
‘ THE .
, BRITISH RUBBER PRODUCER?^ 

RESEARCH ASSOCIATION
*

•#

Publication No. 65

I

CONTRIBUTIONS TO SYMPOSIUM ON BREAKDOWN
OF RUBBER.

(i) OXIDATIVE BREAKDOWN OF RUBBER 
by E. H. FARMER.

> (ii) PHOTOCHEMICAL BREAKDOWN OF RUBBER
by L. BATEMAN.

(iii) THERMAL BREAKDOWN OF RUBBER 
by J. L. HOLLAND and W. J. C. ORR.



Oxidative Breakdown o f  Rubber
B y  E . H. f a r m e r

Scope o f survey.— A u toxidation  in the case of vegetable and anim al 
d ry in g  oil causes solidification, hardening, and toughening of the original 
olefinic m aterial, w hereas absorption of oxygen  in  the case of n atural 
rubber norm ally causes softening, w ith  loss o f strength and elasticity. 
V arious syn th etic  rubbers appear to take up an interm ediate position 
betw een the drying oils and n atural rubber, b u t w ith  none of the rubbers 
does autoxidation  represent a quite sim ple phenomenon, leading un i­
form ly to softening as opposed to toughening. T he peroxidation process 
w hich form s the basis of autoxidation  leads in  general to  tw o  quite oppo­
site effects, viz. to  oxidative chain-scission (degradation) and to m olecule- 
linking (polym erisation or oxygen-vulcanisation), and it seems logical to  
associate the form er w ith  the softening of olefinic m aterials and th e la tter 
w ith  their toughening or oxygen-vulcanisation. W liat, how ever, is far 
from clear is the cause o f onset under given  conditions o f softening on the 
one hand or oxygen-vulcanisation  on the other, and the precise n ature 
o f the m olecular changes which underlie the two phenom ena. A t  present 
even  q u alitative  inform ation concerning the intricate course o f autoxida- 
tiv e  reactions am ongst olefinic m aterials is fa r  from  abundant, and th e 
necessary k inetic evidence which m ust both set the final seal o f credib ility  
on those chem ical explanations w hich careful experim entation indicates 
to  be sound, and in difficult cases discrim inate betw een a ltern ative pos­
sible explanations, is on ly  beginning to become available. T he m ost 
useful contribution therefore, w hich can be m ade a t the m om ent is to 
clarify  in term s of organic structure and reactions the basic issues in­
vo lved , and to show how  far existin g chem ical inform ation provides 
certain  or possible explanations o f the broad lines o f au toxid ative m ole­
cular breakdow n (and its  converse) as i t  is encountered am ong rubbers.

Peroxidation the Pre-requisite o f A utoxidative M olecular Change.—  
T here is ever-grow ing evidence to show th a t the m olecules o f oxygen 
w hich  are absorbed b y  olefinic substances are incorporated as a  whole to



form  organic peroxides or peroxido-radicals. These peroxidic products^ 
m a y  be so unstable as to have on ly  a brief existence under the reaction 
conditions em ployed, in which case th ey w ill be represented in th e  
reaction m ixture b y  their secondary (decomposition or transform ation) 
products, or a ltern a tive ly  th ey  m ay be composed of m olecules possessing^ 
considerable inherent stab ility , in which case th ey  w ill survive in large 
m easure to the end of the oxidation process and w ell beyond. W here the 
s ta b ility  of the peroxido-groups is high the introduction o f the la tter  m ust 
of course h a v e  a direct and specific effect, more o r  less perm anent, and 
gen erally  speaking tending to w a r d s  hardening, on the physical properties 
o f the autoxidised m a teria l; b u t where it is low, as happens g e n e r a l ly  w ith 
the various rubbers, the really  im portant feature in relation to the 
q u ality , or physical properties of the autoxidised m aterial, is not so m uch 
the introduction of the groups (although the num ber of these is connected 
w ith  the degree of au toxid ative change), as the m anner of their decom ­
position. T he decom position of peroxides m ay in general be envisaged as 
arising from therm al, photo-chem ical or from chem ical causes, and a l­
though short-w ave light is possibly an im portant degradative influence in 
certain circum stances, the m ost usual mode of peroxide-breakdown 
encountered in the norm al (non-chemical) m anipulation of rubbers is likely  
to be the therm ally-prom oted type. Therefore in order to be able to 
account for the changes in the properties o f autoxidised rubber it is neces­
sary  to understand the courses of therm al breakdow n of peroxides of 
appropriate types. U n fortunately  knowledge of the fate of peroxides 
and o f  the use th at is m ade of the chem ical energy of which th ey  are rich 
repositories m ust be based on studies o f isolable (and therefore re latively  
stable) com pounds, and deductions derived from  these favourable cases 
applied to the m ore ephem eral exam ples. Consideration of the autoxida- 
tion process w ill be m ade easier if the more im portant characteristics of 

, peroxides known to be form ed b y  the action of oxygen  on olefinic materials^ 
are reviewed.

