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PHOTODEGRADATION OF HETEROPHASIC ETHYLENE- 
PROPYLENE COPOLYMERS IN THE SOLID STATE 

R. P. SINGH and AJEET SINGH 

Polymer Chemistry Division 
National Chemical Laboratory 
Pune 41 1008, India 

ABSTRACT 

The photodegradations of various heterophasic ethylene-propylene 
(E-P) copolymer films were studied at 30 and 55OC in air for vary- 
ing time intervals. The photochemical behavior of E-P copolymers 
is quite different from amorphous polypropylene and polyethylene 
homopolymers but resembles that of isotactic polypropylene. The 
nonvolatile products in photooxidized copolymer films have been 
quantitatively identified by infrared analysis. The kinetics and gen- 
eral oxidation mechanism scheme for E-P copolymer are presented. 
The identification of y-lactone is an indication of the importance 
of an intramolecular back-biting process. The overall functional 
group distribution is found to differ from that in polyethylene and 
E-P copolymers. 

INTRODUCTION 

Many studies on the photodegradation of polyethylene and polypro- 
pylene by ultraviolet or visible light [l-61 or heat [7, 81 have received 
extensive attention during the past decade. The fundamental and practi- 
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488 SINGH AND SINGH 

cal aspects of the chemical changes in these polymers in the solid state 
have been recognized, and it has been observed that the basic reaction in 
photooxidative degradation is similar to what occurs in thermal oxidative 
degradation. The important causes of photodegradation and/or thermal 
degradation of polyolefins are hydroperoxide and ketone or carbonyl 
group formation. There has been some controversy over whether the 
hydroperoxide groups or the ketone groups are more effective sensitizers 
in photooxidative degradation. The photooxidation rates and product 
distribution of polypropylene and polyethylene films when initiated with 
UV and y-irradiation, respectively, have been studied by Carlsson and 
coworkers [5 ,  61. In the complete absence of stabilizers and at controlled 
rates of radical formation, the polyethylene samples are oxidized at es- 
sentially the same rate to give the same degradation products. In their 
studies they mainly discussed the effects of the chemical nature, concen- 
tration, and stability of various additives on the UV stability of polypro- 
pylene and polyethylene. In order to improve all aspects of the stability 
of polymers, a fundamental understanding of the degradation processes 
involved is essential. 

The primary photochemical event in homopolymers and copolymers 
is the hydroperoxidation [9] which leads to  the formation of oxidation 
products (alcohols, ketones, acids, esters). The chemical scission of the 
polymeric chains may result from j3-scission of polymeric alkoxy radi- 
cals, as in polypropylene, and via the Norrish type I and I1 reactions, 
characteristic of ketone compounds, as in polyethylene or polypropyl- 
ene. Although the oxidative phenomenon is restricted to the amorphous 
regions, the alkyl radicals can be formed both in the amorphous and in 
the crystalline regions. Decker [ 101 confirmed that alkyl radicals migrate 
from the crystalline region to the interfacial zone accessible to oxygen. 
In the present investigation, photooxidative degradation in the solid 
phase of various heterophasic ethylene-propylene (E-P) copolymers with 
different ethylene weight ratios is described. The photooxidation of a 
heterophasic E-P copolymer has been compared to that of polypropylene 
and polyethylene homopolymers [ 1-61: this study confirms that the pho- 
tochemical behavior of E-P copolymers is quite different. The photodeg- 
radation of ethylene-propylene elastomers, which are typical amorphous 
polyolefins, has been studied by several workers [9, 11-13] in solution 
and in solid films, but no attention has been directed toward understand- 
ing the photooxidative degradation of heterophasic ethylene-propylene 
copolymers. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ETHYLENE-PROPYLENE COPOLYMERS 

EXPERIMENTAL 

489 

Materials 

Five grades of heterophasic ethylene-propylene reactor copolymers 
(from M/S. Himont Italia) of different composition were examined in 
this work. These grades are designated as EPQ 30R, EPS 30ER, EPT 
30R, EPC 40R, and EPF 30R. The manufacturer's specification are 
given in Table 1. The antioxidants and other additives were solvent ex- 
tracted from the samples. 

