate, f*nd methyl ethyl ether should appear
-77-



between methyl noraaal-prv-pyl unfl fli-normal-propyl ether 
in Table I.

The moults of additional oxpnritaents with nvrmal- 
pentane are shown together with thoso of Oaliis in Figure 25; 
once again the general agreement is goofl except for the 
temperature flift'ei'enoe.
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FIGURE 25

Variation of Maximum Oxidation Rate 
with Initial Pressure of normal-Pentane
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is; III

The Dependence of the "Apparent orfler" of the Rate 
with reepeot to organic Reaotant on the Eeaotant fiatio

Compound 
(uH)

Butane

Pen tan e

Hexane

2-methj'l 
pentane

1-ohioro- 
propane

2-ohioro-
prop.tne

1-ohloro- 
3-mothyl 

butane
2-ohloro- 

butane

Bthylaiaine

Propyla^iine

Bu tan one

Dimethyl 
ether J

j

Diet?;yl
ether

Di-n-propyl 
ether

Me.ethyl ether
Jte.n-propyl 

ether

Range
of RH
pressure

(mm. )

25-125

25-225

20-170

20*150

30-90

o'0-95

25-140

25-150

£0-20U

10-100

75-160

5U-.36O
L»JO-.360 
L w 0-250

50-200 
75-470

oO-80

58-77

»i-i-lUO

°a
press 
{mm. )

250

100

100

200

102

250

200

200

200

200

400

50 
UD 
150

50
loO

60

50

50

KH/0 urder of
. ratio rate with 

respeot
to UK)

O.l-u.5 >1

0.25-2.3 >1

0.2-1.7 >1

0.1-0.75 >1

0.29-0.88 >1

0.12-0.38 >1

0.12-0.70 >1

0.12-0.75 >1

0.1-1.0 >1

O.U5-0.6 >i

0.19-0.4 >1

1-7.2 <1 
1-J.6 <1 
O.G7-1.7 1

1-4.0 <1 
0.75-4.7 <1

0.6-1.6 1

1.2-1.4 1

0.67-2.0 1

i/e
dependence 
on (KH)
prns^ure

linear

>linear

>linear

linear

>linear

< linear
<linonr 

linear

< linear 
<linear

linear

linear

linear
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1'ho Influence of an Adde J inert Gas

Addition of nitrogen to diethyl ether-oxygen mixtures is 

shown by the results in Table IV to '-ave no significant effect 

on the maximum rate.

TAB IE 17

The Influence of Added Hltro^en on the 
Maximum oxidation Rate and the Induction 
Period.

Diethyl ether pressure 150 ma. 
oxygen pressure 150 .urn. 
Temperature 168°c.

Bitrogen
added
( :ani. )

0
0
0
0

10
50

160
300

Maximum
rate
(nua/min.)

7.5
7.4
7.2
7.8
7.0
6.8
7.3
7.0

Induction
period
(min. )

15.0
15. U
15.5
15.0
15.5
16.0
14.5
15.0

fllethyl ether pressure 15u mm.
oxygen pressure *?°.ottl"ri *
Tamper a ture

Bltro^en 
added
(mm. )

u
100
£00
300

Maximum 
rate
( oim/min. )

o.O
2.8
2.9
£.4

Induction 
period
(mlti. }

4.75
5.0
5.0
5.0
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Factors Influencing the .induction Period

To make the comparison or the kinetic relations of the 

ethers and other compounds as complete as possible the 

Influence of the reaction variables on the induction period 

was determined. t»ev ral (definitions for the induction 

period, e, are in current use; one, for example, is the time 

elapsed between the admission of renjtanto :xnd the attainment 

of the maximum rate (16) and another is the time for the 

establishment of a standard rate (e.g. U.5 mm* per minute K 8). 

Since it was foond that tho reaction with ethers accelerates 

very quioiciy froa 0.5 nLfi, per rain, to its maximum rate either 

of the two definitions give the same fora to the relationships 

to be described. The former definition is more convenient in 

practice, and therefore it was used.

The Inf lac uo e o £ I eager- ..mge.

Temperature increase always produces a shortening of the 

induction period and a ruot \Figure 26) of the logarithm af the 

reciprocal induction pe -iofl and t' a reciprocal of the absolute 

temperature Tor diethyl ether is linear in the low temperature 

reglan. The "activation energy" is about 40 Iccal. per mole.

The reproducibllity of tho induction period is not as 

good as that obtaino"5 wit" the .uixirauu: rate. This is not 

unooa ion with oxidation reactions (1,16) and several r»T
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FIGURE 26

The Effect of Temperature 
on the Induction Period with Diethyl Ether.
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have been suggested. The induction period may be more 

sensitive to surface changes than the maximum rate or, since 

oxidstijns depend on a o'-vjin mechanism, small and variable 

amounts of imparities in the reactants may act as "inhibitors" 

or "promotora" and influAnce the induction period by hindering 

or helping the development of the chain. Results to be 

discussed in a later section on the efieot of surfaoe indicate 

that the former reason it, likely to be the less Important. 

In contract to the results with butanone, the linear 

relation between log 1/6 and 1/i1 floes not oon inue froa the 

low temperature into the QOJ! flame region. The period 

between the admission of the reaotants and the apreircmce of

the OOOl flaw at 172°j. U/T(°<U«2.24 x lu~5 ) is gfi seconds 

(l/«ji=2.4 rain. ) which on the s;sle of Figure 2b would appear 

about 9 inches above the upper margin,

Similar results hav--- been obtained with enoh of the other 

ethers and I'or ooiapnrison they are plotted tO£©tbor in Figure 27

The influence of jxeii Pr^saure

The in^uetion perio^ I^n^' ^ns as the initial pressure of 

oxygen is ino^a ed, the - ther pressure being oanstant. The 

reoiprooal of the induction period (1/b rain."") is plotted 

against oxygen prosaure In Figures 28-30 and it appears fiat 

the effect of oxygen is .last the opposite of that obser e^ '.vith 

hydrocarbons. Ho /ever, it is reminiscent of the butan.me
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FIGURE 27

The Effect of Temperature 
on the Induction Period with the Ethers
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5. Methyl n-propyl ether 50 mm. Oxygen 50 mm.
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FIGURE 28

The Variation of the 
Induction Period with Initial Oxygen Pressure
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FIGURE 29

The Variation of the 
Induction Period with the Initial Oxygen Pressure
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The Variation of the Induction 

Period "/ith Initial Oxygen Pressure
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rosults at low oxygen pressures, ana there Is t!« possibility 

that if the meaiurfciaents could be extended to higher presauree 

the dependence would pass through a ralniuiuoi and thereafter 
increase.