Peroxide T yp es .— T he m ost stable peroxide ty p e  is th at represented b y  
ascaridol, a  cyclic  peroxide (I) which occurs n atu ra lly  in Chenopodium  oil.. 
T h is com pound is sufficiently stable both to perm it of its  rectification at 
10-15  mm. pressure, and to resist anythin g like com plete reaction b y  the 
reducing agents which are ordinarily used in peroxide determ ination. 
T h e high  sta b ility  probably depends on the possession of a sem i-arom atic 
constitution  to be represented b y  (II).

PrP
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I f  the artificial preparation of this peroxide be attem p ted  b y  reacting on 
the corresponding conjugated hydrocarbon diene (a-terpinene) w ith  
oxygen  there results a low m olecular polym eric peroxide which is doubt­
less a polym er-m ixture containing b u t little  monomer. This polym eric 
peroxide is alm ost certain ly  constituted in the m ain as in (III), the free
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ends o f the dimer, trim er, etc. chains being joined to form  ringed structures 
(Bodendorf, 1933, 2 7 1, i) ,  or more p rob ab ly  stabihsed either b y
form ation  of term inal hydroperoxide groups or b y  disproportionation. 

/ “ V  w O ,

(III)
T h e observed high degree o f therm al sta b ility  a t tem peratures below  
100° p rob ab ly  arises from  th e presence o f a  sem i-conjugated chain

— C = C — C = C .  W hen the m onom eric peroxide (I) is 
heated  in inert solvents to 150° it decom poses fa irly  sm oothly w ithout 
explosion to g iv e  the dioxide (IV) (Thoms and D obke, Arch. Pharm . u. 
Ber. Deutsch. Pharm . Ges., 1930, 268, 128).

.0 .

»PrP

(IV)

E x a c tly  how  the transform ation from peroxide to  oxide occurs, and 
esp ecially  w hether it occurs b y  intram olecular m eans is still unknown. 
T h e  m ost usual p ath  of therm al decom position of peroxide groups appears 
to  involve scission between the peroxidic oxygen atom s (as also is the case 
w ith  c ata ly tic  hydrogenation and chem ical reduction processes), but 
w hether the - diradical which would be form ed b y  such inter-oxygen 
scission occurring in (I) could yield  (IV) b y  arrangem ent is som ewhat 
u n certa in ; on the other hand bi-m olecular reaction of the ty p e :

R  O O -R ' +  C = C ------ y R-O R  ̂ +  - C - C .

seems doubtful in view  of the fact th a t the heating together o f ascaridal 
an d  cyclohexene a t 150° has not been found to yield  recognisable am ounts 
o f  cyclohexene oxide (Farm er, unpublished work).

There is little  evidence available as to the detailed w a y  in w hich the 
polym eric peroxides decom pose therm ally. L ik e m ost organic peroxides 
the polym ers explode when heated above 130'’ , b u t under suitable con­
dition s o f dilution th ey can be decom posed q u ietly  b y  therm al or re­
d u ctive treatm ent. Much inf6rm ation regarding constitution can be 
d erived  b y  their reduction— especially reduction b y  c a ta ly tic  hydro­
genation , b u t even under the m ild conditions o f c ata ly tic  hydrogenation 
the peroxide does not usually  escape some considerable m easure of 
catalysed  non-reductive breakdow n or o f a re-distribution of peroxidic 
o xygen  w hich has been term ed b y  B odendorf isom erisation. P rob ably  
these side reactions are grea tly  accelerated b y  m etallic surfaces or b y  
reagen t ions’* b u t it is un likely  th a t the so-called isom erisation involves 
sm ooth oxygen-rcdistribution  w ithout the occurrence o f some degree of

• Sodium  su lph ite  often  gives d isappointing  resu lts a s a  reducing ag en t owing to  
th e  p rom otion  of the  side reactions.



o xid ative  scission. It  m a y  be noted th a t the strict polym eric analogue 
o f the change I ---- > IV  w ould yield  polyether— polyoxlde chains

/ 0 \  / Q \

E xperim ent shows th at the three cyclic  conjugated  dienes a-terpinene, 
a-phellandrene and cyclohexadiene a ll behave alike in g iv in g low-m ole­
cular polym eric peroxides on oxidation, and these la tte r  in  accordance 
w ith  a  constitution  of the ty p e  shown in ( I I I )  give on c a ta ly tic  h yd ro­
genation  considerable yields o f the exp ected  d ih yd ro xylated  m onom ers 
(Bodendorf, loc. cit. ) : ____

( I I I ) ------------^  „  HO  /  ^  O H

Me PrP
b u t no sm ooth transform ation of the typ e II I-> V  has ever y e t been 
recognised.