Procedure 

Films were made by dissolving the base material in xylene at 70OC, 
and the solution was homogenized with occasional stirring. The 2-wt% 
E-P copolymers solution was cast on glass plates and the solvent was 
evaporated at room temperature and then under vacuum to dryness. The 
solution cast films were molded between two Teflon sheets into thin 
films ( -  120 pm) at 17OOC by applying 150 kg/cm2 pressure for 30 s, 
using a preheated hydraulic press. The films were quench-cooled in tap 
water for 5 min. 

Photoirradiation was carried out in an accelerated photoaging poly- 
chromatic irradiation chamber connected with an atmospheric air supply 
constructed and calibrated in the laboratory. The irradiation chamber, 
shown in Fig. 1, has two 400 W high-pressure mercury vapor lamps 

TABLE 1. Properties of Different E-P Copolymer Samples 
~ ~ ~~ ~ ~~ 

Tensile Flexural Izod 
Wt% strength, modulus, impact, 

Sample ethylene MFIa kg/cm2 kg/cm2 kg.cm/cm 

EPQ30R 9.2 0.82 280 14,000 40 
EPS30ER 6.8 1.51 270 12,000 30 
EPT 30R 13.2 3.48 260 13,000 04 
EPC40R 7.4 7.00 290 13,000 14 
EPF 30R 8.2 13.00 290 14,000 12 

"Melt flow index. 
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490 SINGH AND SINGH 

FIG. 1 .  Diagram of irradiation chamber. ( 1 )  Choke, (2) 400 W mercury vapor 
lamp, (3) Pyrex cylindrical reactor, (4) stand for films, (5) films. 

whose glass casing was removed. The lamps are located at the center 
of the chamber. Radiation of wavelengths shorter than 290 nm were 
eliminated by a Pyrex glass cylindrical reactor. The temperature of the 
films in the reactor was controlled to *2OC by the circulation of water 
in the reactor. The dried E-P copolymer films ( -  120 pm thickness) 
were irradiated with polychromatic light (X > 290 nm) for different time 
intervals (100, 200, 300, 400, and 500 h) at 30 and 55OC.  The samples 
were irradiated uniformly on a metal support. The intensity of the radia- 
tion was determined by using potassium ferrioxalate actinometry (141 of 
1.662 x Einstein.cm-2-s-l (10 x 1015 quanta.cm-’.s-l). 

Characterization 

E-P copolymer films were irradiated with polychromatic light (X > 
290 nm) in an air chamber at 30 and 5 5 O C  in a cylindrical Pyrex reactor 
with a metal support that fitted directly onto the sample holder of a 
Perkin-Elmer 599B infrared spectrophotometer. The mounted films were 
withdrawn from the chamber at different photooxidation times, and 
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their infrared spectra were recorded. The extent of photodegradation 
was followed by monitoring the build-up in the concentration of the 
nonvolatile hydroperoxide and carbonyl absorption regions in the spec- 
tra at 3400 and 1722 cm-', respectively. 

RESULT AND DISCUSSION 

The photodegradation of E-P copolymer films was followed by infra- 
red spectroscopy: the absorption frequencies of the photooxidative deg- 
radation products were examined in three main regions. 

The carbonyl region ( 1  850-1550 cm- I )  showed several overlapping 
absorption bands, as is the case for most olefinic polymers. This region 
is broad, indicating a mixture of different functional groups. The bands 
at 1712, 1738, and 1780 cm-l can be assigned to carboxylic acids, ke- 
tones, esters, and lactones. Vinylidene-type unsaturation, observed at 
1640 cm- ', results from disproportionation during photodecomposition 
of polypropylene units. For all five samples, these absorption peaks 
were more prominent at 55OC and at longer periods of irradiation. The 
development of the peak at 1640 cm-l was seen only at longer irradiation 
times. However, these unsaturated groups were more precisely observed 
at 888 cm-' (out-of-plane vibration of the C-H bond). Of particular 
interest is the resolution of the band at 1780 cm-I, which was assigned 
to y-lactone. It was found that the amount of y-lactone formed during 
photodegradation was negligible for polyethylene but significant for 
polypropylene [ 131. We observed a significant amount of aldehyde 
groups in our studies since the C-H stretching frequency at 2730 cm-l 
was present due to oxidation of the isotactic polypropylene unit which 
develops with irradiation time. It is evident from the infrared spectra 
that the samples do not behave differently in many aspects since the 
compositions do not differ significantly. The infrared spectra of EPQ 
30R, EPS 30ER, EPT 30R, EPC 40R, and EPF 30R are given in Fig. 2. 
The changes in the absorption bands of these photooxidized samples 
bear a strong resemblance to  those observed in isotactic polypropylene 
films submitted to the same oxidative conditions. The degradation is a 
maximum in EPQ 30R and a minimum in EPF 30R, both at the same 
temperature, while the other samples showed intermediate behavior. 
This is in accord with the manufacturer's results that EPQ 30R has the 
lowest melt flow index (MFI) (0.82) while EPF 30R has the highest 
MFI (1  3.00); this means that EPQ 30R has the highest molecular weight 
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FIG. 2. IR spectra in the 1550-1850 cm-' range of 120 pm thick E-P copoly- 
mer films irradiated for various times (A > 290 nm) at 30 (-) and 5 5 O C  