Figures 28 and 29 8'io'v that the behaviour is the same 

throughout the portion of the low temperature region in which 

me as ureraent a ooold be matte. An interesting feature of Figure 

29 is the laige discontinuity at 173°J. on passing from slow 

reaction conditions to oool flsines or ignitions. ^itb normal- 

pcntane, nor.iial-hexane (Iti)anfl butanone (lt>) the relation is 

perfectly ooritinuouj bet veen the t«o zones, as has boen pointed 

out in the Introduction. At pressures b^lo* the cool i'larae 

liaait an<3 above the ignition limit in Figure 29 it .vas ver^' 

fliff ioult to reproduce t?-,e induction periofl, probably because 

under these cnnaitionc minor factors affect th<* flelioate poise 

between the two tapes of reaction.

Since ethevs-1 s^o'v an unusual Qepnnflenoe of the rate on 

oxygen concentraGi-ju compared to other compounds aflflitional 

experi««E»ntc v?er« oade with fliethyl anft flimethyl ethers. The 

results, pr s-ntel in Fic ares 31 anfl 32 Indicate that oxygen 

exerts the s&'ae influence on the induction period ov<*r a wifle 

range of initial ether concentrations.

i'he influence of ox^.en on the oxidation of noroiai-pentane 

is cociparea with Jullis 1 observations in Figure .33. It Is 

clear that the t^nera^ rela'tionahip is onaitered.
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FIGURE 31

The Variation of the 
Induction Period with the Initial Oxygen Pressure
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FIGURE 32

The Variation of the 
Induction Period with the Initial Oxygen Pressure
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FIGURE 33

The Variation of the Induction 
Period with the Initial Oxygen Pressure
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The Influence of ^ther Pr»ssaro._

The induction period was found to decrease with inoreaslng 
initial ether pressure, the oxygen pressure being constant. 
These results, plotter! in Figures 34-36, are in aocorfl with 
the observations of similar experiments made- with other 
organic oorapounds.

More detailed comparison of the results in the figures 
and in Table III shows that although the dependence on ethor 
oonoent ration ie linear --it low renotant ratios it ^ecrea^as 
at higher ratios. It was impossible to raake measurements 
at lower ratios for reasons already discussed, but extrapolation 
of the data for dimethyl ether at 1£G m;n. pressure in Figure 
34, and for other ethers In Figure 3b indicates that the 
curves would have up. ward curvature if the measurements oould 
bo »xt<»n»1ed in this direction. m so fir as this is true, 
ethers and other ooaipCKuacU are identical.

The curves for nona-ii-pentane {Figure 37) a^ain show 

general a

1'he Influence of .VUted In^rt Gas.

The results presented in 3?abie IV sho.v oonolusiv^ly that 
aflflitions of nitrogen are without effect on the Nineties of 

the oxidation of ethor.
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FIGURE 34

The Variation of the Induction 
Period with Initial Pressure of Dimethyl Ether
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FIGURE 35

The Variation of the Induction 
Period with the Initial Pressure of Diethyl Ether-
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FIGURE 36

The Variation of the Induction 
Period with Initial Ether Pressure
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FIGURE 37

The Variation of the Induction 
Period with Initial Pressure of n-Pentane
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Factors Influencing the Rate of the Initial 
___________Prjv. ure Decrease_______

During the induction period a pressure decrease Is 

observed with ethere Just as with nor:nal-octane and the 

higher hydrocarbons (1). Since the rate of this pressure 

decrease ;aay shed some ii fe ht on the primary stages of the 

reaction, the effect of variations of the initial pressure 

of reactants on the maximum rate of pressure decrease, p" ,r , 

was observed*

The accuracy of the observations is not high because the 

pressure decrease is so:a times small and its maximum rate is 

not .'naintaiuetl for

The Inf lurnae of Oxy£en _Pr--ssare

it appears Trom Figure* 38 to 42 that the maximum rate of 

pressure decrease is indifferent to variations in the initial 

oxygen pressure, J8o pi J i cults r signii'icjane it. •attaches to the 

lines in the figures; th---y were put In merely as an aid to the 

visualization of tee influence of oxygen under the various 

reaction conditions.

the Influence or £.th<»r_ Fissure

The .a.'ixiflium rate of pressure lecr^ase inor^rsp.^a with 

Increasing ether pressure In the ran^e of concentrations that 

can be studied and the "a. parent order" of the reaction Is lees 

than unity (Figures <Ui-4L) .
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Figure 38

The Variation of the Rate of Initial Pressure 
Decrease with the Initial Oxygen Pressure.
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FI1TR" 39

The Variation of the Rate of Initial 
Pressure decrease with Initial Oxygen Pressure.

