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Photooxidation of Poly(viny1 Chloride). 1. 
Influence of Film Thickness and Temperature 
on the Kinetics of Formation of CO Groups 

J. VERDU 

Dipartement Mat6riaw 
ENSAM 
151 Blvd de 1'Hopital 
75640 Paris, Cedex 13, France 

A B S T R A C T  

The photooxidation of PVC was followed by IR titration of >C=O 
groups. The kinetics of formation of these groups is character- 
ized by an initial autocatalytic behavior. This feature disappears 
after a few hundred hours of exposure, and a marked decrease 
of the rate of reaction is then observed. We have shown that 
no relation exists between these variations of the reaction rate 
and the variation of W absorption of films. HCl is formed in 
the reactions of photooxidation and photoelimination. The auto- 
catalysis and the autoinhibition a r e  favored when the accumu- 
lation of HC1 is itself favored. 

I N T R O D U C T I O N  

As soon as the first articles on PVC photooxidation were pub- 
lished, some difficulties of analysis were apparent due to the prob- 
able catalytic effect of HC1 formed in the reaction 111 and the 

55 1 

Copyright 0 1978 by Marcel Dekker, Inc. All Rights Reserved. Neither this work nor any part 
may be reproduced or transmitted in any form or by any means, electronic or mechanical, including 
photocopying, microfilming, and recording, or by any information storage and retrieval system, 
without permission in mit ing from the publisher. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



552 VERDU 

competition between the oxidation reaction responsible for the chain 
scission which leads to the lowering of mechanical properties, and the 
"zip" dehydrochlorination responsible for the formation of polycon- 
jugated sequences which leads to discoloration and crosslinking. This 
competition has  been particularly studied by sol-gel analysis [ 2, 31 
supplemented by microanalysis of the different fractions [ 4, 51. It 
has been shown that if the HCI evolution is accelerated in the pres- 
ence of oxygen, in contrast, the average length of the conjugated 
species, and the extent of crosslinking are limited. The literature 
dealing with analysis of the degradation products is relatively abun- 
dant [ 461  ; in contrast, the kinetic data a re  r a re  and frequently 
unreliable, essentially for two reasons. (1) Many studies a re  based 
on the measurement of HC1 evolution, whereas it has been shown that 
the polymer partially retains HC1 [ 71 and that HC1 can react with 
polyenes via photochemical readdition [ 81. (2) The photochemical 
behavior of the PVC is strongly perturbed by traces of residual 
solvent, which has been shown by Kamal [ 91 to have a sensitizer 
effect. 

We have studied the PVC photooxidation by means of IR and UV 
spectrophotometry. Some results obtained with films prepared by 
casting of solutions and carefully purified a re  reported in this paper. 
By W spectrophotometry, we can detect the conjugated polyenes. 
In our case, the methods of interpretation of spectra which have been 
used in the case of thermal degradation [ 101 become inapplicable 
due to overlapping of "pure" polyene bands +CH=CH% with the 
oxidized polyene bands [ for instance O=C+ C H = C H b ]  and 
particular effects in the solid state, i.e., chain folding which leads to 
a hypsochromic shift due to the rupture of coplanarity, overlapping 
of the pi electron clouds in aggregate of polyenes which leads to a 
bathochromic shift [ 111, and polyene-HC1 charge- transfer complexes 
with strong displacement of the absorption band from UV to visible 
range. 

The problem of quantitative analysis of polyenes is therefore very 
complex, but we shall suppose that the modification of the absorption 
spectrum between 250 and 500 nm reflects the evolution of the polyene 
length distribution during the exposure to UV radiation. 

oxygenated groups, especially C=O and - M = O  groups. All author: 
have observed the predominance of a peak located at  1715- 1720 cm- 
attributed to a-methylenic ketone [ 51 or to carboxylic acid [ 121 and 
which, more probably, results from band overlapping of the two 
species, the acid resulting from the ketone photooxidation [ 131. 

The molar absorbances of the analyzed groups a re  particularly 
high, (emax) 2 30,000 liter/mole-cm for the polyenes in the W 
range, and emax = 200-600 liter/mole-cm for the CO groups in the 

IR spectrophotometry can be used to follow the formation of 
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JR range), so that we have a very sensitive method for the study of 
chemical evolution. Thus, in films analyzed by IR transmission, we 
can detect less  than one CO group per  10 macromolecules and less  
than one triene group per 100 macromolecules. 