In passing from  cyclic to open-chain diolefinic m aterials of conjugated 
structure a varian t of the above-described behaviour is encountered. The 
peroxides form ed b y  autoxidation are again m ain ly  of stable polym eric 
I ; 4-type, doubtless containing the basic chain (•€•€: C-C-00-)„ w ith  joined 
or otherwise stabilised ends, but a proportion of them  (up to 20per cent.) un ­
dergoes oxid ative  scission— scission w hich m ay occur w holly spontaneously 
and un avoidably during the absorption of oxygen, or otherwise m ay (ap­
parently) first occur in the presence of m etallic catalysts during attem pted 
hydrogenation of the peroxides. Sorbicester, CHg-CH : C H -C H ; CH-COgMe, 
and ot8-diphenylbutadiene C H P h : C H -C ft: C H Ph, are exam ples of 
the spontaneous unavoidable typ e (Farm er and Sundralingam , in 
press) and ^y-dim ethylbutadiene and isoprene of the catalysed typ e. 
A ccording to Bodendorf (loc. cit.) the tw o last dienes give (m axim ally) 
0'47 and 0*32 mol. respectively of form aldehyde or form ic acid  b y  the 
reductive treatm ent. The oxidative scission accom panies, th e term inal 
peroxidation of the conjugated diene units, so th a t the question arises 
as to  w hether there are in fact tw o modes of peroxidation to be accounted 
for— a  i :  2- (or 3 : 4)- and a 1 : 4'  ty p e— or whether such chain-scission 
as occurs is m erely due to spontaneous (i.e. thermal) or catalysed  degrada­
tion of the 1 : 4- peo'xides in som ewhat the same w a y  th a t therm al 
decom position of cyclohexene-3-hydroperoxide can yield  open-chain 
derivatives b y  scission at the double bond. A gain st the la tte r  conclusion, 
however, stands the consideration th a t if some of the relatively  stable 
1 : 4-peroxide m olecules are deemed to  undergo spontaneous scission at 
i :  2-positions (e.g. a t a in -C-l-C: C — C-OO-) it is then necessary to accept

a
th e im plication th a t the bonds so severed are saturated  ones. In  
the carefully worked-out exam ple of the triolefinic elaeostearic ester, 
CiHg-CH: CH)3*(CH2)7-C02Me (Sundralingam , in the press), in w hich b u t 
little  redistribution of peroxidic oxygen  occurs during c a ta ly tic  hydro­
genation of the peroxide, the am ount of i : 4-peroxidation as deduced from  
the nature of the reduction products is h ig h ; nevertheless it has not been 
found possible to  effect peroxidation w ithout th e appearance of some
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•scission, and this scission apparen tly  occurs not w ithin a cyclic  peroxido- 
rsystem, b u t a t one or oth er of the outer double bonds o f the original 
triene system — î.e. a t « in

• O i= C * C { 0 0 -)* C :C -C (0 0 -)-  or ■ C (0 0 ~ )-C :C * C {0 0 -)‘C=!=C-
a «

.A return to  the question of one-mode or two-m ode peroxidation w ill be 
m ade later.

P assin g n ext to substances (e.g. anim al and vegetable d ryin g oils) con­
tain in g the unconjugated olefinic system s ‘C : C*C-C: C ., *C: C-C-C: C*C*C: C*, 
■etc., the m ost strikin g observation is th a t the onset of peroxidation  
is accom panied b y  extensive re-arrangem ent of the double bond 
system  to produce conjugated form s. D oubtless some degree of chain- 
:scission accom panies the peroxidation, w hich a t the beginning is of 
hydroperoxide t y p e ; although later, as perhaps m ight be exp ected  in view  
•of the production o f conjugated form s, polym eric oxidation  ensues. The 
chem ical character o f the peroxidation products suggests th at the effective 
peroxidising actions (but not necessai^ y the in itia to ry  steps) occurs a t 
th e reactive m ethylene groups between the double bonds b y  loss of 
hydrogen atom s and this enables the resonating radical residues to 
•assume m ore stable conjugated form s (Farm er, K o ch  and Sutton, J .  
Chem. Soc., 1943, 541)

