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Photochemical Degradation of Poly(ethy1ene 
Terephthalate) . 111. Determination of 

Decomposition Products and Reaction Mechanism 

31. DAY* and D. M. WILES, Division of Chemistry, 
National Research Council of Canah,  Ottawa 7, Canada 

synopsis 
The vacuum photolysis and air photo-oxidation of poly(ethy1ene terephthalate) were 

studied using light in the wavelength ranges of 225-420 nm and 300420 nm. The vola- 
tile photodegradation products were determined by mass-spectrometric and gas-chroma- 
tographic analysis; CO and COz were found to be the predominant products. In addi- 
tion, the rates of formation of carboxylic acid endgroups and the net weight losses of the 
film samples were determined as a function of irradiation time. Quantum yields for the 
initial rates of formation of CO and COs and of -COOH within the film were calculated. 
On the basis of the results obtained, in this and the preceding papers in this series, reac- 
tion mechanisms have been proposed for the photochemical degradation of the polymer. 
The production of CO and -COOH in both vacuum and air have been attributed mainly 
to a Norrish type I cleavage and a Norrish type I1 photorearrangement, respectively. It 
has also been concluded that, in the presence of air, an oxidative reaction sequence occurs 
whereby alkyl radicals produced on photolysis react with oxygen to form ROO. radicals. 
These subsequently react further to produce CO, as the main volatile product of photo- 
oxidation. 

INTRODUCTION 

Exposure of poly(ethy1ene terephthalate) (PET) to terrestrial sunlight 
and certain artificial light sources causes a deterioration in the physical 
properties of the polymer, such as loss in strength and elasticity. This 
deterioration is accompanied by a reduction in the molecular weight of the 
polymer and changes in the chemical composition. 

We have already reported in part 1' the changes which occur in some 
physical and chemical properties of PET on exposure to ultraviolet (W) 
light. In  part 1112 the importance of wavelength of irradiation and environ- 
ment on the decomposition was considered. The work described in this 
paper is concerned withthe determination ,of the volatile decomposition 
products and the calculation of quantum yields for the initial photochemical 
reactions. Although the photodegradation of PET has been studied by 
several workers (see ref. 2 and the references quoted therein), few attempts 
have been made to study the chemical changes occurring in order to satis- 
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factorily explain all the known aspects of the photochemical decomposi- 
tion. 

From a practical point of view, the main interest lies in the degradation 
occurring in the presence of air; however, studies were also made of the 
vacuum photolysis of PET. Thus, by investigating the chemical con- 
sequences of vacuum photoly sis and of photo-oxidation individually, it 
should be possible to determine the fundamental chemical reactions occur- 
ring in the photochemical decomposition of PET. 

EXPERIMENTAL 

The PET film (du Pont Mylar) was 21 p thick with a density of 1.398, 
corresponding to a crystallinity of approximately 50%. a The viscosity- 
average molecular weight of the film was calculated to be 19,700 from the 
expression of Ravens4 using +chlorophenol a t  25°C. The oligomeric con- 
tent was estimated, according to the method of Peebles et al.,5 to be 2.8 
wt& on the basis of a 14-day Soxhlet extraction with xylene. TLC 
analysis of this low molecular weight material indicated that the cyclic 
trimer was the predominant species, with smaller amounts of the cyclic 
tetramer and cyclic pentamer also present. 

Irradiations were performed in quartz cells in an atmosphere of air or 
under vacuum. The lamp used was an Osram superpressure mercury lamp 
(SP 500 W). The light from the lamp was focused into a parallel beam by 
quartz lenses and filtered through a 10-cm-path water filter. Corning 
glass filters were used to select the two working wavelength regions chosen 
for these studies. The wavelength region of 225-420 nm (half-band width 
140 nm) was obtained with filter CS 7-54; the region of 300-420 nm (half- 
band width 75 nm) was obtained with filters CS 7-54 and CS 0-54 in com- 
bination. Light intensities incident on the samples were measured with a 
thermopile (Eppley) and found to correspond to 41.8 and 35.4 m watt 
cm-2, respectively, for the two wavelength ranges employed. 

The rate of weight loss of the films during irradiation was measured using 
the Cahn-RG electrobalance according to the technique described pre- 
viously.6 

Volatile degradation products formed on irradiation were collected by 
performing the experiments in sealed quartz cells. After irradiation, the 
products were removed via a break seal and analyzed by mass spectrometry 
and gas-liquid chromatography. The Atlas CH4 was used for the mass- 
spectrometric analyses while the gas-chromatographic analyses were per- 
formed using a temperature-programmed Hewlett-Packard 5750 research 
instrument equipped with both flame ionization and thermal conductivity 
detectors. A 6 f t  X 3/16 in. molecular sieve 5A column was employed for 
the determination of noncondensable products; and a 6 f t  X */la in. Porapak 
R column was used for the analysis of condensable products. 