P max,
/•,,-*-*- \ • i - - ' • j

1

0

T

100 200

_J

300

'emperature ?33

Y/l ether pressure 
50 m. O

100 ram. 
150 in,
' '00 rvjjr] _

-99-



FIGURI-] 40

The Variation of the Rate of Initial 
Pressure decrease with Initial Oxygen Pressure
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Fld'.TU": 41

The Variation of the .ate of Initial 
Pressure decrease with Initial >. x/._,en Pressure.
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FIGURE 42

The Variation of the Rate of Initial 
Pressure Decrease with Initial Oxygen Pressure,
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FIGURE 43

The Variation of the Hate of Initial Pressure 
Decrease with Initial Pressure of Dimethyl Ether,
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FIGURE 44

The Variation of the Rate of Initial Pressure 
Decrease with Initial Pressure of Diethyl
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FIGURE 45

The Variation of the Rate of Initial Pressure 
Decrease with Initial Pressure of Ether .
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FORMATION Iff o^W TSMPER/iTURE Ha ACTIONS

The various oonfii ting roles assigned in the past to 

peroxides in slow and oool flame reactions have been ^escribed 
In the Introduction, There is a considerable bod^- of 

evidence pointing; to peroxides aa the icey intermediates in 

the Blow branching chain :aeo nanism of low temperature 

oxidation, There is also a sound experimental baeis for 

believing that peroxides are equally important in the oool 

flame reaction, anfl the view that oool flames are explosively 

developing reaction chains of the type inv Dived in the Blow 

reaction has been widely held. Recently, however, Hinshelwood 
and Bardwell have suggested that peroxides may, in fact, play 

a fual role, eiraply decoaroslng above a aritloai concentration 
on the one hand t T-us giving rise to the oool flame, or on the 

other hand, dissociating into radicals which contribute to 

the growth of reaction c" ins involved in the slo •> reaction, 

and they have shown that development of thir th^sue leads to 

a sore satisfactory intorpret-ition of the experimental 

observations with butanorie-oxygen mixtures.

Farther inf ornatlon at this June* tare in the devfilopment 

of the undorstsajriding of f. v e lo".v te;cpe^ * i»^ oxidation phenomena 

is, of course, very -"esir-nbie, and since ethers appear to be 

eminent Jy suitable for this purnocf1 an investigation of 

peroxide f Donation du in the low temperature oxidation of

etbers 'vas undortaicen.
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The Formation of Peroxlti o During thf* i^low Reaction

The results pr^sent'-d In Figaros 46-49 show that 

peroxides fora rapidly at first #hile the pressure decreases, 
but reach their joaximuxa concentration in the reaction mixture 
when the maximum rate of pr ssare increase is attained. In 
the latter respect ethers are siailar to the aunines and 
butanone (4, 16 J. bincse the total peroxides detrained 
by the potassium iodide ..ipthods (including the EuoR ana RviUU 
typea dot otefl by the XerrouB thlaoyanate method/ r^ach a 
maximaa coluoifiin^; with the maximum rate of pressure increase 
with normal-hexane and 2-aethyl pentane (1,£) it is likely 
that the ethers a.iso res^.able the paraffins.

Sach Ap-ticne oarve in the rigures is a composite of 
the <9xp«rl,nental corvee, -md the peroxide content is related 
to it by the pressure change, rather than the time of sampling, 
although the reprsduciDiiit^ wae such that there was seldoa 
any sicgaii'lcsnt clifierenoe between the tvsro.

Afl^itional rcsiits obtained during: the first few seconds 
of the reaction alii bo .. Iven in a later section where peroxide 
formation in the slov? reaction and cool flame zones will be 

compared•
peroxide analyses were also aade with di-iso-propyl ether 

which, it wil- be remetabered, gives no appreciable preseure 
change in tho sio.v reaction region. The results (compared
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The Variation of Peroxide
Concentration during the Oxidation of

Dimethyl ~;th>T and the "corresponding A^-Time Curve
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The Variation of Peroxide

Concentration durin^ the Oxidation of
Diethyl ether and the Corresponding AP-Tirae Curve.
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The Variation of Peroxide 
Concentration during the Oxidation oi' 

Di-n-Propyl Ether and the Corresponding £p-T ime Curve.
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FIGURE 49

The Variation of Peroxide 
Concentration during the Oxidation of Methyl 

n-?ropyl lather and the Corresponding Ap-Time CCurve,
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with diethyl other under fxaotly the same conditions, Figaro 

5^) show that there is no significant peroxide formation at 

this temperature, and that the absence of pressure change is, 

in fact, in-'ivjative of no appreciable reaction.

Poroxile y-irl-jtion Durin, Pool Flames

Cool flames were produced in eiuimolar mixtures of 

various ethers and oxygen by increasing the temp era tare so 

that the lower botwlry b" ; ween the slow reaction and the cool 

fla&es zones -.vas orossefl (Figure 1U), anfl the results of 

peroxide analysis b fore anfl after the oool flames are shown 

in Figures &1-53.

In all cases the peroxide concentration inarpases until 

t v.<^ appearance of the cool flaae, «ma thereafter slowly fal^s 

to 2ero. Di-lso-propyl ^ther is si.ailar to the oth^r ethers 

as far as the peroxide bo?-iavioor ID concerned• The SOD! 

flame appears to oonsarae enough of the re.Ttctants to prevent 

further reaction, and the'e^ore the poroxifl© -.vhloh h?js survived 

the cool flane untl^r^oes slow thermal <locompotiitiou. (The 

pressure palse prevents m accurate fleterm-lnotion of th« 

sharing facjtor when a co 1 flame occarE Coring campling so the 

maximum a>fl minimum peroxide pressure correspondIn^ to the 

wiriest fluctuations fluring the palse are indicated for such 

experiments In the figur ; ).

These result? are in strong contrast to the observations
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FIGURE 50

The Variation of Peroxide 
Concentration during the Oxidation of 

Di-i-Propyl Ether and the Corresponding Ap-Time Curve.
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FIGURE 51

The Variation of Peroxide Concentration 
during the Cool Flame Reaction with Diethyl Ether
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FIGURE 52

The Variation of Peroxide Concentration during the Cool Fla"ie Reaction with'Methyl n-Propyl Ether.
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FIGURE 53

The Variation of Peroxide Concentration during 
the Cool Flame Reaction with Di-i-Propyl Ether.
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with batanone where the pe~oxi<3ea fliaappcar almost completely 
flaring the COD! flame.