(a) 0 h, (b) 100 h, (c) 200 h, (d) 300 h, (e) 400 h, ( f )  500 h. 
(- - -). (A) EPQ 30R, (B) EPS 30ER, (C)  EPT 30R, (D) EPC 40R, (E) EPF 30R. 
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FIG. 2 (continued). 

whereas EPF 30R has the lowest, with the other grades having intermedi- 
ate molecular weights. 

A broad hydroxyl absorption region (3700-3200 cm- I )  with a maxi- 
mum peak at 3400 cm-' during photoirradiation appeared in all samples 
(Fig. 3): this band is due to the neighboring intramolecular hydrogen- 
bonded hydroperoxides and alcohols. A medium intensity band devel- 
oped at 3615 cm-I, due to an isolated hydroxyl band in a tertiary alco- 
hol, did not appear in polypropylene or polyethylene. Hydrogen-bonded 
hydroperoxides (3420 cm-I) and associated alcohols (3380 cm- I )  were 
also detected, with the hydrogen-bonded hydroperoxides developing 
faster in all samples. Isolated tertiary alcohols and associated tertiary 
alcohols indicate the contribution of isolated polypropylene units, 
whereas associated hydroperoxides are formed on the polyethylene seg- 
ments. Note that at high propylene contents (propylene > 45%), since 
hydroperoxidation does not occur at isolated propylene units but rather 
on ethylene sequences, free tertiary hydroperoxides are not seen at all. 
At high propylene contents, polypropylene sequences can be formed and 
tertiary hydrogen-bonded hydroperoxides appear: such hydroperoxides 
are decomposed into ketone groups which are not photochemically con- 
verted into vinyl groups as in polyethylene (the carbon atom located at 
the &position of the carbonyl group is substituted). 
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FIG. 3. Hydroxyl region (3200-3700 cm-' of 120 pn thick E-P copolymer 
films irradiated for various times at 30 (-) and 55OC (- - -). (A) EPQ 30R, (B) 
EPS 30ER, (C) EPT 30R, (D) EPC 40R, (E) EPF 30R, (a) 0 h, (b) 100 h, (c) 200 
h, (d) 300 h, (e) 400 h,  (f) 500  h. 
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FIG. 3 (continued). 

Figure 4 presents the changes in absorbance of free tertiary alcohol 
(3615 cm-I) as a function of the changes in the absorbance at 3400 cm-'. 
In early stages of the photooxidation, formation of free tertiary alcohol 
occurs in parallel with the appearance of hydrogen-bonded alcohols and 
hydroperoxides. However, on longer exposure times the free tertiary 
alcohols reach a stationary concentration, indicating that the free hy- 
droxylated compounds gradually change into hydrogen-bonded associa- 
tions. Under our experimental conditions we have not detected the for- 
mation of isolated hydroperoxides absorbing at 3550 cm-' in any of the 
five samples during photooxidation degradation. 