A Beckman IR8 double-beam grating spectrometer was used to record the 
transmission infrared spectra of the irradiated films. The film strips were 
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mounted between sodium chloride plates, with one drop of tetrachloro- 
ethylene on each side of the film to prevent the recording of troublesome 
interference bands. The concentration of free carboxylic acid endgroups 
(-COOH) in the films was determined from the optical density of the 
absorption band at  3290 cm-' assigned to the 0-H vibration of the 
--COOH group.' A molar extinction coefficient of E = 150 f 15 was used 
for these calculations based on comparison of the O.D. of the 3290-cm-' 
band and the acid equivalent of several irradiated PET samples. These 
acid equivalents were determined by the nonaqueous titration of a solution 
of PET in phenol-chloroform with standard potassium hydroxide solution 
in benzyl alcohol, in a similar manner to that employed by Lingen.' The 
value for t obtained by this technique is in excellent agreement with that 
reported by Wards of t = 150 f 18. 

RESULTS 
The results of both the massspectrometric analyses and gas-chromato- 

graphic analyses indicated CO and C02 to be the main volatile producte, 
accounting for over 90% of the totalvolatiles. The other products detected , 
although present in only small amounts, included hydrogen, methane, 
water, ethylene, ethane, methanol, butane, acetic acid, formaldehyde, 
benzene, and toluene. For example, the principal volatile products de- 
tected as a result of irradiation with 225420 nm light under vacuum are 
summarized in Table I. The other products mentioned above but not 
listed in Table I were found only in trace amounts (< 1 mole-%). 

The rates of formation of CO, C02, and -COOH endgroups as a function 
of irradiation time are illustrated in Figures 1 to 4 for the variety of experi- 
mental conditions employed. In each case the initial rates were estimated 
from the slopes shown in the appropriate figures. From these results, 
together with light intensities a t  the front surface of the films, the known 
spectral distribution of the lamp, and the optical densities for PET as a 

TABLE I 
Volatile Products (Mole-%) Detected on Exposure to 225420 nm Light Under Vacuum. 

Product concn., mole-% 

Product 6 hrb 12 hr 24 hr 36 hr 48 hr 

co 62.3 60.1 58.5 55.7 56.6 
coz 30.4 31.8 33.3 35.4 34.4 
H2 3.0 4.0 3.4 3 . 0  2 . 9  
CHI 2 . 2  2.9 3.0 3 .0  4 . 6  
CZH6 2.1  1 . 2  1.8 2 . 8  1 .3  
Total moles 

formed,a moles/I. 0.12 0.20 0.30 0.38 0.39 

a Irradiations performed on l 4 m g  film samples 21 p thick and 1.398 density. 
b Irradiation time. 
c Calculated on the basis of 1 liter of film. 
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function of wavelength, calculations were made of the quantum yields for 
the products measured. The optical densities of the !ilm in the 310-420 nm 
range as measured by UV spectroscopy were corrected for light scattering at  
the surface and in the interior of the film according to the procedure outlined 
previously. The quantum yields obtained from these calculations are 
summarized in Table 11. 

IRRADIATION TIME ( hr ) 

Fig. 1. Product formation on exposure of PET to 300-420 nm light under vacuum: 
(0) -COOH endgroups; (A) CO; (0) COz. 

IRRADIATION TIME ( hr ) 

Fig. 2. Product formation on exposure (Jf  PET to 300-420 nm light in air: (0) 4 O O H  
endgroups; (A) CO; ( 0 )  Cot.  
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IRRADIATION TIME ( hr 1 

Fig. 3. Product formation on exposure of PET to 235420 nm light under vacuum: 
(0) -COOH endgroups; (A) CO; (0 )  CO2. 

IRRADIATION TIME ( hr ! 

Fig. 4. Product formation on exposure of PET to 225-420 nm light in air: (0) -COOH 
endgroups; (A) CO; (0)  COZ. 
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The changes in weight of the polymer film with irradiation time are 
compared with the corresponding total weight production for CO and COz in 
Figures 5 and 6 for the filter ranges of 300-420 nm and 225420 nm, respec- 
tively. 