Slnoe the peroxide pressure with the ethers is increasing 
very rapidly in the few seconds before the oool flame appears, 
there was a possibility that it reaohefl a much higher value 
than had been detected in the experiments. It was important 
to letormine Aether this happened beoauoe If a high peroxifle 
pressure were establishes momentarily before the oool flame 
bat fell to lower values sfeown in Figures 51-5,3 afterwards, 
then the peroxiCe variations would, aftor all, be th* same 
with ethers and butanone. Further very careful experiments 
were therefore mafle with a reaction mixture of 3O nu, of aiethyl 
ether ^nft 30 ma. of oxygen. Sinoe the oool flame floes not 
appear at exactly the sa.ie time in every run, but varies by 
a second or t¥?o, there lr a ohanoe that if a lar^e number of 
camples are taicen at the earliest time of cool flame appearance 
one will be obtained Just nt the moment .vhen the cool flame 
le due to appear, nnfl this sample might sho.v a high peroxide 
content. In all, 15 experiments were raa^e ane sampled at 
this time. T.vo - ave oool fla:aes luring sampling an-1 the 
reiaainflor, shown In Figure 54 together with some analyses 
before an<S after the oool flame, Indicate that it is unlilcoly 
that a hi^h peroxi'le presrure ever exists ovn at the last 
instant before the cool flame puo: es.
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FIGURE 54

The Variation of Peroxide Concentration 
during the Cool Flame Reaction with Diethyl Ether.
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Comparison of the Formation of Peroxides In th* S 
Re a a 11 pn anfl Go o_l JFla me juone 3,________________

A oomp-irlson of the peroxide formation above and below 
the oool flam© temperature boundary was .-aade with a standard 
reaction mixture. The results obtained are shown in Figures 
61, £>4 and 5£>» Peroxlfle formation during the slo-: reaction 

at 17u C. is sho.vn in Figure 55; the fletails of the early 
stages appear in the low r half of the figure. An increase 
in temperature produces a oool flame in this mixture anfl the 
results of analysis at 172° ,ma 174°C. are givn in Figures 51 

and 54. The formation of peroxlfle in the two cases can then 
be compared in Figure t>6 where the pertinent flata frosa the 
previous figures are ooliectefl*

Figore 17 suo t;ests that a similar comparison can be mafle 

at one temperature with different ether-rich mixtures, and the 
results of a slow reaction with 15u ma. of fllethyl ether anfl 
30 flu:, of oxygen (Figure 57) ar« oomparea with results of a 
oool flame reaction with 15u m:a. of ether anfl £0 on. of 

oxygen \ Figure 5a^ in Figure 59 •
It woull apfear f ro :i Figure 59 that, the cool flame flors 

not forra in a mixture of 15u mi. of ether anrt 3u ma. of oxygen 
beoauce there is -m Inad'-quste initial concentration of the 
latter resutant. Ho.vov r, Figure 56 Inc^ioater that at 

17o°0. the caioentration of poroxiaer can be greatly in excess

-119-



FIGURE 55.
The Variation of Peroxide Concentration 

during the Slow Reaction with Diethyl Ether
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FIGURE 56

Comparison of Peroxide Formation in 
Cool Flame and Slow Reactions with Piethyl Ether.

1.5h-

l.Oh-

PR^SSURc,

0.5h-

0

Ether pressure 30 mm. 
Oxygen pressure 30 mm.

Temperature 
174° C

170°

-121-



FIGURE 57

The Variation of Peroxide Concentration 
during the Slow Reaction with Diethyl Ether.
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FIGURE 58

The Variation of Peroxide Concentration 
during the Cool Flame Reaction with Diethyl Ether
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Ri-] 59
Comparison of Peroxide Formation in 

Cool Flame and Slow Reactions with Diethyl Ether-
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of that, which at a slightly higher temperature, gives a 
oo ol i'larae.

If peroxlfle flecoiapo ition is in some way responsible 
for oool riaiae formation In interpretation of this observation 
might be that the fleootap >cltlon reaction has a high energy 
of activation. That this cannot bo, hovvever, is demonstrated 
b^ a farther experiment in jvhioh a reaction mixtare initially 
at 17o C. was he^tefl to 172°G. 3 ttinutos after the reaction 
ha« startet and to 19b°i;. 5$. minutes later withoat the 

appearance of a oool flat,?, even though the peroxide prossare 
detaraine^ to be £.9 a.;, at this point.
It iff also possible that oool flaaie formation

on reaction with oxygen as suggested by equation (17) in the 
AntroSuetion t anfl that no oosl flaae appears &t 170 G. because 
the oxygen has been completely consumed. Thin is unlikely 
for two r^aeoas, first, the roaotion continues after the 
initial rapiS formation or peroxide snfl secondly, aflaition of 
both ether and oxygen to n mixture at l?u°j. 3u seooads after 
the reaction has etnrtefl 3oes not prodaao a oool flame,

u<o peroxides as ' ole survice the oool flame anfl, 
slflt at temperatures an3 pressures far higher than 

those at which oool flames oooar, it t^oulfl appear thvt vith 
flieth;. 1 ethor tbe^ do no 1 have un iaiporfcuut role in the 
formation of cool flames, Sin^e, moreover, the fcinetlo



behaviour of the other ethors Is similar to that of diethy1 
ether the same is lively to be true or then1, as well,

It is possible that a particular peroxide, difrerent 
fro a the balk of material determined bj the ferrous thlocyanate 
method, Is responsible for the cool flame. If the amount of 
this compound were relatively email, variations in its 
concentration during the oool flame reaction would PTS& 
undetected. Alternatively, the compound responsible for 
oool flame formation nay not be determined by the thlocyanate 
method at all* Previous v/orJc su^ ects that the extremely 
unstable peroxides formed in the auto-oxidation of liquid 
dlethyl ether .night be responsible, £>uoh compounds, in 
contract to the RO.jR and ftJ JH types, liberate iodine Iroa 
aeutral potasslua iodld^ eolation (oO, 33J. Jut analyses 
for thi& type of peroxide in a diethyl ether reaotlDn ialxture 
were not coaalacive b^oaa:9 a cubstJnoe which liberates iodine 
slowly appeared after the cool flajae and massed the effect of 
the compounds whio!i llbe ited iodine is ediately, in soon? 
exp^riuients 'j eolation of potass!ua is-1 Ids bafrersd at -a pH 
of 7«^ with citric a^id and di-sodiua phosphate was used to 
saaintain a neutral ^efli>rn in spite of avjlis r.roduoed during 
the oxidation, bat tltej r-suits m?e 'inaitered.