It is easy to demonstrate that the contribution of the -CHA!!=O 
groups to the W absorption is negligible, their molar absorbance 
being smaller than 50 liter/mole-cm in the 250-500 nm range. The 
very short time needed for the measurement and the nondestructive 
nature of the measurements permit the accumulation of experimental 
data and, therefore, a realistic appreciation of their dispersion. We 
studied successively the influence of film thickness and temperature 
on the photooxidation kinetics. 

E X P E R I M E N T A L  

P o l y m e r  

The polymer was an industrial "suspension" sagple,used without 
any chemical or  thermal treatment, Mw = 71,000; Mw/Mn = 1.90. 

The powder was purified by double reprecipitation: tetrahydrofuran 
(THF) -water and THF-methanol. 

The initial concentration of CO groups (esters  absorbing close to 
1740- 1750 cm- ) is [ CO] = 0.12 group per macromolecule, taking 
E~~ = 570 liter/mole-cm. The initial concentration of conjugated 
trienes (absorbing at  275 nm in UV) is [ T] 5 1 group per  100 macro 
molecules, taking c = 35,000 liter/mole-cm. 

F i l m s  

The films were prepared by casting solutions of 5 g PVC into 
100 cm3 of THF. It was necessary to control the hygrometry and 
the rate of evaporation of solvent during casting for the sake of good 
optical quality and very limited turbidity. The film transmission 
should be greater than 80% in the near-UV range. 

THF was stabilized by a chemical phenolic antioxidant (2 ,  6-tert- 
butyl-rlinethylphenol) which prevents peroxidation, especially the 
attack of unsaturated groups initially present in the polymer. The 
residual THF could be detected in the IR at 1060 cm- (Fig. 1). The 
antioxidant accumulating in the film during evaporation of solvent 
could be detected in the W at 280 nm (Fig. 2). The films were 
purified by ether extraction in a Soxhlet apparatus. The residual 
diethyl ether was eliminated by heating at 4O-6O0C under vacuum. 
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c rn-' 

FIG, 1. IR spectra of film: (-) before extraction (THF band 
at 1060 cm-'); ( * * * )  after extraction. 
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FIG. 2. UV spectra of film: (-)before extraction (phenol band 
at 280 nm); ( * * a )  after extraction. 
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FIG. 3. CO band at 1700- 1800 cm- in photooxidized films: 
(a) purified film; (b) nonpurified film. 

The efficiency of the purification was verified by the following cr i -  
teria. For THF, Fisappearance of the 1060 cm- band (Fig. 1). No 
peak at 1770 cm- appears in photooxidation (Fig. 3) (CO groups of 
y-butyrolactone resulting from the THF photooxidation [ 141 ). For 
antioxidant, disappearance of the 200 nm band (Fig. 2). The optical 
density (OD) at 280 nm obeys the Beer-Lambert Law, AOD/Ae = cte 
where e is film thickness).. In the case of incomplete purification, 
the absorption of residual antioxidant should lead to a deviation 
from linearity. The absorbance of the studied bands is high [ cCO 

(butyrolactone) = 600 liter/mole-cm, cmax (phenol) = 1500 liter/mole- 
cm)], so that this method of control has a great sensitivity. 

The film thickness is measured with a micrometer (precision N 1 
pm); for thicknesses smaller than 50 pm we can utilize the optical 
density of the IR peak yCHz at 2920 cm- ”: 

1 /I72 cm = OD2920 cm- 
with a routine spectrophotometer, Ae/e = 6%. 
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FIG. 4. Initial optical density at  300 nm vs. film thickness. 

A set  of films is retained for the W exposure only if all the 
samples have the same absorption in the W range. We can see, for 
instance in Fig. 4, how seven samples were selected from about 30 
for the study of the influence of thickness. Their absorption was 
measured a t  300 nm. 

R e a c t o r s  

The photochemical reactors were equipped with an Osram L40W70 
or L20W70 fluorescent lamp emitting in the range 300-450 nm with 
a maximum at about 365 nm. 

and adjusted by action on the supply voltage of the light source. The 
exposure was made in air;  the temperature was constant to f 1°C. 