.C H ;C H -C H -C H :C H - ■CH;CH-CH-CH:CH- ^
.-'I'-, * ■CH:CH-CH:CH-CH-
■•H' *

•C H :C H -C H -C H :C H  or C H : CH -CH :CH -CH -

O O H  O O H

Sim ple olefinic system s appear to b ehave in a sim ilar m anner, the 
peroxides again being o f a-m ethylenic hydroperoxidic typ e , and the 
resonating 3-carbon system s, w hich are form ed b y  detachm ent o f hydro- 
;gen atom s p rob ab ly  cause isom erism  b u t not conjugation:

•CH2-C H :C H - -C H -C H iC H - ^  -C H iC H -C H -

•CH (OOH )-CH :CH - and -CH :CH -CH {OOH ).

These simple system s are interesting in view  of their relation to , but 
•differentiation from , those occurring in n atural and in poly  butadiene 
syn th etic  rubbers, for in these m aterials the double bonds are separated 
from  one another b y  pairs of m ethylene groups. A bsorption  of oxygen  
leads to hydroperoxidation b u t a n y  effective m ovem ent tow ards the 
production of conjugated peroxides w ould necessitate tw o successive 
double bond shifts, w hich could on ly  be prom oted b y  successive attacks 
b y  oxygen  a t the same m ethylenic p a ir :

-Me: CH -CH 2-CH2-CM e:CH- — > •CM e:CH -CH 2*CH:CM e-CH(0 0 H) 

•CM e:CH -CH :CM e(O O H )*CH (O O H )- or
•C M e(O O H ) - C H : C H - C H : C M e -C H (O O H ).

In  practice, conjugation is not realised to  any appreciable extent, a n y  more 
th a n  is the corresponding isom erisation of n atural rubber to conjugated
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form s b y  the action o f boiling, strong alkali, a lthough it can occur exten ­
siv e ly  w ith  the system s

•C H :C H *CH 2*CH :CH *, -CH: CH-CH^-CH: CH-CH^-CH: CH- etc.

T he In itia tio n  o f  Oxidative A ttack .— Three facts stand out in connection 
w ith  the problem  of how oxidative a tta ck  is in itiated  in mono-olefinic and 
rubber-Hke system s. T he first o f these is th a t a n y  detachm ent of 
an  a-m ethylenic hydrogen atom  to leave an a ctiv e  3-carbon radical, 

requires the expenditure of 80 k. cal. of energy, w hich 
m ust be supplied from  some source; the second is th at peroxidation 
(whether photochem ically or therm ally  prom oted) is substantially  
pressure-independent and a u to c a ta ly tic ; and the third is th a t experim ent 
shows th a t in conjugated  com pounds, even those in w hich the diene or 
polym er system s are flanked b y  a-m ethylene groups (e.g. sorbic and 
elaeostearic esters), peroxidation affects only the double bonds, thus leaving 
th e a-m ethylene groups intact. Since, therefore, it is clear (a) that 
m olecular oxygen  is intrin sically quite able to begin its a tta ck  a t a double 
bond, presum ably b y  adding a t one end of it, (&) th a t the m onom eric 
peroxides o f sim ple olefins and of unconjugated polyoleiins are undoubt­
e d ly  a-m ethylenic hydroperoxides, (c) th at the above-m entioned very  
high expenditure o f energy a t the outset o f reaction, w hich is essential 
i f  the first step  is deemed to be the radical dissociation of C -H , is grea tly  
dim inished if the oxygen  begins its a ttack  in some few  of the olefin 
m olecules b y  adding a t double bonds and thereafter continues the atta'ck 
b y  m eans o f chain reactions, and (d) th at the oxidation has none of the 
features of ionic rea ctiv ity , it then appears m ost sound and reasonable to 
jostulate te n ta tiv e ly  universal initiation of au toxid ative a tta ck  in all 
cinds o f olefinic system s b y  additive reaction occurring a t double bond 

centres, and to form ulate the a-m ethylenic reaction for unconjugated 
olefins b y  the. interm olecular scheme:

O, ,  -CH,CH:CH- « * O,
-CH, CH:CH-------------> CH-,CH-CH(00*)------------------   CH» CH CH<OOH) +  -CH CH CH--------- ►

a-Merhy- CH,CH:CH
lenic chain ---- •CH-CH:CH- +  ‘CH(00H)-CH, CH,- -----------------
reaction •