Unfortunately, so little is :::.o;vn about th° chfalstry 
of peroxides, partis ulari-, thoso related to the ethers, that 
a decision on the matter ie not at the moment possible.



The Influence of Surface

Although no speoli'lo experiments were made to determine 
what inriuence the surrace-vs^ume ratio or the nature of the 
surface had on the roaatl:n, it v?as soon obvious that minor 
deviations from the normal experimental technique chained 
the surface characteristics and had a raaricefl effect. It was 
fount!, Tor exaaple, that if air was admitted to the hot 
reaction vessel the Ap-siKie curves of subtseq.aent junctions 
were no longer normal bu showed the deviations illustrated 
by carves 1,4 and 6 In Figure bu« Some of the reactions In 
the figure are not coaplet* because the experiments were 
stopped for peroxide analysis, bat it IB clear that the normal 
pressure dooreaeo does not fcaice playe. It is remarkable, 
however, that the peroxide pressure is about normal pv^n 
th3u&v the prrssurc chan^o ie not. Usually the maxlaun 
waa reSuco'l anfl oocaal-.>n-iliy the induction period '#as

If a number of experiments were mafle in the 
veaool /ihen its surface -/as ia this oondltlon It was often 
observed that the Ap-timn curves tended to bcoome normal 
an<3 auoh a change appears ia Figure 6u; slauitaneously the 
maxlrauai rato approaahoa <: st^afly value and reeaains unaltered 
by further roaotions I Table V). In this condition the 
sorfaoe TOO considered to be "no^ual".

r it r/as focuifl "hat thorough oleaning produce! normal
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surface oonflit lona immediately, and, this was usually more 
expedient beoause It ort^n tooJc a large number of reactions 
to completely restore normal o until lions.

TABIE V i

Recto ration of flormal 
Surface Conditions by Suooes^lve iceactlone

et' <>r pressure lt>u mm. 
Oxygen pressure ^Ou a;a. 

era tar«

Experiment jaax
nuaber. rate Induction

1
3

12
14
16
IS
£j

3.6
4*. 6
7.7
7. a
7.y
w.u
3.-J

u.u5
u.u4
').U-1
u.u4
0*u4
O.U5
0.05

v.-aa invari .-.^ij iioa^ssary aftor an exploslDn with 
oxygen-rich ailxtaros beoaas© soot -was flcpoaitsa anfl the reaotlons 
the real* ter were slow and un-reproflaolbie.

The cleaning procedure found to be »:ost satisfactory anfl 
use^l daring the 1st'or pn rt of the investi^pttion was as follows, 
if &oot v/as present ii. oxldisftfl by beating In air. The 
vessel was then v;ashefl wJ tL v.'ater anfl. »;.• ml. of 15;^> 
h/aroi'luorlo aoid vmti sh ik^a in It for tivo minutes at room 
tetfpo-mfcore. It; -vas •wa.-'-iQft eight tinwa with hot fllstillefl 
water oufl rinsed three tl aos with r^a^ent-^racle ethanol.
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Finally, It was firiefl and attached to the apparatus.
Unless one of those ooour^ences spoils the surface It 

stays in Its nor.-nal condition ana the results are reprofluoible 
as shown previously in Figaros 13 and 26. These experiments 
were mafie in three groups in a total of about 6wo experiments 
using one or other of each of the etb.ers startled anfl involving 
oool flames anrt ignitions as well as slow reactions.



.^a ry of Res ult s

previous results on the maximum rate of oxidation of 
normal- pen tane and on th^ corresponding induction period 
having been generally oanilrmeA in the present apparatus, 
the study of ether oxidation was undertaken.

Dimethyl, methyl eth^l, methyl n^rroal-propyl, diethyl, 
and fii-nor.aal propyl ethers exhibit Blow react ions, cool flames 
anfl ignitions in the low temperature region. !;dth £i-iso- 
propyl ether, hovzever, alow reactions and ignitions were not 
observed at all over a wide ran^e .•Jhere oojl fl^ae« or negligible 
reaction ogoarrefl.

Pimcthi'u., methyl ethyl, methyl no^aal- propel, aiet!-yrl» 
anfl " i -no r:aal- propyl ethers resemble the straight and Branched 
chain parnffins, amines and ketaaes ia the fallowing icinetlo 
aspects of the low-temperatare, slovt reaotioul

<a) The aaxiaium rate inoreaees with the initial ether

(b) Inor^sa in initial ojy^en pressure first Increases 
the .nnxlmsja rate then produces inhibition.

(o) lnor«aee In the initial ether pressure decreases the 
length of the initiation period.

(a) increase in the Initial oxygen pressure increase 
the length of tjl0 induction period; in this respect the ethers 
resemble butanone at low oxygen pressures.

-1,51-



(ej Inert gas afl'ltione have no inflaenae on the 
reaction*

(f ) The reaction i sensitive to the condition of the 
surface of the reaction vessel*

(g) An Initial pasture dei ease Is observed flaring a
!

reaction, In this respect ethers reee.able aormal-ootano and 
higher paraffins v&toh oxidize at about th?t some rats*

thi The eiaximiua concentration of the l«JuR (anfl RQGH) 
type of peroxMe ooincia-"f with the maxliatwi rate of pressure 
laorease, as Is observed with othyiamine anfl butanone, and 
with hexane anfl 2-methyl rentane (?/here the conoentration of 
total p<»roxtfloic rjolnolflep with the .-aaxinara rate).