IRRADIATION TIME ( h r  ) 

Fig. 5. Changes in weight during irradiation with 300-420 nm light: (-) observed 
total weight loss, (1) under vacuum, (2) in air; (---) calculated weight lass due to 
CO + COz from GC analysis, (3) under vacuum, (4) in air. 

IRRADIATION TIME ( hr 1 

Fig. 6. Changes in weight during irradiation with 225-420 nm light: (-) observed 
total weight loss, (1) under vacuum, (2) in air; (- - -) calculated weight loss due to 
CO + CO, from GC analysis, (3) under vacuum, (4) in air. 
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TABLE I1 
Initial Quantum Yields ( X  10') 

Wavelength, 
nm Environment co coz -COOH 

300420 vacuum 6.1  1.1 17.2 
225420 vacuum 8 .5  3 .6  13.9 
300420 air 8 .7  8 .7  18.3 
225-420 air 12.8 28.3 20.3 

DISCUSSION 

The relative product distribution of the main products of photochemical 
degradation appear to be dependent, to some extent, on whether oxygen is 
present in the system and, to a lesser extent, on the wavelength of irradia- 
tion. Thus, it appears to be feasible to distinguish between direct photoly- 
sis and photo-oxidation and between initial primary reactions and subse- 
quent secondary reactions. 

Vacuum Photolysis 

It is of interest first to consider the results obtained on vacuum photolysis 
(Figs. 1 and 3). The initial quantum yields for CO, COZ, and -COOH 
were essentially the same for the two wavelength ranges used for irradiation. 
The values for CO and ---COOH are, however, much higher than those for 
COZ. From these results it was concluded that the primary initial photo- 
lytic reactions involve the formation of CO and -COOH endgroyps, while 
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Fig. 7. Ratio of the concentration of CO and COI formed under vacuum on exposure of 
PET to: (0) 300420 nm light; (0) 225420 nm light. 
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the formation of COz is only of importance later in the decomposition. 
This conclusion is consistent with the observation of an induction period in 
the CO, production (Fig. 1) and also with the changes in the ratio of CO to 
COz formation during irradiation (Fig. 7). 

Quantum yields for the photolysis of PET have been reported by Mar- 
cotteB who obtained values of 6 X 5.5 X lo-', and 1.5 X 

for the production of CO, COz, crosslinking and trapped radical for- 
mation, respectively, when 313-nm light was employed. Using 253.7-nm 
light, he found the quantum yields (X  lo4) for CO and COz formation to be 
6-9 and 2-3, respectively, in general agreement with the results shown in 
Table 11. However, it should be noted that Marcotteg obtained a quantum 
yield for chain fractures of 16 X lo-' and was unable to account for it in 
terms of CO and COz production; he did not speculate on the reason for the 
discrepancy. Examination of our data, however, indicates that the addi- 
tional fracture reaction which results in the formation of -COOH end- 
groups should be considered. By making allowance for such a reaction, it 
is possible to decide on the relative importance of the possible reaction 
mechanisms responsible for the photochemical decomposition of PET. 

From the data obtained in this study, we propose reaction mechanisms to 
account for our main findings, namely that --COOH and CO are the main 
products of photolysis, with COz being of secondary importance. The 
following primary photolytic chain scissions may be postulated in that they 
give the required products: 

2 X 

Although accurate bond dissociation energies are not know1 for the 
relevant bonds in PET, estimates can be made from the thermochemical 
data for the model compound ethyl benzoate. Based on the standard heats 
of formation of ethyl benzoate and the related free radicals as shown in Table 
111, the bond dissociation energies related to the primary scission reactions 
( l ) ,  (2), and (3) have been estimated to be 84, 102, and 88 kcal/mole, respec- 
tively. 

On energetic grounds, reaction (2) appears to be unlikely in comparison to 
the alternate reaction (3) for the formation of CO. It thus seems likely 
that for the production of CO, the favored reaction sequence is (3) + (7). 
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TABLE I11 
Heats of E;orrnation (gas) at 25°C 

Species AHrO, kcal/rnole lbf. 