The intensity was  measured by potassium ferrioxalate actinometry 

E F F E C T  O F  F I L M  T H I C K N E S S  

Seven films of thicknesses between 16 and 175 pm were reacted under 
the following conditions: temperature, 20°C; light intensity, 25 X 10" 
photons/cm -hr; total duration of exposure, 800 hr. We followed the 
change in ODco at 1720 cm-'  and ODW at 275, 300, 320, and 350 nm 
(polyenes from n = 3 to n = 6). 
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FIG. 5. Optical density of CO peak vs. exposure time for films of 

16, 25, 38, 73, 85, 117, and 175 Frn thickness. 

From the curves of ODCO versus time (Fig. 5), we determined the 
initial rate: 

and the maximal ra te  VMCu The curves of ODco versus  time show 
an inflection point which becomes more pronounced as the film thick- 
ness increases. We can see  on the plots of Vico and VMco versus 
thickness (Fig. 6 )  that the initial ra te  is independent of the thickness 
while the maximum rate  increases strongly between 30 and 50 pm. 
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FIG. 6 .  Maximal rate and initial rate of CO formatim vs. thick- 
ness. 

A DO 

FIG. 7. Overall increase of optical density at 275, 300, 320, and 
350 nm after 765 h r  of exposure vs. thickness. 

In Fig, 7, we have plotted the total increase of optical densities in 
W after 765 hr  of exposure versus thickness. The relative variation 
of OD is much smaller as the film thickness increases and the wave- 
length increases. This can be interpreted as  it follows: the 
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concentration of conjugated trienes is approximately the same in all 
samples, but the concentration of larger polyenes is much lower in 
the thicker films. 

rates of formation of CO groups. It is therefore impossible to 
attribute the variations of photooxidation rates  to the variations of 
W absorption. Moreover, we have measured the quantum yield in 
CO groups (Pew taking into account the absorption variations in the 
spectral range of photosensitivity of polymer (300-350 nm). Plots of 
%co versus time of exposure (Fig. 8) show a sharp maximum which 
denotes a very particular photochemical behavior. The initial auto- 
acceleration and the "final" autoinhibition are both favored when the 
thickness is high. We have found only one explanation: their kinetic 
behavior is controlled by the diffusion of a reactant from the sample 
to the atmosphere. In a thin film, the formation of this reactant is 
too low to compensate this loss by diffusion and this particular be- 
havior is not observed. When the thickness of film becomes larger 
than a critical value (in our case, about 30 pm), accumulation of the 
reactant becomes possible, and we observe the inflection point on 
the curves of ODCO versus time. 

For the initial autoacceleration, the catalytic effect of HC1 on the 
oxidation, studied in the early 1950's, comes to mind. We have con- 
firmed that gaseous HCl in atmosphere gives an initial acceleration, 

The smaller variations in UV absorption correspond to the higher 

DO erm 

I 

t o  

0 4 V  

0 2 i  

0 2 4 6 8 100 Hrs 

/ID1 
- 0  

FIG. 8. Plots of ( o ) ODCw ( 0 ) ODuv at 320 nm, and ( ) ac0 
(quantum yield in CO) vs. time for 73 pm film. 
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whereas an acid acceptor like lead stearate suppresses the autocataly- 
sis. Simultaneous study of the change in carbonyl concentration and 
the UV spectrum show that HC1 acts selectively on the oxidation 
react ion. 