In the following f^ '.ares the ojcliQtlon ot the ethers 
differs fro:a that of some of tho Other

(a) Th^ tenperatar" ooefl'ioient of the maximum rate Is 
-nal is t'-o low temDerrfcure region*

(a) The plot of th* reciprocal infl action pe^loa against 
the Initial oayg«n pressure anfl the plot of the logarithm of 
the rcoiorooul of the in-'aotion period n^ainst the reciprocal 
of the abeolttte tamper at ire seems to show a disoontlnaity 
between th ** s2o-' reaction and cool flame regions: with butanone, 
noratai^pfntann au.<1 nor*fnal*hexane there is oontinulty.

(G) The "iOv;H (anfl ROuII) types of peroxiae sur/ive the 
passage of the cool i' la ore 01" fllpt'iyl ether aa>1 are stable at



temper at ores above tho oool flame temperature.

td) JLarge amount of peroxide are formed in the initial 

stages of ether oxidation.

2h-e relative ease of oxidation of the ethers and normal 

p en tana ia as follows:

TABLE 71 

Kelative Hates of Oxidation of Ethers and Pontane

gfoa pound Kelative Hate

Pcmtane 1

Dimathyl ether 86 1

itethyl a-propyl ether 175 7 1

ethyl ether 175 7 I.I 1

®tber l.iuu 5u 7 7 1

	14 14 2
T)i-iso-propyl ether: slo-.ver than tile thy 1 ether at 17u°c,

As fnr aa it is possible to raolce a oorripfsrlaon, the 

relative ease of uool fla.ae formation, ^dejing fro-a the 

lowest tempera tare at s^iich eqalraolar mixtures of others and 

oxygen •• ive oool fluaes, agrees with aa estiaiato of the 

relative ease of oool i'iaae initiation raadd by ispenoe and 

To'mend (14^, and "based ou the iBinlraojn cool flajic ignition 

pressure for enaia:>lHr et^.rr-oxygcn mixtures at constant
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tefflperature. For comparison the values have been 
tabulated below:

Mini ai oa 
Cool if It
Temporotore Cool Flam* 

Pressure

Di-iso-propyl ether 
Diethyi ether 
Dl-n-propyl ether 
Methyl et'-.yl ether 
Methyl n-propyl ether 
Dimethyl ether

isa
174

180

80

llu

197



It is clear from the comparative survey in the last section 
that in certain general a, peots the slow oxidation of ethers is 
Icinetioaily sirailur to t'& J.o.'<« temperature, slow oxidation of 
the other organic compound previously investigated. The 
influence of initial reaitant concentrations exemplifies this 
faot, and, .hat is equally important, pproxi'les of the RouR (anfl 
to some extent RoOH) typo known to be Key Intermediates in the 
branching ohain mechanism of oxidation of the paraffins, amines 
an'? icetones are also int-';nedlates in the slow oxidation of 
ethers. The important role -ghioh these peroxides play has 
boon decoribod in detail In the Introduction, but for oonvenienoe 
It will be re-stater1 her?. The pnroxides are assaaefl to be 
responsible for a :; defc,enf>rate b'-anching jhain in a series of 
tho follOtfint, type.

EH •»• 0^ ——^ JA- •»• iiOn~ (1)

R. * u2 __»ROO- (Z)

aoj- + BJI—»• RJOR (6)
&00- + iiH—»• Relatively inactive pro3acts (4)
ROat ——>• 2 iiJ- (5)
EOOK ——^ Inactive pro^uots (6J

j- ——•> u 1 - + ^iiJ (7)

RII——»• R- + R'H (8)

0^——>• i. . ;: active p^ofluots (9)



butanone, which eeeras to oxiflizo Dy a "flf^ enerate' 1 non- 

station«ry branching oh«ln f modifications have been In^^ 

to give better agreement between the predicted anfl obeorved 

<3ependenc5«j of th* rate o: the Initial reactant concentrations 

anfl these are:

+ RH-*.ROuft + H- (lo)ln plaoe of (^) 

—> IPR- active prodaots (11) 

The .vay in which this mechanism Is able to account iTor 

th« marlcefl dppenflence of the rate of oxidation on the structure 

of the or^nle reactant has also been fllsouesefl In the 

Introftuot ion anfl is brie^J^ as follows. The --xpr^ssion lor 

the oxlriatlon rate aorita'ns a X ,c tor or the form 4>j ^ - ck^] 

(or $1 £oks - ij If the reaction 1& non-stationaryj anfl the 

condition for rapid reaction IE th->t ck^ shoals not b« far 

TOfflOvel from unity. In these circoais tnn:;es tho term 

I/ [l - oK r ] changes rapidly with a change In kg. The 

oxidation rate therefore f_ ives a tnagnilied anfl sensitive 

measure of the influence of R on the stability of the peroxide 

bonfl tho rupture of which Is involved in (5). The expression 

for the rate contains t-.v;j factors, tho onp juot mentioned anfl 

the other proportional to the rate of initial attack of oxygen 

on the or., anio molecule, 0 • Both may be Influences by the 

molecular structure of the ooujim&llble s-bstan-.e bat the 

former is ilicel^ to be the aor* important because its influence 

Is mng/.;ifle4 ^ the oharr«cjtoristlo kln^tico of the branching
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chain reaction. Therefore, the influence of changes in the 
structure of ft on the strength of the -0-0- link: has received 
special attention.

It has been pointed out that the only substituent which 
stabilises the organic reaotant toward a oxidation is the 

methyl group, This is an electron repelling group with an 
inductive efiect represented by +1. iubstituents with the 
Oprosite induotlvfl action, such ar 31, UHg or *=0, favour 

oxidation. It has therefore been suggested that electron 

attracting groups (#ith a -1 effect) we oxen the peroxide 

linkage and electron repulsive groups strengthen it. This 

conclusion is in agreement with the vie?; expressed by valsh 

that the bond bet.veen o' rongly electronegative elements 

should be strenr thm^d b;/ the attachment of electron repelling 

groups since these facilitate th^ r-;;pansion or atomic orbltals 

without the occurrence of nuclear repulsion.