Chain reacUon --------H* +  -CH: CH-CH(OOH). ------------------

•CH{00*)CH:CH‘

a-Methylenic 
chain reaction

In  th is w a y  the exten t o f actual addition a t double bonds in the a-m ethy­
lenic system s w ould be relatively  insignificant, the addition serving 
m erely  to start the necessary reactions chains. Intram olecular reaction 
■of a ty p e  perm ittin g the first-formed diradical 'C H 2'Q H 'C H (0 0 *) to 
becom e stabilised b y  rem oval o f hydrogen from the adjacent a-m ethy- 
lene group [— -CH: CH-CH(OOH )-] is h igh ly un likely since i t  w ould not 
propagate chain reactions.

The Scission  O rganic hydroperoxides, R -O O H , are, like
hydrogen peroxide, effective oxidising agents for olefinic m aterials, 
■especi^ly when their decom position is therm ally  or c a ta ly tica lly  facili­
tated . T he atom  of active  oxygen in each m olecule is applied to the 
oxidation  of susceptible m aterials w ith in  reach. W hen, however, the 
radical R  is unsaturated, it seems possible th a t the oxidising cap acity  of 
th e -OO* groups m ay be applied to the oxygenation  o f unsaturated 
cen tres in the sam e or near-by molecules in some regulated or standard



w a y  w hich is econom ical in oxygen. Thus the author has earlier 
suggested th at the secondary reactions o f olefinic hydroperoxides m a y  
com m only in volve one or other of the changes (respectively intra- and 
inter-m olecular):

(a) •CH (OOH )’C H :C H * -----  ̂ •CH(OH)-CH*CH-
M D/

[b) •CH(OOH)*CH: C H 4 -C : C ------ > -CH(OH)-CH: CH-+-C-C-

There is no doubt th at the ‘O O H  groups pass in the m ain on decom posi­
tion  to -OH groups and th a t some roughly com parable num ber o f double 
bonds becom e sim ultaneously oxygen ated  (saturated) and som e few  
com pletely  severed. Three facts, how ever, m ilitate against ready 
acceptance of a general scheme of double bond scissions w hich starts from 
the peroxido-olefin and passes b y  decom position of the -OOH group 
through the epoxy-com pound to  u ltim ate chain-severance. In  the first 
place ep o xy  groups are saturated in character and when once th e y  are 
fon ned n orm ally  d isp lay  a high degree o f resistance to further oxidation ;* 
a t the same tim e experim ents w ith  rubber show th at from  a dozen to a 
score or so o f m olecules o f oxygen  (ample for a haphazard scheme of 
attack) m a y  be absorbed for each com plete scission effected. Secondly 
the scission sets in quite un preven tab ly  during the absorption of oxygen  
b y  n atural rubber (or b y  shorter-chain polyisoprenes) ri^ht a t the outset 
o f reaction, and seems to occur w ith  such extraordin ary fa cility  th a t a v e ry  
direct m echanism  m ight w ell be suspected. I t  is this scission w hich is 
responsible for the am azing fa ll in the m olecular w eight o f n atural rubber 
as oxygen  a ttack s it (from 350,000 to  80,000 during absorption of <  i  per 
cent, o f O2), and indeed for the characteristic softening and perishing of 
the rubber. T hirdly, there is the undoubted and com pelling fact th at a 
considerable am ount of facile and unpreventable scission ordinarily 
occurs a t the jSy-double bond of sorbic ester and of ocS-diphenylbutadiene 
in addition to the more widespread attach m ent o f m olecular oxygen  at 
the term inals of the conjugated diene system  in each case.

A s the i :  4-peroxidation of the conjugated dienes is found to involve 
the addition of oxygen  a t the double bond system  the reaction presum ­
a b ly  starts a t one end of one double bond and m a y  conceivab ly succeed 
in some degree and in some exam ples in linking up, a t least m om entarily,, 
w ith  the other end of the double bond attacked.