Two interpretations have been proposed. In the first, HCl acts as 
a chain transfer agent, reacting with a radical such a s  ROO to give a 
very reactive chlorine radical [ 11. In the second, HC1 solubilizes 
metallic impurities, giving metallic salts  whose catalytic effect on 
oxidation reactions is well known [ 151. The actual data on bond 
dissociation energies permit us to invalidate the first  hypothesis: 
DHCl = 102 kcal/mole, whereas D 
smaller than 95 kcal/mole. Thus, we cannot consider HC1 as  a good 
hydrogen donor. Our experimental data on different resins at differ- 
ent degrees of purification allow us to invalidate the second hypothe- 
sis, also. The autocatalytic behavior seems independent of the 
metallic trace impurities in the industrial samples. It is noteworthy 
that the autoinhibition effect also exists in the HC1 photoelimination 
in vacuo and is even more marked than in an oxygen atmosphere [ 161. 
Many authors have interpreted this phenomenon as follows. The 
irradiation creates conjugated polyenes which a r e  concentrated in 
a thin layer at  the incident surface. As the polyenes a re  strongly 
absorbant this layer acts as a protective skin which prevents subse- 
quent photodegradation of the internal zones. Our results show that 
this hypothesis can be rejected, a t  least in the present case, for two 
reasons. The initial transmission of the samples is very high ( > 80% 
in the near-UV); therefore, the repartition of the degradation products 
in the thickness of the film must be quasi homogeneous. This invali- 
dates the hypothesis of a high concentration of polyenes close to the 
exposed surface. Also, the UV absorption variations are too weak 
to give the observed autoinhibition effect. For the example given in 
Fig. 8, we can see that from 250 to 850 h r  of exposure, the CO forma- 
tion rate is divided by 3, whereas the UV absorption varies approxi- 
mately from 13% to 32%, i.e., the light intensities which is transmitted 
by the film varies from 75% to 56%. This variation of light trans- 
mission should lead in the worse case to a reduction of the rate by 
a factor of 1.3. On the other hand, we can observe in Fig. 5 that the 
autoinhibition effect is more pronounced in the 175 pm film than in 
thinner films, whereas the relative increase in UV absorption is pro- 
portionately stronger. The effect of film thickness suggests that the 
autoinhibition effect is also controlled by diffusion of HC1 out of the 
sample and therefore that HC1 plays a role in the autoinhibition. 

in a saturated polymer is RH 

E F F E C T  O F  T E M P E R A T U R E  

We exposed 60 and 80 pm films in seven reactors differing on1 IP in temperature, the other conditions being light intensity, 17 X 10 
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FIG. 9. Optical density of CO peak vs. time for 80 pm film at  
different temperatures: 35, 40, 45, 61, and 71°C. 

photons/cm2-hr; maximum and minimum temperature, 71 and 35"C, 
respectively; total duration of exposure, 500 hr. 

111 . r .._ . , I .  . . In. n\ . . we nave Ioiiowea me cnange in uuco (rig. Y J  ana owervea a 
disappearance of the initial autocatalytic effect at  a temperature 
higher than 45°C and a marked decrease in overall yield in CO when 
temperature increases, For instance, the number of CO groups 
formed after 500 hr exposure a t  71°C is five times lower than at  
35°C. We have characterized the kinetics of CO group formation by 
the initial rate: V 
VFCO measured between 400 and 500 hr exposure. 

rocal absolute temperature for the 80 pm film and the ratio VMco/ 
VFCO versus 1/T which caracterizes the autoinhibition effect for  
the 60 and 80 pm films. 

mole (maximal rate), EF80 = -9.5 kcal/mole and EFeO = - 7.5 kcal/ 
mole (final rates). These results and Fig. 10 confirm that the auto- 
inhibition effect is markedly stronger for the thicker films. 

The disappearance of the autocatalytic effect can be explained a s  
follows. The activation energy of the HC1 migration process is 
greater than the activation energy of this formation process; thus, a 
temperature increase favors the HC1 diffusion. Above a critical 
temperature, which in this case is near 45"C, accumulation of HCl 

the maximal rate VMcw and a "final" rate icw 

In Fig. 10 we have plotted In VMco and In VFCO versus the recip- 

The apparent activation energies are approximately EM80 = 4kcal/ 
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FIG. 10. (a) Arrhenius plots for maximal and "final" rate of CO 
formation for 80 km film; (b) VMc,/VFco vs. reciprocal absolute 
temperature for 60 and 80 l m  films. 

in the film becomes impossible and we do not observe the autocataly- 
sis. The autoinhibition effect is favored by an increase in film thick- 
ness, but in contrast with the autocatalytic effect it is strongly 
activated by a temperature increase. It is actually difficult to inter- 
pret  this behavior. An analysis of post-irradiation effects [ 131 
showed that the photooxidation process is complicated by a "zip" HCl 
thermoelimination. This last reaction can play a significant role in 
the production of autostabilizing structures. 