PhCOOEt 
PhCOO. 
Et. 
Ph. 
* COOEt 
PhCO- 
*OEt 

- 79 
- 21 

26 
80 

- 57 
16 

-7 

10 
11 
10 
11 
11 
11 
10 

In the case of the production of -COOH endgroups, the sequence (1) + 
(8) appears favorable on energetic grounds. However, the carboxyl radical 
produced by reaction (1) may undergo two alternative subsequent reac- 
tions, namely decarboxylation, reaction (4), to give COz or hydrogen ab- 
straction, reaction (S), to give -COOH. While data are not available 
for the relative rate of reactions (4)and (S), kinetic data are available for the 
relative rate of decarboxylation to that of hydrogen abstraction for the 
benzoyloxy radicalI2 and the acyloxy radical13 in solution. In both cases it 
was shown that the two reactions had comparable rates. Thermochemical 
calculations of the energies for the two reactions (4) and (8) gave values of 7 
and 8 kcal/mole, respectively, for the model compound ethyl benzoate. 
Thus, on the basis of model compound studies and comparisons with solu- 
tion kinetics data, the rates for reactions (4) and (8) should be comparable. 
Figures 1 and 3 show, however, that -COOH is produced in significantly 
higher yields than CO,. This suggests that an alternative sequence to 
(1) + (8) is responsible for the --COOH form'ation. 

Two alternative mechanisms are shown below-: 
OH 
I 

-PhCOCH2CH2- - -PhCOOH + CH2CH2- (9) 

Reaction (9) involves intermolecular hydrogen abstraction from an 
adjacent hydrogen-containing molecule; reaction (10) involves intramolec- 
ular hydrogen abstraction. Of these two, the Norrish type I1 intramolecu- 
lar rearrangcmcnt, reaction (lo), scems the more feasible. This assumption 
is bascd on cstablishcd cvidencc that aliphatic14 and aromatic cstcrs15 
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containing a yhydrogen atom decompose photochemically by an intra- 
molecular rearrangement into an o l e h  and the corresponding acid. This 
Norrish type I1 photoelimination reaction has also been verified for the 
photolysis of undiluted di-n-butyl terephthalate which gave high yields of 
l-butene and --COOH endgroups at comparable rates.ls Although molec- 
ular motion is relatively restricted in the solid phase, the gauche isomer, as 
observed in the amorphous region of PET,l7sX8 is conducive to the formation 
of the required six-centered transition state. 

Examination of the rate of formation of C02 under vacuum with 300- 
420 nm irradiation (Fig. 1) indicates that it is produced initially in only 
small amounts during an apparent induction period before the rate of its 
production increases. Thus, it may be assumed that the C02 is initially 
produced by a process such as reaction (1) + (4). However, at a later 
stage in the photolysis, it is probably being produced, in addition, from an 
intermediate whose concentration has built up with time as irradiation 
proceeds. This would then account for the apparent induction period ob- 
served and the subsequent change in the CO/CO2 ratio. This change in 
ratio of CO to COZ during vacuum photolysis has also been observed by 
Marcottes who obtained a limiting value of 1.5, in very good agreement with 
the data presented in Figure 7. 

The reason for the slightly higher initial quantum yield for C02 obtained 
with 225-420 nm radiation in comparison with that obtained with 300420 
nm radiation has not been resolved. It appears, however, that it may be 
attributed to the improved efficiency of the (1) + (4) reactions at  shorter 
wavelengths. 

While analysis of the volatile degradation products indicates CO and C02 
to be the main products, accounting for over 90% of the total volatiles on a 
mole basis, it can be seen from Figures 5 and 6 that on a weight basis they 
account only for approximately 55% of the total weight loss. Correcting 
for the other products listed in Table I raises this value to approximately 
58%, which still leaves 4Oy0 to be accounted for. However, in view of the 
presence in the films of low molecular weight oligomers, their contribution 
to the weight loss may be significant. It was not possible to detect their 
presence in the volatiles, but solids build-up by sublimation on parts of the 
apparatus suggests loss of oligomers from the films during irradiation. 

Photosxidation 

These studies were performed 'under exactly the same conditions as the 
vacuum experiments, with the exception that air was present in these sys- 
tems at  a pressure of 1 atm at  the onset of irradiations. Under the photo- 
oxidative conditions being employed, however, straight photolysis was still 
an important feature of the reaction. No major differences were observed 
in the composition of the volatile products when the experiments were per- 
formed in air instead of under vacuum, with the exception that the produc- 
tion of COZ was greatly enhanced. The results obtained with the two 
separate wavelength regions will be considered individually. 
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300-420 nm light 
It is of interest, first, to note that the quantum yields of the initial rates of 

formation of CO and --COOH endgroups were virtually the same as those 
obtained under vacuum (Table 11). This indicates that the same primary 
reactions are probably responsible for their formation in both environments, 
i.e., reactions (3) + (8) to give CO and reaction (10) to produce -COOH. 