•C: C-C: C - -  ̂ C -O C : C -------- > C-C C: C
+ I I I or
O 2 0 0 -  0 * 0

m inor
product

C -C :O C

m ajor
product

Such a 1 : 2-peroxide if it  w ere sufficiently stable to  h ave m ore than 
m om en tary existence could h ard ly  fail to g ive the corresponding i : 2- 
diol on reduction, b u t in no single one o f num erous exam ples studied has

♦ Yields of epoxide up to 15 per cent, survive in the peroxide-catalysed autoxida- 
tion of oleic or elaidic and at 70®, but little or none appears to be formed in the 
photo-oxidation of methyl oleate at 35".
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search for a i : 2- diol been successful, a lthough ot8-diphenylbutadiene 
g ives a sm all y ield  of the i ; 2- epoxide.* A n y  successful i : 2- lin kin g of 
oxygen  w hich m a y  occur w ould thus appear to be o f the m ost transient 
character, and in so far as it occurs doubtless undergoes im m ediate 
ring-scission followed b y  scission of the a ctiv e  diradical to  g ive the 
corresponding aldehyde or keto-fragm ents:

■c-c-------C - C ------ -c + c-
I I  I I0 -0  o o# #«

Such a direct m echanism  w ould be the m ost econom ical possible in 
oxygen, and w ould explain  the apparently  u tter un p reven tab ility  of 
scission in certain exam ples where re lative ly  stable i : 4- peroxides form 
th e m ain product. In the case of mono-olefins and unconjugated poly- 
oleans such a scission m echanism  m ight run side b y  side w ith  norm al 
peroxidation  as form ulated above, and the degree of its successful occur­
rence m ight w ell be affected b y  tem perature conditions. On the other 
hand it  m a y  quite w ell be th a t i  :2-peroxidation has no existence in  fact, 
and th a t to interpret the experim ental observations it is necessary to 
distinguish clearly  betw een tw o phenom ena, viz. {a) the purely  therm al 
decom position of peroxidised diene or olefin system s a t a and b in 
•OiO-CH-;CH: CH-CH- or •C H (0:0H )iCH :CH , and (b) the purely  o xid ative

a  b  a  b  ■ -

scission of a  double bond in a  diene or olefin system  b y  the action of 
ex te rn al decom posing peroxido-groups as though b y  the action of an 
added reagent such as perm anganate. Since active  radicals appear 
gen erally  to  be im m ediate products of the therm al decom position of 
peroxides (decom position arising a t the therm ally  sensitive -OOH or ‘OO* 
groups o f these) it is perhaps not surprising th a t the u ltim ately  isolable 
products o f autoxidations carried out a t tem peratures around or above 
the decom position points of the peroxides tend to be a good deal different 
from  those obtained from the same m aterials a t lower tem peratures.

The Polymeric Tendency in  Peroxide F orm ation .— Âs the product 
obtained b y  the addition of oxygen a t one end of an olefinic double bond 
could achieve stabilisation b y  interm olecular as well as b y  intram olecular 
reaction it is not surprising that there is a strong polym eric tendency in 
peroxide, form ation.

• C - C - C = C -  +  - C = C - C = C ------  ̂ 0 0 ' C - C = C - C -

I +  \
0 0 -  O2 C - C = C - C - 0 0 -

A ll conjugated di- and tri- olefinic olefins w hich have so far been in vesti­
gated  appear to g ive  as the m ain product m ixtures of polym eric peroxides 
ranging from  dim eric to hexam eric or octam eric com plexity; m oreover 
the yields o f the sim ple d ih ydroxyiated  hydrogenation products obtained 
from  these peroxides in favourable instances appear alm ost too good to

• T he au to x id a tio n  of ethylene a t  h igher tem p era tu res  yields e thylene oxide in 
a d d itio n  to  th e  expected  scission p ro d u c t form aldehyde. This m ay  conceivably 
arise by  decom position of th e  d i-radical *0 1 1 2 —0 1 1 2 —0 - 1- 0 *.
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be accounted for b y  a n y  m eans of stabilisation of the ends o f the poly­
m eric chains oth er than b y  hydroperoxidation  or their d irect union. 
T hus stable dim eric isoprene w ould be represented b y

HOO-ECgHg-OO-CsHo-OOj-H or
\__________________ I

T his polym eric tendency does not disappear in the case of m ono-olefins 
and unconjugated di- and poly-olefins, and in fact it  seems to be general. 
E v en  in the characteristic exam ples o f hydroperoxide-form ation afforded 
b y  the cyclohexenes, there is a lw ays a polym eric fraction, and the y ield  
o f the fraction is lik e ly  to depend considerably on th e  constitution  of the 
olefin and especially  on the atom s or groups attach ed  to the ethylenic 
carbon atom s. T he m echanism  b y  w hich the substituents affect the 
polym eric tendency m a y  be connected w ith  their efficiency is stabilising 
the electrical condition of the radical centre to  which th e y  are a tta ch ed ,!