P R O P O S E D  MECHANISMS 

We shall propose an interpretation of autocatalysis and autoinhibi- 
tion phenomena based on observed behavior and literature data. A 
detailed analysis of mechanism will be presented in a forthcoming 
paper. 
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A u t o c a t a l y s i s  

We have shown that HC1 acts in the proper oxidation reaction. On 
the other hand, analytical and kinetic data are unfavorable for the 
hydroperoxide formation step: 

ROO. + RH - ROOH + R 

We suggest that HC1 catalyzes the unimolecular decomposition of 
peroxy radical in ketone and hydroxy radical: 

\ \ ,CH-OO* + HC1 - ,C=O + OH' + HCI 
(exothermic; AH = -31 kcal/molq) 

We can suppose the existence of asix-membered transitional com- 
plex: 

It is important to note that this process does not involve a chain 
scission. The observed decrease of molecular weight is attributed 
to secondary reactions, essentially photolysis and photooxidation of 
ketones . 
A u t o i n h i b i t i o n  

We have shown that HC1 plays also a role in the autoinhibition 
effect. We propose a mechanism of inhibition of the polyenes photo- 
reactivity by formation of a charge-transfer complex (CTC) with 
HC1. 

As polyenes a re  the principal photochemical initiators for PVC, 
we shall observe an inhibition if: HC1 is in excess, i.e., if the condi- 
tions previously described favor the HC1 accumulation and if the time 
of irradiation is sufficient to attain the high concentration needed €or 
the process or i f  the CTC is effectively inert to photooxidative attack. 
We have found that (1) the absorption band of CTC lies in the visible 
range, near 500 nm, and the corresponding energy of the excited state 
is about 57 kcal/mole, too low for a sensitization of polymer by a 
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transfer process. (2) The excited state structure is not biradicaloid 
and, therefore, can be less  favorable than the classical triplet struc- 
ture to an oxygen attack. (3) The ground state structure of CTC is 
also probably unfavorable for an attack by photoexcited species of 
oxygen. We cannot say that the CTC is totally photostable, but i ts  
only mode of photoreaction is probably the readdition of HC1, lead 
to a polyene shortening. 

The scheme summarized in Eqs. (1)-(5) is proposed where Pol, 
denotes +CH=CHj .  The sequence (1)-( 2) is favored at the be- n 
ginning of exposure or when the conditions for HC1 accumulation are 
unfavorable. The sequence (3)-(5) will be favored when the HC1 
accumulation is itself favored 

Pol + h ~ -  [ Pol,] * 

[Poln]* + PVC + O2 - ROO. +HC1 + -  

(1) 

(2) 

n 

* - - 

Poln- + HC1- [ a a * HI' C1- (5) 

CONCLUSION 

The peculiarity of the photochemical behavior of PVC can be ex- 
plained by the double role of HC1 formed in the reactions. As an 
inhibitor for the initiation step, forming a CTC, HC1 prevents the 
polyenes from reaching the photoexcited state responsible for the 
initiation. Concurrently, HCl acts as a catalyst for the propagation 
of the oxidation chain. 

HC1 out of the sample. The peculiarities of PVC behavior are evident 
when conditions are favorable for HC1 accumulation in the films 
(thick films and low temperatures). 

The interpretation of kinetic data is complicated by diffusion of 
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DISCUSSION 

Dr. Tran (Centre National de la Recherche Scientifique, Villeur- 
b a n T Y z u  have shown a complex between hydrochloric acid and a 
peroxy radical. Can you explain how you observed this complex? 

