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The degradation of thin films of poly(methyl acrylate) has been studied 
under 300 mmHg pressure of oxygen in the temperature range 180—250°C. 
Crosslinking and chain scission occur. Carboxyl, hydroxyl and y-lactone 
structures are formed on the polymeric residue. Carbon dioxide comprises 
ca. 52% of the total evolved volatiles which also include methanol, water 
and methyl formate. The overall activation energy for volatile formation 
(weight loss) is 9.8 kcal. Possible oxidation mechanisms are considered and 

О-
I 

it is concluded that the oxyradical — CH2 —С —CH2— plays an important 

C0 2 CH 3 

part. 

In recent years several papers have been published on the photolytic [1] and vacuum 
thermal degradation [2] of some of the poly aery lates. Poly( methyl acrylate) (PMA) has 
received most attention but so far there have been no reports of the effects of oxygen 
on the pyrolysis of this polymer although the oxidative thermal degradation of poly(ethyl 
acrylate) (PEA) has been studied in some detail [3, 4]. In this paper we report the results 
of a study of the degradation of PMA in the temperature range 180 — 250°C under 
300 mmHg pressure of oxygen. 

Experimental 

PMA was prepared in benzene solution (50/50 v/v) at 70°C using benzoyl peroxide 
(6.5 X 10~4 mole I - 1 ) as initiator. Conversion of monomer to polymer was 20% and the 
polymer was purified by precipitation. Films, approx. 0.1 mm in thickness (0.1 g), were 
cast from benzene solution on to a glass degradation tray which was then placed inside 
a cylindrical glass vessel. After continuous pumping on the high vacuum line for 24 hours 
pure oxygen was admitted to a pressure of 300 mmHg. The sealed vessel was then heated 
for the required time in a nuidized sand bath in which the temperature was controlled 
to within ±1°C. 

The products of degradation are conveniently divided into three fractions as shown 
in Table 1. 

* Presented at the IUPAC Conference on Chemical Transformation of Polymers. 
Bratislava, June 22 — 24, 1971. 

** Present address: I.C.I. Plastics Division, Welwyn Garden City, England. 
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Table 1 

P r o d u c t s of oxidat ive t h e r m a l degradat ion of P M A a t 210 — 250°C 

Fraction number 

I 
I I 

I I I 

Nature 

polymer 
low polymer 

condensible volatiles 
C 0 2 

methanol ^ 
water 1 

methyl formate 1 
others / 

Yield (% by wt. of 
total volatilized) 

residue 
~ 1.5 (~ 90)« 

~ 52 (4.8) 

~ 46.5*> 

а) Figures in brackets denote yield from v a c u u m t h e r m a l degradat ion [5]. 

б) By di f ference. 

Separation of F r a c t i o n s I , I I , a n d I I I was achieved b y a t t a c h i n g t h e d e g r a d a t i o n 

vessel to the v a c u u m line a t room t e m p e r a t u r e a n d p u m p i n g slowly t h r o u g h a cold t r a p 

at — 196°C. I n this m a n n e r F r a c t i o n I I I condensed in t h e cold t r a p , F r a c t i o n I I r e m a i n e d 

adhering to t h e walls of t h e vessel a n d F r a c t i o n I r e m a i n e d in t h e glass t r a y . A n y per­

manent gases were lost b y th i s procedure . T h e CO2 in F r a c t i o n I I I was m e a s u r e d as 

described previously using a fixed-volume m a n o m e t e r [5], t h e other c o m p o n e n t s being 

held as liquids in a side a r m a t — 76°C. T h e m i x t u r e of volati le l iquids which m a d e u p 

the remainder of F r a c t i o n I I I was e x a m i n e d b y gas —liquid c h r o m a t o g r a p h y . 

The soluble por t ion of t h e polymeric residue was d e t e r m i n e d b y benzene e x t r a c t i o n 

as before [6]. Infrared spectra of th is sol fraction were recorded wi th a P e r k i n — E l m e r 237 

Spectrophotometer using films cast on sodium chloride discs a n d n.m.r . spect ra w i t h 

a Varian N M R Spect rometer model A60, using deuterochloroform as solvent. 

Results 

Products of degradation 

The products of degradat ion averaged over 0 — 2 0 % volat i l izat ion in t h e t e m p e r a t u r e 

range 210—250°C are s u m m a r i z e d in Table 1. I t is probable t h a t t h e degradat ion t e m ­

perature affects t h e relat ive yields of these p r o d u c t s b u t th is feature h a s n o t y e t been 

investigated. 