The rate of production of C02, however, was much higher in the presence 
of air, to such an extent that its rate of formation was comparable to that of 
CO. This difference in the observed rate of C02 production in air to that 
obtained under vacuum suggests the participation of oxygen in the reactions 
responsible for its formation in air. Thus, on the basis of existing informa- 
tion, the following photo-oxidative mechanism may be proposed : 

60. OOH 

(13) hv 1 
(15) (14) 

-Ph. + Cot t -PhCOO* + CHOCHZ- + NPhCOOCHCHZ- 

A. + 
* OH 

This reaction sequence is consistent with what is known of the photo- 
oxidation of polymers in which the formation of hydroperoxides are in- 
volved.ln Although it was not possible to detect the presence of hydro- 
peroxides using the technique outlined previously for polypropylene,2o 
their formation in PET has been reported as a result of r-irradiation2' and 
photo-oxidation.22 

The above mechanism not only accounts for the high yields of COZ 
observed when irradiations were performed in air, but is consistent with 
data reported previously for the photo-oxidation of PET. The radical used 
5ts the starting point for the sequence has been shown by ESR studies to be 
produced on photolysis of PET.B Reactions (11) and (12) are, however, 
chain propagation reactions in which the hydrogen abstraction (12) may 
result in the regeneration of the initial radical. Reaction (13), the photoly- 
sis of the hydroperoxide to give a hydroxyl radical and the alkoxy radical, is 
analogous to the decomposition which has been observed in the thermal 
oxidation of PET,23 and reaction (15) is well established.12 

The hydroxyl radicals produced by reaction (13) are capable of substitu- 
tion in the phenylene ring to give monohydroxy terephthalate groups in the 
polymer backbone, as follows: 

-0OC*OO- + .OH --c 
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This monohydroxy spccics has bcen reported to be responsible for the 
fluorescence observed in photo-oxidizcd PET.24 The fact that this 
fluorescent product is only observcd under photo-oxidative conditions2 
appears to substantiatc the above photo-oxidative mcchanism involving 
hydroperoxide formation and photolysis. 

Comparison of the total weight loss with the weight lost due to CO plus 
COz (Fig. 5) indicates that the actual decrease in film weight is small in 
comparison to the CO and GOz evolved. This indicates that photo- 
oxidation is occurring in which oxygen is being consumed, giving rise to 
nonvolatile products within the polymer. 

.??.??6-&0 nm Light 

The quantum yield for production of -COOH endgroups appears to be 
independent of the wavelength of irradiation, as well aa being independent 
of the irradiation environment. Thus the mechanism proposed previously 
for their formation appears to be equally applicable under these wider 
wavelength conditions of irradiation. The quantum yields for the produc- 
tion of GO and Con, however, are larger than those obtained with the 300- 
420 nm light. This increase in the rate of production of CO and COz with 
the wider wavelength range may be attributed to the decomposition of 
secondary oxidative products within the polymer which are susceptible to 
the shorter wavelength light. This appears to be substantiated by the 
weight loss curves in Figure 6, where it is shown that the total weight loss is 
substantially greater than that obtained with 300-420 nm light. It appears 
that the partial compensation in weight loss observed with 300-420 nm 
light, due to the formation of oxidation products within the polymer is no 
longer valid. Instead, it is now apparent that these oxidation products are 
being decomposed by the short wavelength light with the resulting greater 
production of GO and GO2. It may be concluded that no major differences 
are involved in the primary photolytic processes with the use of the short 
wavelength light; it is only the formation and subsequent decomposition of 
secondary oxidation products that is substantially different. 

CONCLUSIONS 

In summarizing the data presented in this paper, the following observa- 
tions may be made regarding the mechanism of the photochemical decom- 
position of PET, within the context of the experimental conditions em- 
ployed: 

1. The main initial reactions leading to the production of -COOH 
endgroups appear to be independent of the wavelength and environment 
and occur via a Norrish type I1 photoelimination, reaction (10). 

The mechanism for the production of CO also appears to be inde- 
pendent of environment and wavelength and consists of the primary pho- 
tolytic chain scission sequence (3) + (7). 

2. 
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3. CO, appears to bc produccd mainly as a result of photo-oxidation 
sincc its formation is grratly cnhancod during irradiatioris in thc presence of 
air. A likely mechanism to account for this involvrs hydroperoxidc forma- 
tion, reactions (11)-(15). 

4. The hydroperoxide decomposition mechanism is consistent with the 
probable secondary reactions involved in the formation of the fluorescent 
product. 

5.  Photo-oxidation gives rise to nonvolatile products within the 
polymer when long wavelength radiation is employed. These oxidation 
products are photochemically degraded to give additional CO and CO, 
when shorter wavelength irradiation conditions are employed. 

NRCC No. 12314. 
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