I have said that it was only an hypothesis. We have 
not proved the actual occurrence of such a complex. We have only a 
set  of analytical and kinetical data which suggest a mechanism of this 
kind. The catalytic effect of HC1 would operate on the decompbsition 
of peroxy radicals. At first, in the classical oxidation process, the 
rate-controlling step is hydrogen abstraction from the polymer. But 
the activation energies generally observed for such a step a r e  definitely 
higher than the one we have observed, which is almost zero. For in- 
stance, in the photooxidation of polyethylene o r  polypropylene, the 
activation energies are between 8 and 13 kcal/mole. On the other 
hand, the analytical study shows that we get mostly ketone groups in 
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the photooxidation products, and then all the groups produced by 
photooxidation of these ketones, i.e., chiefly acid, peracids, or per- 
esters. In the usual case, after the hydrogen abstraction one gets a 
hydroperoxide, and the most probable reaction is the scission of the 
0-0 bond which produces an alkoxy radical; the most probable reac- 
tion here is the formation of an aldehyde. There is also the possibil- 
ity of alcohol formation after a hydrogen abstraction step. We have, 
however, not observed a large amount of aldehyde and alcohol in the 
products under the conditions we have studied. We get mostly 
ketones, and it is rather difficult to explain the formation of ketones 
with the conventional oxidation mechanism. We have shown that the 
mechanisms already proposed to explain the catalytic effect of HCl 
a re  not convincing, and we suggest our mechanism, but at the present 
time, it remains essentially speculative. 

Mr. Stapfer (Ste' Metrastat, Paris): 
mechanisms which have repeatedly been proposed in the literature, 
would it not be possible during the kinetic study of the phenomenon 
to look at the effect of hydroperoxide decomposers? You said that 
you have already used phenolic antioxidants. I do not know to what 
extent and how long these phenols remain in the film, but in the prac- 
tice of the stabilization of PVC to light, for example, the best results 
a re  obtained by precisely using phenolic antioxidants in addition to 
organotin carboxylates as heat stabilizers. What then is the precise 
role played by the antioxidant or a hydroperoxide decomposer in PVC ? 

At first, I think that we have good analytical evidence 
for the almost complete consumption of the phenolic antioxidant in 
our films, because the UV peak at  280 nm for phenolic compounds is 
rather intense; it corresponds to the aromatic ring of the phenol; 
i ts  extinction coefficient is about 1500 liter/mole-cm, so i t  is a 
sensitive test. I think the problem of the activity of phenolic anti- 
oxidants is very complex. The phenolic antioxidants a re  active on 
the oxidation chain reactions, but they a re  also photoinitiators. In 
the case of PVC they will act selectively on the oxidation chain reac- 
tion. But the oxidation limits the length of the polyene sequences, 
so that by acting on the oxidation, you have a change to favor the 
formation of long polyene sequences. Concerning the peroxide 
decomposers, it is difficult to give an answer now. I have no data 
for predicting their behavior (for instance of thiols) on the course of 
PVC photooxidation. 

Dr. Wirth (Ciba-Geigy, Marienberg, West Germany): An additional 
comment to Dr. Stapfer's question is that the kinetic chain lengths in 
the photooxidation or  autooxidation of PVC are rather short. There- 
fore, phenolic antioxidants do not have such a tremendous activity 
as they have in polyolefins, for instance, Would this fit in with that 
question ? 

In view of these reaction 
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Mr. Stapfer: I will not repeat the whole of my previous question, 
but the problem in polyolefins is quite different. If we want to protect 
polyolefins against photodegradation, two kinds of antioxidants a re  
needed: first, a phenolic antioxidant which will trap these alkoxy and 
RO radicals and also a sulfur-containing compound to act a s  a hydro- 
peroxide trap or  decomposer. In PVC this synergism between thio 
compounds and phenols does not appear to exist. However, the 
phenolic antioxidant alone with some organotin carboxylates improves 
the stability considerably. 

Dr. Wirth: The thermal stability? 
Mr.  Stapfer: No, the photostability. My question was, what is the 

effect of these various components, the phenolic antioxidants or  pos- 
sibly some selected sulfur compounds, taken alone? That question 
seems to remain unanswered. 

who carried out systematic investigations with the various antioxidants, 
type I and type 11, (i,e., hydroperoxide decomposer and kinetic anti- 
oxidant) in the light stabilization of PVC. He found that both of them 
a re  active, but that the tremendous effect of phenolic antioxidants 
known for polyolefins cannot be obtained. 

measure these effects kinetically. He has an experimental device 
which allows him to look a t  the finer points, which is what makes this 
procedure particularly interesting. 

Dr. Wirth: I should like to refer to a paper published by Svoboda, 

Mr. Stapfer: Dr. Verdu is, of course, in an ideal position to 
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