Any permanent gases were below detectab le l imits b u t m a y have been present in small 

amounts which were great ly d i lu ted b y t h e oxygen a t m o s p h e r e . T h e a m o u n t of CO2 

was found by cal ibrat ion of t h e constant-volume m a n o m e t e r . At least t w o o ther low-

•boiling liquids were present in F r a c t i o n I I I . These h a v e n o t been posit ively identified 

but were not monomer , m e t h y l m e t h a c r y l a t e , m e t h y l ace ta te , formic acid, formaldehyde, 

acetaldehyde, acetic acid, m e t h y l propionate , acrolein or benzene (residual solvent) . 

The relative quant i t ies of these volati le p r o d u c t s of degradat ion c o n t r a s t w i th t h e 

yields from v a c u u m degradat ion. CO2 is t h e m a i n p r o d u c t of oxidat ive d e g r a d a t i o n 

while low polymer is t h e m a i n p r o d u c t u n d e r v a c u u m condit ions. T h e small yield of low 

polymer under oxidat ion condit ions is p a r t l y d u e t o t h e lower t e m p e r a t u r e s employed 
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Fig. 1. Volatilization, as a percent of 
initial sample weight, vs. heating time 

at various temperatures. 
1. 180°C;2. 210°C; 3. 250°C. 

U 

5 1.2 

о 

"e 
* 1.0 

ľ 

0.8 

i - i I 

ľ\ 

X. -

2.00 2.10 220 [e/(-1] 

reciprocal temperature x 10J 

Fig. 2. Arrhenius plot of initial rates 
from Fig. 1. 
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Fig. 3. Rate of volatilization (percent wt. 
of sample remaining per hour) vs. extent 

of volatilization. 
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Fig. 4. Amount of gel (percent of initial 
sample wt.) as a function of sample 

volatilized at 210°C. 
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ind to the effects of the oxygen pressure which limits vapourizat ion of all bu t the most 

volatile species. 
Total amounts of volatiles, as a percentage of t he initial sample weight, vs. hea t ing 

time are shown in Fig. 1. An Arrhenius plot (Fig. 2) from the initial ra tes obta ined from 
Fie. 1 gives an ac t iva t ion energy for volati l ization of 9.8 ± 2.0 k c a l - 1 compared with 
35 kcal for vacuum degrada t ion [2]. F ig . 3 shows t h e r a t e of volati l ization, as percent 
weight of sample remaining per hour , vs. ex t en t of volati l ization. T h e exponent ia l decrease 
in rate indicates t h a t th is is no t an au toca ta ly t i c process. 

The polymeric residue 

The polymeric residue, F rac t ion I , changes from colourless th rough yellow to da rk 
brown as oxidation progresses. T h e propor t ion of insoluble gel increases (Fig. 4) while 
the molecular weight of t he soluble fraction of the residue falls sharply . Crosslinking 
and chain scission therefore occur as in v a c u u m degradat ion . Gel formation, however, 
is much more rapid in t he presence of oxygen t h a n under vacuum. Indeed t h e crosslinking 
reaction appears to be par t icu lar ly sensitive to the presence of small a m o u n t s of oxygen. 
It has alread3' been repor ted t h a t P M A samples aged in air show an enhanced t endency 
to form gel on subsequent the rma l degrada t ion unde r v a c u u m [6]. As p a r t of t h e present 

Fig. 5. Effect of ageing t ime a t 60°C in 
air on gel fraction formed in subsequent 
vacuum thermal degrada t ion a t 210°C 

for 50 hours . 

10 20 30 40 

time of ageing (days) 

work some exper iments on t h e effects of accelerated ageing were conduc ted b y main ta in ing 
PMA samples in air a t 60°C for u p t o 42 days . This t r e a t m e n t h a d no discernible effect 
on the i.r., n.m.r. or visible spectra , or on t h e solubil i ty or molecular weight . F ig . 5 shows, 
however, tha t gel formation in these samples on subsequent v a c u u m the rma l degrada t ion 
at 210°C for 50 hours increases marked ly wi th t ime of ageing. This ageing effect is p robab ly 
caused by a small a m o u n t of ox ida t ion . 