In the region of the infrared spectra corresponding to the out-of-plane 
vibration of the C-H bond due to unsaturation (800-1000 cm-I) for 
all the samples, an increase was observed in the vinylidine end groups 
(>C=CH) at 888 cm-' and in the vinylene chain (-CH=CH-) at 968 
cm-I. These unsaturations are believed to be formed by Norrish type I1 
photoreactions of the ketones. Vinylidene unsaturation is developed as a 
result of disproportionation during the decomposition of polypropylene 
units. The vinylidene absorption (888 cm-I) was quite prominent and 
increased with irradiation time in all the samples. The development of 
band at 1640 cm-l also indicates the formation of the unsaturated vinyli- 
dene group due to disproportionation of the propylene unit. The vinyl 
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FIG. 4. Variation of absorbance at 3615 cm-l versus absorbance at 3400 
cm-' for E-P copolymer films at 5 5 O C .  (A) EPQ 30R, (B) EPS 30ER, (C) EPT 
30R, (D) EPC 40R, (E) EPF 30R. 

unsaturation content (909 cm- I )  remained steady over the whole expo- 
sure time at  both temperatures. 

The copolymer samples showed an induction period of about 25 h at 
3OoC and 10 h at 55OC, after which hydroperoxide and carbonyl groups 
began to accumulate, but in the case of EPF 30R the induction period 
was 40 and 20 h at 30 and 55OC, respectively. 

Kinetic Aspects of Photodegradation 

The isolated hydroperoxides were not observed in photooxidized sam- 
ples of E-P copolymer at 30 or 55OC. Only hydrogen-bonded hydroper- 
oxides absorbing around 3400 cm-l (prominent at  3350 and 3420 cm-I) 
were detected in all five samples. As shown in Fig. 5 ,  the hydroperoxide 
absorbance increases as a function of exposure time at both tempera- 
tures. It is also apparent from the curves that the hydroperoxidation 
rates are highest in EPQ 30R and lowest in EPF 30R, while in the other 
samples the rates are intermediate. 

Variations in the absorbance of carbonyl photoproducts at 1722 cm- ' 
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FIG. 5 .  Variation of absorbance at 3400 cm-' as a function of irradiation 
time (A > 290 nm) of 120 pm E-P copolymer films at 5 5 O C .  (A) EPQ 30R, (B) 
EPS 30R, (C) EPT 30R, (D) EPC 40R, (E) EPF 30R. 

are plotted as a function of the irradiation time in Fig. 6. The rate of 
carbonyl group formation is independent of the extent of the oxidation 
up to 500 h irradiation. In EPF 30R, the changes in the corresponding 
rates are the lowest. In Fig. 7 the changes in the absorbance of vinylidene 
groups (888 cm-') are plotted as a function of the irradiation time. Again, 
the rate of formation of vinylidene groups is higher in EPQ 30R. It 
was also found that at higher temperature the absorbance at 1722 cm-'  
increases at a faster rate than the variation in absorbance of the vinyli- 
dene groups. At the initial stages of photooxidation, the amount of 
hydroperoxides is higher than that of ketones. However, the amount of 
carbonyl quickly builds up after the initial period, while the level of 
hydroperoxide concentration remains relatively low. This indicates that 
the primary photoproducts are hydroperoxides which decompose to pro- 
duce ketones. The decomposition of one hydroperoxide group was found 
to give rise to more than one carbonyl group. The rate of photodecompo- 
sition of hydroperoxide did not follow unimolecular kinetics and was 
a function of the carbonyl content of the copolymers [15]. Thus, the 
hydroperoxides are the primary absorbing species that initiate the subse- 
quent photochemistry. 

Based on these results and kinetic evidence, the photodegradation 
behavior of E-P copolymer resembles that of isotactic polypropylene; 
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FIG. 6 .  Variation of carbonyl content versus irradiation time of 120 prn E-P 
copolymer films at 55OC. (A) EPQ 30R, (B) EPS 30ER, (C) EPT 30R, (D) EPC 
40R, (E) EPF 30R. 

Irradiation time ( h r s )  

FIG. 7.  Variation of  vinylidene absorbance (888 cm-') as a function of irradi- 
ation time of  120 prn E-P copolymer films at 55OC.  (A) EPQ 30R, (B) EPS 
30ER, (C) EPT 30R, (D) EPC 40R,  (E) EPF 30R. 
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for example, in the distribution of carbonyl compounds (ketones, acids, 
and esters). The rate of formation of carbonyl compounds absorbing 
at 1715 cm-' (ketones + acids) increases because of higher propylene 
content. The rate of formation of vinyl-type unsaturation appears only 
in some cases, which is a clear indication of the photodegradation of 
isotactic polypropylene. In isotactic polypropylene the Norrish type I1 
process occurring in the intermediate ketones cannot lead to vinyl-type 
unsaturation, whatever the structures of the ketones formed. 