The oooond factor on which the rate of oxidation depends 

is ^, the rate of the oh in-initiation process. tiefore taking 

part in the initiation r^-iotion the attacking oxygen must be 
changed, ,ao:-•"> or loss co'.i;>letely, into the biradlcal form. 

In this change electrons must be dr-^vn fj.-o.ri the u=o bond, ^nd 
the very initial stages 01 the ro-dist ribution may .veil be 

helped by the action of 3 positive centre at the seat of 

reaction /AicH .vould tenc1 to attract ^l^atrons towards it. 

If thlfc were so, -I eubstituents vvool-i favour at'.ack by creating



the necessary positive centre, .vhile +1 substituents, such 

ae the methyl group, wouifl weaken the attack. Thus it 

appears that if the influence of uubstituents can be assessed 

in terms of the *>ase of gp-roaoh of the attaching agent and 

the initiation of the requisite re-organisation, the effects 

of substitution on both the ehain-b anohiag and the chjin- 

initiation steps are in the same direction and t^nfl to 

reinforce on^ another.

•Since ethers oxidize more readily than pentane liable VI) 

it is conclude*, on the b ;eia of these hypotheses, that the

-0-vj- bottfl is weaicer in the peroxides derived from the ethers. 

If an ether, i^o-ic, is consider-fl to be a paraffin with an 

aUcoxy sabstitueut, «^.0, it ap-esrs that the alJcaxy group 

mast exert a -I effect just ae the araino or oarbonyl t ;roaps 

or th? chlorine atom. Thus the inductive action of the R^O 

group dote rained i'ro;a o:''"-i^ion sieasurc.u nts agrees filth the

•JL efreot of the ^H.jQ group letermineS by independent :ne?ms(.58).

A comparison of the r«I-stive rates of oxidation of the 

ethers shows some of the features obsnrver! ruith other moleool^s. 

JJimethyl ether, th p most primitive in ember of the ether ssriee, 

resembles ethane an^ aoetone in beln^ much more stable towards 

oxidation than the higher cumbers of the series. That it

reacts .t sac!: a low temperature (&4J G.) compared to ethane
o o (45U C. j (8, 92} anl aoetone («3liJ G.) U&, o2) IF. further

evidence of the proaotiat influence of tn» o^; t en atom. The
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stability of di-iso-prop.,1 ether, In so far «e It oan be 

compared in the region oi slotf reaction, emphasises the +1 

effect of the methyl group already so evident In oxidation 

reactions*

Ethers flo not exhibit the progressive and marked Increase 

In the rate jf oxidation vith Increasing length of the normal 

oarbon oh In whio!: la observed with the uuisabstituto* hydro- 

o&rbons, ahioro-compound, , amines anfi Ketonee. The 

variation of oxi-Vation r te .vlth the length of the oarbon 

chain is ilear fro,u the results In Table /I and also from 

Figaro 61 whore a plot of the logarithm of the maximum 

oxidation rate relative to pentane, and the nimber of carbon 

atoias la the rasieoulo Is sho-vn for t^^ ethers. A similar 

plot for the normal paraffins, taken from reference 11), Is 

shown for comparison. It appears that t se Industlve action 

of the alkoxy croup has to some extent sator-atefl the response 

of the molecule, and the ^fiect of the Introduction of -j- Is 

not reinforced bw- i^nft'- 'nlng of the oarbon aha in. The results 

with paraffins sho.v -.i similar tendency towards saturation of 

the response of the .a^ieouie but additional information for 

the higher par-.ifrins woui'l be neoessar ;̂ to confirm the trend.

It is also interesting to not*2 that except for dimethyl 

ether, the symmetrical straight-chain eth^^s oxidize raore 

readily th .n the unsysnnfv.rioal ones. Ihe rotative ;'ates



Figure 61

Comparison of the Influence of Structure 
tr.e ^e-ictivity of the Paraffins and Ethers.
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are:

1
*

14 7

Further information ";oul£ be rpquirefl before speoalation 

wool 3 be profitable bat c;vnparisons of this sort night prove 

to be n souroe of information conc^rnin^ the effect of 'jllco.gr 

groups. It is likely V -it the peroxide group .vill replace 

secondary hyirOjcen on the a carbon atom indicated with an 

asterisk (37, t>9). If this is BO, the peroxide bonfl wi li 

be inf laenjer'. b,, the tact'-oxy fm<1 ethox;,' group in m»t'!^l othyl 

lethal et? er respeo' ! vely, and it appears that the ctho^y 

has the greater tendency to attract elootrons. 

; "ly , by ooaparing :nf»thyl nortnal-propyl anfl '"i-norjn-il- 

propyl ethers it is seen t'mt the p opoxy t;roup has a greater 

-1 efi'eofc than the aethoxy ^roup. Apparently the propoxy 

group ii. less effective .n this respect than th^ ethoxy.

An important point in the theory of oxidation on W, ioh 

these implications are bused Is the assumption that reaction 

(9J lerifls to toj^nlna lion Di the reaction chain and thmt the 

K'H raoieoule profluoed in (8) £oes not take an effective part 

tn the reaction. This has been asaply jiistifie^ for paraffins,



amines anfl Icetonee by thfl observation that decrease in 

cartoon chain length flimiuishes the rate of reaction. 

However, the rate of ox 1*1 it ion of the others <3o«s not show 

this marked Copf-nfleaoe on chain length. lievertheiess, the 

aosusiption is probably ;:ounfl for them as well, beoau.se an 

examination oi' the reaations and the aost likely structures 

of ^'-and li'H s' OWE that they are lower uoleoular weight 

paraffins ana alflehyflas (c-3, 93), The reactions involves 

with diethyl ether, for "sample, inight be J

vis 
UH, cilr , 0 GH_ GE, ———————— > «J1U 3H 0 0 uH GK,

13 'c 2 ° (1,^. anfl 3i ** ^ u '3
0 R»

OH,, CIL
4 * 0 * % " f > CH, GH,. 0- + GH GH3 

0 * «

(7)3H3 GH2 y. ———————> SH^- * HGHO

R 1-would therefore be the methyl rafiioal, anfl i<*H,iaoth'ine, 

the most stable of the paraffins.