so th at the diradical )-C— C(00*)<(^,„ w ill be m ost stable (and there­

fore sufficiently long-lived to be able to give polym eric peroxides) where
Cl H  Me

are aryl groups, and progressively less stable for "S  , \ , and

' —CIU —C H , —c r i ,  
as-D iphenylethylene, as shown b y  Staudinger gives w holly, or n early  so, 
high-polym eric peroxides, and am ong the rubbers the effect of autoxida- 
tion on the physical character of the rubber (e.g. as seen in milling) is not 
a uniform  one of m ere softening brought about b y  chain scission. T he 
constitution  of the polym ers form ed from the hydroperoxides of sim ple 
olefins or of rubber is lik e ly  to be som ewhat variable. E xperim ent w ith  
autoxidised rubber has shown th at m uch of the com bined oxygen survives 
in the form of ether links, and sim ilar experim ent w ith  the cyclohexenes has 
shown th a t stable peroxide groups (doubtless of type R-OO-R') are to be 
found together w ith  ether links in the polym eric portion of the autoxida- 
tion products. Since, in the case o f the sim ple olefins, polym ers which 
contain both types of oxygen  linking can be formed from the peroxides a t 
will, doubtless th e y  arise b y  direct decom position o f the hydroperoxide-
groupings (i.e. R  O O H  +  R '- O O H ----  ̂ R -O -R ' +  R -O O -R ').t In  this
w a y  rubber chains m a y  be joined b y  oxygen links a t the same tim e th a t 
th e y  are undergoing scission elsewhere. In addition, some peroxido-links 
betw een rubber chains, or betw een different parts of the same chain, m ay pos­
sib ly  be form ed independently o f this decom position b y  union of the R-OO* 
radicals produced in the ea rly  stage o f peroxide-form ation w ith  extern al

double bonds (R-OO* +  ‘C =  C - -----> R -O O -C -C *  - - - >  R -0 0 -C -C H -) .
On the w hole, the tenden cy to polym er-form ation w ill probably be 
m uch sm aller than w ith  sim pler substances, but even a few  cross-links 
in a  large m olecule w ill have a m arked effect on the.properties of the 
rubber.

f  T he cis o r irons configuration a t  th e  double bond m ay have some influence.
J Holland has recen tly  shown th a t  th e  th erm al decom position of m ethy l linoleate 

hydroperox ide leads im m ediately  to  loss of w ater betw’een -OOH groups.
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Analogies fro m  Ozonide-formation.— T he evidence o f recent years 
leaves b u t slight doubt th at all organic ozonides capable o f isolation 
contain the peroxido-acetal type o f grouping form ed b y  addition o f ozone 
a t olefinic double bonds. (Rieche, M eister and Southoff, A nnalen , 1942, 
553, 187). I f  the addition be considered to follow  stages som ew hat 
sim ilar to those discussed above for peroxidation, then therm al scission 
of the oxygen  chain a t stage (C)

* 0  p  o

•C=C * ^  C— C- > -C —  C- ^  - C - ^  — > -C • • -c  c-

s  r  -A A A V  > . /  
''o V

* (A ) (B ) (C) (D ) (E )

m a y w ell be followed b y  establishm ent o f new *0 — C- and -0 0 — C links 
(stage D) w ith  contem poraneous w eakening and u ltim ate breaking, of 
the ori^ n al -C— C* bond (stage E). The interesting point is th at ozonide- 
form ation, like peroxide-form ation, shows a strong polym eric tendency, 
and m ost ozonides are m ixtures of low-m olecular polym ers. In  the case 
o f the polym er the establishm ent o f the new -0 0 — C —  link m ust be 
interm olecular, e.g. for a dim eride:

C R — 0  C R -0 0  C R \
2 I  ̂0 - ^ 0  I +  I 0 ^

C R — O  \ C R  0 0 — C R

-C R — 0 0 — C R \  / C R - 0 0 - C R \
O i I 0  0  0

N C R — 0 0 — C R  X C R O O C R /

T he ease o f hydrolysis of ozonides is, h o w e v e r ,  superior to th at of p o ly­
m eric peroxides, since the -C— 0* link is m uch m ore susceptible to h yd ro­
ly tic  action than the *0 — 0 0 - link; also the little  th a t is know n of the 
m anner o f therm al degradation of ozonides has distinct resem blance to 
th a t of the therm al degradation of peroxides.