The i.r. spec t rum of t h e soluble fraction of P M A the rma l ly oxidized a t 250°C is shown 
m Fig. 6 along wi th t h a t of t he original po lymer . T h e spect ra below t h e range shown are 
ráentical. On oxidat ion new peaks are observed a t 1790 and 1690 c m - 1 along wi th a b road 
region of absorption from a b o u t 2900 to 3650 c m - 1 . This b road region of absorpt ion is 
characteristic of hydrogen-bonded hydroxy l groups , b o t h of t he alcohol (3650 — 3250 cm" 1 ) 
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Fig. 6. Infrared spect ra of undegraded ( ) a n d sol fraction of oxidized ( ) PMA, 

Oxidat ion t empera tu re 250°C. 

and carboxyl (3300 —2800 c m - 1 ) t ypes [7]. The shoulder a t 1690 c m - 1 is characteristic 
of carbonyl groups in a :ß-unsatura ted carboxylic acids while t he peak a t 1790 cm1 

could be due t o y-lactone s t ruc tu res . 
The n.m.r . spec t rum of t h e sol fraction also shows evidence of hydroxy l protons in 

a broad absorpt ion between 5.0 and 5.8 т which d i sappears after a D2O shake. There 

is no evidence in t h e n.m.r . s p e c t r u m of F r a c t i o n I of t h e u n s a t u r a t e d end structure 

C H 2 = C -
1 

C O 2 C H 3 

which a p p e a r s d u r i n g v a c u u m d e g r a d a t i o n [2]. 

Satisfactory spect ra of t h e insoluble p o r t i o n of F r a c t i o n I were n o t obtained. The 

colourat ion in F r a c t i o n I after oxidat ion, however, is associated m a i n l y w i t h this insoluble 

por t ion b u t was n o t a t t r i b u t e d t o a n y specific c h r o m o p h o r e . 

T h e i.r. s p e c t r u m of F r a c t i o n I I is similar t o t h a t of F r a c t i o n I b u t conta ins an additio- i 

nal peak a t 1630 c m - 1 which is p r o b a b l y d u e t o u n s a t u r a t i o n wi th in t h e low polymer [ 

backbone. 

Discuss ion I 

T h e ac t iva t ion energy for t h e overall volat i l izat ion process (9.8 kcal) is considerably 

lower t h a n t h e figure 50.9 kcal r e p o r t e d for t h e oxidat ive t h e r m a l degradat ion of PEA 

over a similar t e m p e r a t u r e range [3]. We are u n a b l e t o a c c o u n t completely for this 

u n e x p e c t e d discrepancy b u t it is w o r t h n o t i n g t h a t in t h e present experiments the 

changes in sample weight were o b t a i n e d direct ly whereas Conley a n d Valint [3] estimated 

t h e a m o u n t of po lymer in t h e residue from t h e c a r b o n — h y d r o g e n s t re tching frequencies 

in t h e i.r. spectra . D u e t o t h e complexit ies of t h e d e g r a d a t i o n react ions t h e two methods 

of calculat ing t h e r a t e of decomposi t ion of t h e polymers are n o t necessarily equivalent. 

T h e t w o sets of results also differ in t h a t Conley a n d Val int found n o evidence of hydroxyl 
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groups in thermally oxidized P E A . Their results, however, are a t var iance in th i s respect 

with the observations of Steele a n d Jacobs [4] whose findings are largely in accord w i t h 

ours. Despite these differences t h e following react ions for P M A oxidat ion are basically 

similar to those proposed for P E A . 

The products of degradat ion a n d t h e spectra l changes observed in F r a c t i o n s I a n d I I 

can be accounted for b y assuming t h a t d e g r a d a t i o n involves t h e initial format ion of 

hydroperoxides on t h e polymer backbone. T h e ageing exper iments indicate t h a t these 

hydroperoxides are s table a t least u p t o 60°C b u t decompose on subsequent heat ing . 

It is probable t h a t t h e initial site of a t t a c k is t h e t e r t i a r y carbon a t o m a n d t h a t t h e 

resulting hydroperoxide decomposes as shown below. T h e possibility of some oxygen 

attack at the methylenic carbon a t o m , as appears t o occur in polyacrylonitr i le [8], 

cannot be wholly d iscounted. 

O - O H О 

I I 
~ - C H 2 - C - C H 2 - ~ -> — C H 2 - C - C H 2 h о н 

I I 
C02CH3 C02CH3 

/ 

The oxypolymer radical / can undergo chain scission 

О- О 

I II . 
— C H 2 - C - C H 2 — -> ~ - C H 2 - C + C H o - ~ 

I / I 
C 0 2 C H 3 ^ 0 2 CO2CH3 

— C H 2 - C 0 2 H + C 0 2 + CH3OH 
and, as suggested b y Gonley a n d Valint for P E A [3], t h e a-keto-ester would be fur ther 

oxidized to yield CO2, alcohol a n d a carboxylic acid g r o u p on t h e polymer chain. F u r t h e r 

decarboxylation of t h e acid would increase t h e yield of C 0 2 which could also be formed 

in the reaction 

C H 2 С 0 2 С Н з C H 2 C 0 2 C H 3 

/ \ l / \ l 
- C H 2 - C H C - C H 2 — -> — C H 2 - C H C - C H 2 - ~ 

I I I I 
C O C O 

/ \ • / \ I 
О O - C H 3 О О- СНз 

С 0 2 С Н з 
I 

— C H 2 - C H - C H 2 - C - C H 2 - ~ + c o 2 

I 
OCH3 

This mechanism is analogous t o t h a t proposed for C 0 2 format ion in v a c u u m t h e r m a l 

degradation in which t h e oxypolymer radical is replaced b y t h e t e r t i a r y radical 