Unfortunately, little oan bo SH id a boat tfr5 role 

by aoetaldehyae or the higher aldeh^Aes in a reacting ether- 

oxygen system, but it ib ;;,rt3*m that acetalflehyde has no 

catalytic effect on the o-il-latlon of nonaal-hexane at cu2 J. 

nor propalflehy^e on the oxi flat ion of no; mal-pentane at 227 J. 

il) and sinae these ternperatares are :>£-57 j. higher than



tw-

those at which diothyl ether oxidizes it seems likely that 

aldehydes are eiurjlly unr^active in a reacting ether-oxygen 

mixture,

Although the slow oxidation of ethers resembles that of 

other compounds, the 000.1 flame reaction is quite different, 

in contrast to the precipitous rtooline in the concentration 

of peroxides of the ROQR (including RuoH) type previously 

observed after the oool flame in butanone-ox^t'en mixtures, 

the concentration of peroxides derived frora ethors Is 

practically unaffected o, the passage of the oool flame, 

In foot, peroxides derived fro/a ethers exist at temp? natures 

and pressures considerably higher than those at which oool 

flames appear, avlflentiy peroxides of this type flo not play 

the prominent part in the oool flame reaction of others that 

they eeeta to play in the butanone oool flame. Furthermore, 

If the definition of the induction period is widened to include 

the time interval between the a&niscjion of the reaotants and 

the appearance of the 003! flame as well as the time for the 

establishment of the aax.aum rate of slow oxidation, then, in 

contrast to the behaviour of normal-pentane, normal-hexane and 

butanone, the -^thers ^ee;n to show a discontinuity in the 

relationship between the induction period and the temperature 

or the initial oxygen pressure in the transition from conditions 

which give si3 reactions to those whioh five oool *lames,

Tho theories of cool flame formation have bp^n outlined
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In the Introduction. Walsh has sug^estel that oool 

are very rapid, branching-ohain reactions of the type 

responsible* for th<: slow oxidation. According to this 

hypothesis the pxot of the Induction period of the slow 

oxidation against pressure should be continuous with a plot 

of the induction period for the oool flame against pressure, 

blnoe c,uoh is not the case with the ethers, this mechanism 

does not seem to provide a satisfactory explanation of the 

ether-oxyyen cool fla;a« r-sults.

A more rifjifl test oi the theories of cool flame 

formation cannot be made until further information about 

ether oooi flames, and more particularly, about the substance 

which is responsible for them, is available. Two general 

suggestions about thp souroe of cool flames in ether-oxygen 

reactions have been made in an earlier section. un the one 

hand, there Is a possibility that If the Uilnikov mechanism 

is applicable, the reaction of a particular peroxide, •llfferent 

from th<* bulk of materia. fletermine^ b,y the ferrous 

thiooyanate raethofl of an'lysis, may give rise to cool flarnos, 

If the amoimt of this compound vere relatively small,variations 

in its concentration during the passage of a oool flome would 

pasfa undetected, The !,•• .'onolusive search for auoh a substance 

has already been deccribpfl. On the other hand, the a^ent 

responsible for the cool flame In eth<?r-oxygen mixtures may 

not respond to the method of analysis at nil.
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Another possibility ts that the cool flamo arises from 

a reaction of peroxide radicals, RJu-, instead of peroxide 

molecules. It is questionable whether a large enough 

concentration of Ruo- oar. accumulate in a reacting ether- 

oxygen system to give a visible ODD! flame. Unfortunately, 

oven less is known about the ROO radical than of the 

ubiquitous HOG- radical, so a aooision on the matter is not 

at the nonient possible. ifeilsh has considered the thermo- 

chemioal evidence and concludes that in its ground state HGu- 

raay be comparatively inert (.39), The choraioal evidence for 

the existence of Hao- has been reviewed by idinkofr and he has 

also contributed to the '.'-eoretical discussion (94). oince 

the HOG- and HOO radiaais may be similar in structure, the 

former may be somewhat unreaotive and may accumulate in large 

enough quantities in eth^r-oxygen mixtures to o lve « oool 

flame by the ^alni-cov mechanism.

The different souroo of cool flanes with the ethers 

•oggeets an alternate region for the oo;aploxity of the oool 

flame diagram of c'iethyl ^ther. As mentioned previously the 

cool flame ar^a in the pr sr.ure-tomperature explosion diagram 

appears to be co-aposecl of Uvo overlapping peninsulae lireated 

towards the temperature >-.is« Walsh has suggested, that these 

lobes correspond to r^acU^na involving different points of

attack of oxy c e»n 0|i *he ROwH aoleoule in reaction (17) of the
- 145-



Introduction!

ROOH + o —J-UH-+ other profluots (17)
fe

Alternatively, it iaay be that peroxides of the RUUR 1 (where 

R 1 may be H) type are recponeible for the lobe at the higher 

temperature and that an anKnovm, less stable, compound, 

shown by the present investigation to be responsible for the 

cool flame of ethers, Is tissoolatefl with the lojver lobe.

In summary it .nay be salt! that:

(a) the mechanism of si, ,v oxidation of ethers Is fundamentally 

the same as that observed for straight onfl branched chain 

paraffins, amines and Icetonca,

(bj the aikoxy group, HU, has an incluotive effeot ropr^snntefl 

by -I anfl the effeot of the ethoxy ana pro poxy is greater than 

that o.f th© aiethoxy, anfl

(o) the type of coiapouxifl which &ives rise to cool flaaos In 

et'ner-oxir£en aiLxtores la fi if re rent to that whio!' Is responsible 

for bufcanone oooi flames.
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