Therm al and Catalysed Decomposition o f Peroxides.— ^This is perhaps 
the m ost im portant consideration in understanding the details o f the 
au toxid ative degradation of rubber and of other olefinic m aterials. 
U n fortunately, b u t little  detailed experim ental w ork has been done on 
the subject, and the more im portant lines o f reaction can o n ly  be rather 
un certainly  discerned. F in ely  divided m etals and some chem ical re­
agents show a strong tendency to prom ote a  disproportionated t j^ e  of 
peroxide scission. Thus in attem p ted  c a ta ly tic  hydrogenation of 
peroxides the m etallic ca ta ly st frequently  prom otes exten sively  the 
d irect decom position of the peroxide rather than its  hydrogenation. In 
th is w a y  polym eric m eth yl elaeostearate peroxide gives w ith  platinum  
considerable am ounts o f a crystallin e ketol ester, instead of the expected  
diol, e.g. for the dimer, w hich is here for convenience represented as 
stabilised b y  end-joining:



R -C H -C H : CH -CH  R  R -C O -CH : CH -CH -R

6  6  +  i n
6  6  OH

R C H -C H :C H  C H -R  R-CH -CH : CH-CO-R

In  the case o f m onom eric olefin hydroperoxides the sam e process leads to 
the form ation of ketones and the elim ination of w ater:

-C H :CH -CH (O O H )- -CH; C H -C O -+  H^O

U n catalysed  therm al scission appears to lead largely  tow ards the severing 
o f the 0 - 0  link o f the peroxide groups, and this is followed b y  further 
decom position of the resulting radicals, w hich m a y  involve the breaking 
o f some saturated  C -C  bonds. Polym eric as-diphenylethylene peroxide 
thus g ive some benzophenone and form aldehyde b y  dry-heating, and the 
form ation of form aldehyde b y  the decom position of j3y-dim ethylbutadiene 
peroxide m ay, as indicated above, quite w ell be due to  the breaking of 
the a^3-bond in -O -i-O -C H H -C M e: CMe-CHa-O-i-O- U n catalysed  de­
com position in the case o f the polym eric peroxides is not v e ry  ready a t 
tem peratures around room -tem perature, and apparently  it is not v e r y  
hom ogeneous as regards the course o f reaction. In  the case o f hydro- 
peroxido-rubber, although scission of the m olecules occurs exten sively  at 
double bonds in the chains, a quite appreciable degree o f subsidiary scission 
occurs a t C -C  bonds im m ediately adjoining the severed double bonds.

Influence o f combined sulphur on chain-breaking.— ^Although high- 
sulphur vulcanisates are more prone to undergo deterioration b y  the action 
o f oxygen  than low-sulphur vulcanisates, observation of the action of 
oxygen  on sim ple saturated  and un saturated sulphides has so far shown no 
strong tendency for the C -S  bond to  be broken o xid atively . On the 
other hand, Arm strong, L ittle  and D oak (Ind. Eng. Chem., 1944, 36, 628) 
h ave recen tly  shown th at ozone causes fa irly  com plete scission of C -S  
bonds in simple olefinic sulphides.

Softeners and Chain-degradation.— Phenylhydrazine, its  salts and 
num erous accelerators o f rather different types when m illed into n atural 
rubber cause softening of the mass. In a  num ber of cases exam ined the 
m olecular w eight o f the softened m aterial has been found to have fallen 
su b stan tia lly  (by ca. 25 per cent.) as the result of the m illing, and in the 
case o f ph enyl hydrazine the result appears to be genuinely due to the 
prom otion of increased oxygen uptake (Farm er and N aylor, unpublished 
work). A u xiliary  substances w hich are active  a t a ll m a y  in general be 
p p e c te d  to be effective either in prom oting oxygen-uptake or in prom ot­
ing the decom position of peroxides in a particular w ay. Success in 
aiding oxygen  uptake is presum ably a question of the successful initiation 
of chain reactions (and likewise successful anti-oxidant a ctiv ity  of suc­
cess in chain-stopping) but the effectiveness of both pro-oxidants and 
anti-oxidants is probably m uch afJected b y  conditions Taf reaction. Con­
cerning the influence o f auxiU ary substances on the decom position 
of peroxides or peroxide radicals m uch rem ains to be discovered.

This w ork form s part of a program m e of fundam ental research under­
taken  b y  the B oard of the B ritish  R ubber Producers' Research A ssocia­
tion.

B r it ish  R u b b e r  P r o d u c e r s ’ R e se a r c h  A s s o c ia t io n ,
W e lw y n  G a r d e n  C ity .  \ R e c e i v t d  17 t h  M a v .  1945.]
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