— C H 2 — С — C H 2 — 

I 
C 0 2 C H 3 

c b i . zvesti 26, 200-207 (1972) 
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T h e radical / could also expel a m e t h y l formyl radical 

О- О 

I II 
~— CH2 — С — CH 2— ~ -> ~— CH2 — С — CH2— ~ -f~ »С0 2 СНз 

I 
CO2CH3 

t h u s account ing for t h e format ion of m e t h y l formate a n d t h e general broadening of the 

carbonyl region in t h e i.r. s p e c t r u m of t h e p o l y m e r res idue. 

O t h e r r o u t e s t o m e t h a n o l format ion are t h e e l iminat ion react ion 

О ОСНз О 

II/ / 
о. С о—с 

— С Н 2 - С С Н - С Н 2 - ~ -> — С Н 2 - С С Н - С Н 2 h СН3О. 

| \ / | \ / 
С Ы з 0 2 С С Н 2 С Н з 0 2 С С Н 2 

a n d t h e d i sp lacement react ion 

H H 
I I 

— C H 2 - C - C H 2 — + Ю Н -> — C H 2 - C - ~ + СНзО. 
I I 
с с 

/ \ У \ 
О ОСНз о о н 

T h e former leads t o у-lactone a n d t h e l a t t e r t o carboxyl formation. T h e presence of both I 

functions on t h e degraded p o l y m e r is s u p p o r t e d b y t h e spectroscopic evidence. 

W a t e r is m o s t likely t o be formed in hydrogen abs t rac t ion b y t h e «OH radical, fori 

e x a m p l e 

H 
I 

O H + — C H 2 - C - C H 2 - ~ -> — C H 2 - C - C H 2 — + H 2 0 
I I 

СОаСНз CO2CH3 
F u r t h e r abs t rac t ion or loss of a n ad jacent m e t h y l e n e p r o t o n would lead t o backbone 

u n s a t u r a t i o n . Alcohol h y d r o x y 1 g roups on t h e polymer could be formed b y hydrogen 

a b s t r a c t i o n b y t h e oxyradical / or b y a d d i t i o n react ions of t h e «OH radical . 

Gel format ion would resul t f rom intermolecular combinat ion a n d addi t ion reactions 

of macroradica ls as proposed in v a c u u m d e g r a d a t i o n [5]. T h e occurrence of crosslink^ 

react ions changes b o t h t h e physical a n d chemical propert ies of t h e polymer, and i> 

p r o b a b l y responsible for t h e n o n - a u t o c a t a l y t i c n a t u r e of t h e volat i l izat ion processes 

T h u s , t h e p r i m a r y format ion of t h e h y d r o x y l radical a n d t h e oxyradical I can account 

qual i ta t ive ly for m o s t of t h e features of t h e degradat ion. I t can be seen t h a t t h e oxyradical 

is likely t o play a n analogous role in oxidat ive degradat ion t o t h e radical 

— C H 2 — С — C H 2 — 

I 
С 0 2 С Н з 

in v a c u u m thermal d e g r a d a t i o n . 

Acknowledgements. F. D. Gratefully acknowledges the award of a studentship from tk 

Science Research Council. 

о л g Chem. zvesti 26, 20 0 - 207 (1972) 



OXIDATIVE THERMAL DEGRADATION 

References 

l.Fox R. В., Isaacs L. G., Stokes S., Kagarise R. E., J. Polym. Sei. A, 2, 2085 (1964). 

2. Cameron G. G., K a n e D . R., Makromol. Ghem. 109, 194 (1967). 

3. Conley R. Т., Val int P . L., J. Appl. Polym. Sei. 9, 785 (1965). 

4. Steele R., J a c o b s H . , J. Appl. Polym. Sei. 2, 86 (1959). 

O.Cameron G. G., K a n e D . R., Makromol. Ghem. 113, 75 (1968). 

6. Cameron G. G., Dav ie F . , K a n e D . R., Makromol. Ghem. 135, 137 (1970). 

7. Cross A. D., J o n e s R. A., An Introduction to Practical IR Spectroscopy. B u t t e r w o r t h s , 

London, 1969. 

8. Brandrup J . , Peebles L. H . , Macromolecules 1, 64 (1968). 

СЛщ. zvesti 26, 200-207 (1972) 
207 