Mechanism of Photodegradation 
The photodegradation of polyolefins is defined by initiation, propa- 

gation, and termination steps [16]. In the case of E-P copolymer, the 
tertiary and secondary hydroperoxides are photochemically decomposed 
into chain ends and main-chain ketones (Scheme 1) [17]. 

The decomposition of hydroperoxide led to chain-scission with the 
conversion of hydroperoxide groups on the backbone to ketone groups 
at the chain ends. 

The ketones are converted into vinylidene unsaturation by a Norrish 
type I1 process. The chain-end ketone can be converted into acetone or a 
vinylidene group. The conjugated alkene absorbance band was the stron- 
gest after the film was exposed at 55OC. Here, only the hydroperoxides 
formed at the propylene units were included since the thermal oxidation 
at a tertiary center on a polypropylene chain is expected to be many 
times faster than that at the methylene carbon of polyethylene. However, 
the main source of this increased photodegradability must be due to the 
presence of hydroperoxides in the former sample. Cheng et al. [18] re- 
ported that secondary hydroperoxides found in photodegradated sam- 
ples are essentially due to the decomposition of ethylene blocks in the 
copolymer. Any radical formed in the E-P copolymer during polychro- 
matic irradiation would either abstract a hydrogen atom or add to an 
unsaturated group. It is expected that abstraction of a secondary hydro- 
gen atom would prevail over the abstraction of a tertiary carbon. 

Abstraction Mechanism 

R' 0 2  
- C - C H r -  -C=CH- -C-CH- 

II I I 
CH2 'CH 2 CH200H 

Formation of primary hydroperoxides implies the simultaneous gener- 
ation of vinylidene and hydroperoxide groups, in accordance with our 
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fH3 CH y 3  y 3  h J  I 3  - C H2-C - C H r C  H - - - C 
initiation A t ion 

y 3  y 3  y 3 .  y 3  y 3  
C-CH2-CH- t -CH2-F-CH2-CH-$H- ' methyl OOH 

F H 3  FH3 
-CH2-C-CH2-C- - 

I 

y 3  
ketone 
J 

YH3 YH3 vinylidene 
c-cH2-$- end group 

J 
yH3 $.H3 

C-CH=C- - C H - C H  -CH- -CH2-C-CH2-C-CH2-or-CH2-C-CH- C H - C H 7  
II I 

tertiary free 
olcohd 

6 
y 3  y 3  y 3  y 3  $.H3 FH3 

I \  
OOH.. 0-OH 

I I 
I O-CH.... 0-OH 

conguatrd alkane 0 OH 

\1 

Associated hydroperoxides 
y 3  y 3  F H 3  fH3  
CH- t - C H - C - H  C- -CH-CH-CH- 

FH3 

y 3  II II I I  

1 a l8ehyde C H  I 

c-c- -C -CH - 
- CH-C -C$-CH-C-O-6 0 0  0 H,.-OH 

' 

Secondary associated 
8 

al co ho I 
CH3 0 CH3 0 

J 
$ 

I I 11 . I 11 ROH $H3g 
-CH2-C-CH2-CH 4 -CH-C-O --CH-C-OH --CH-C-OR 

I I 
H C'O a c i d  ester 

SCHEME 1. 

results. Tertiary hydroperoxides were not detected in the present investi- 
gation, and therefore an addition mechanism is not possible. 

The determination of y-lactone (1780 cm-I) as a major product in the 
photooxidized E-P copolymer is important because it lends evidence to 
an intramolecular back-biting mechanism [ 191 during oxidation (Scheme 
2). y-Hydrogen abstraction by the back-biting peroxy radical is believed 
to be the key step in the eventual production of the y-lactone. 
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y 3  y 3  CH3 I Bock - CH3 I 
Bltin 

-CH2-CH-CH2-C H-C$- -+ - C$-C-CHcCH- 2 -CH2- C - C H ~ - C H -  
I I Process I 

0 
O \ *  ,CH2 I 'C H2 

I 0 2  

O H  

0 2 /  

I 
H2t bH+*CH2-C' 

\ / n 

0,' 

SCHEME 2. Back-biting process. 
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